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Dust storms known as ‘haboobs’ occur in Tempe, AZ during the North American monsoon season. This
work presents a catalog of haboob occurrence over the time period 2005-2014. A classification method
based on meteorological and air quality measurements is described. The major factors that distinguish
haboobs events from other dust events and from background conditions are event minimum visibility,
maximum wind or gust speed, and maximum PM;, (particulate matter with aerodynamic diameters of
10 pum or less) concentration. We identified from 3 to 20 haboob events per year over the period from
2005 to 2014. The calculated annual TSP (total suspended particulate) dry deposition ranged from a
low of 259 kg ha~! in 2010 to a high of 2950 kg ha~? in 2011 with a mean of 950 kg ha~! yr~. The depo-
sition of large particles (PM.1o) is greater than the deposition of PM;o. The TSP dry deposition during
haboobs is estimated to contribute 74% of the total particulate mass deposited in Tempe.

PM;o
TSP
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1. Introduction

During the North American monsoon season Phoenix, Arizona is
reported to experience 2-7 dust storms per year (Raman et al.,
2014). Metropolitan Phoenix is a semiarid urban area with a pop-
ulation of 4.2 million (U.S. Census Bureau, 2013); the region has
low annual precipitation ranging from 83 to 240 mmyr~!, and
high temperatures with an average of 61 days per year exceeding
40 °C (U.S. NOAA, 2015). The monsoon season is now defined by
the National Weather Service (NWS) as June 15 to September 30

Abbreviations: AQS, United States Environmental Protection Agency’s Air Quality
System; ADEQ, Arizona Department of Environmental Quality; BLDU, blowing dust;
c(PM,), mass concentration of PM;o; c(PM; 5), mass concentration of PM, s; c(TSP),
mass concentration of TSP; DS, dust storm; DU, widespread dust; EPA, United States
Environmental Protection Agency; HZ, haze; J4(PM;o), PM;o dry deposition flux;
Ja(TSP), TSP dry deposition flux; KPHX, weather station at Phoenix Sky-Harbor
International Airport; MADIS, Meteorological Assimilation Data Ingest System;
MCAQ, Maricopa County Air Quality; METAR, Meteorological Terminal Air Report;
MFCD, Maricopa County Flood Control District; NAAQS, United States National
Ambient Air Quality Standards; NOAA, United States National Oceanic and
Atmospheric Administration; NWS, United States National Weather Service; QCLC,
Quality Controlled Local Climatological Data; SQ, squall; TS, thunderstorm; VIS,
visibility; zwg, wind and/or gust speed; WBAN, United States Weather-Bureau-
Army-Nav.
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(similar to the ‘hurricane season’; U.S. NWS, 2016); it is character-
ized by a change in the general upper atmosphere circulation and
an average dew point >12.7 °C. The most intense kind of dust
storms Phoenix experiences are fostered by monsoon weather
through the interaction of atmospheric water and sunlight. In the
vicinity of Phoenix, thunderstorm clouds build during the day as
moisture-laden air aloft from the Gulf of Mexico and the Pacific
Ocean (Sorooshian et al., 2011) is energized by sunlight and rises
within the clouds. In the evening, the supply of heated, moist air
decreases and there is a net downward movement of moisture as
precipitation. Over the semiarid desert, the falling hydrometeors
evaporate significantly before reaching the surface; this process
cools the surrounding air, causing it to become denser and to dis-
place the dry air below. These powerful downdrafts can produce
high winds and turbulent convection over the landscape. These
thunderstorm outflows can result in a particular kind of dust
storm: an advancing wall of dust hundreds of meters high and tens
of kilometers long known as a haboob, from the Arabic habiib
‘blowing furiously/strong wind’ (see Fig. 1 and Fig. 2; Idso, 1976;
Idso et al., 1972; Sutton, 1925).

Haboobs occur in only a few parts of the world, including north-
ern Africa (Roberts and Knippertz, 2012; Sutton, 1925), the Arabian
Peninsula (Membery, 1985; Miller et al., 2008), and northwest
India (there known as kalt andhi or andhi ‘darkening, blinding
storm’; Goudie and Middleton, 2000; Joseph, 1982; Joseph et al.,
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Southern AZ Phoenix

Fig. 1. Conceptual diagram of haboob initiation in Arizona, including a convective
thunder storm (anvil cloud) and down drafts (dashed arrows) that push a wall of
dust ahead of the storm. Gray shading of the haboob is meant to emphasize the dust
font. Note: Not all haboobs originate south of Phoenix and the diagram is not to
scale.

1980). In the US, haboobs have been reported in Arizona and Texas
(Brazel and Nickling, 1986; Chen and Fryrear, 2002; Idso et al.,
1972; Warn and Cox, 1951). In Arizona, haboobs can substantially
decrease visibility to less than 1 km (Nickling and Brazel, 1984).
Wherever haboobs occur, they are quite intense relative to other
types of dust events (Roberts and Knippertz, 2012) and have com-
paratively short lifetimes of 1-4 h in any single location (Brazel
and Nickling, 1986; Sutton, 1925).

1.1. Impact on air quality

Haboobs can have a significant impact on the amount of atmo-
spheric particulate matter (PM) in the metropolitan Phoenix area
(Clements et al., 2014, 2016; Lei and Wang, 2014). Particulate mat-
ter is classified by size fractions; PM;o and PM, 5 are particulate
matter with aerodynamic diameters of <10 um and <2.5 pm,
respectively. The size of PM determines the extent of penetration
into the respiratory tract and therefore the adverse health risk:
PM( can penetrate to the bronchi passages while the finer and more
hazardous fraction, PM, s, is able to penetrate fully into the alveolar

recesses of the lungs (WHO, 2006). Their mass concentrations,
c(PM;g) and c(PM,5) respectively, both increase during haboobs;
peak c(PM;o) can be in the thousands of pg m~3 for several hours
and c¢(PM,s) increases although to a somewhat lesser extent
(e.g., tens to hundreds of ug m~3; Clements et al., 2013; Lei and
Wang, 2014). The U.S. National Ambient Air Quality Standards
(NAAQS) are 12 ug m—2 for ¢(PM,s) and 150 pg m~> for c(PM;,)
over a 24-h period (U.S. Environmental Protection Agency (EPA),
2013). High haboob-derived PM concentrations which exceed the
EPA standards are typically excluded from regulatory decisions
regarding NAAQS compliance since they are high-wind, natural-
events that are “not reasonably controllable or preventable” and
which overwhelm even stringent dust control measures (ADEQ,
2015; U.S. EPA, 2006, 2007).

Besides the impact on air quality, another impact of haboobs is
particle deposition. In the early 1970s, rooftop dust deposition in
Tempe was reported to be 540 kg ha~!yr~!, 12% of which was
attributed to two haboobs (Péwé et al., 1981). Particle deposition
in semiarid regions of southern California and Nevada (which do
not experience haboobs) has been reported to be substantially
lower, 20-200 kg ha~! yr~!, over the period 1983-2000 (Reheis,
2006).

Identification of haboobs in metropolitan Phoenix from histori-
cal data can be challenging since meteorological and radar records
often are inadequate in temporal and spatial resolution to capture
these short-lived phenomena (Raman et al., 2014). Reliance upon
visibility and wind speed data alone can lead to false-positive
haboob identifications since these events can occur with several
meteorological phenomena. Recent high-resolution modelling
efforts have also shown that it is possible to predict the timing
and location of haboob events and have presented results simulat-
ing a particularly large haboob that occurred in July of 2011
(Vukovic et al., 2014). The METAR (Meteorological Terminal Air
Report) weather condition codes provide dust information (e.g.,
BLDU, blowing dust) but do not distinguish between general dust
events and the more intense haboobs. Given the sparse data on
dust deposition in the southwestern US, and the difficulty of
identifying past haboob events, the magnitude of annual haboob
deposition and the impact of that dust on urban ecosystems

Fig. 2. Photograph from an airplane of a haboob advancing northward in Tempe, AZ on August 25, 2015; photo credit: A. Anbar.
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is not well known. However, it is likely that as the Phoenix
population continues to grow, changes in land use will affect the
potential for monsoon events to resuspend and transport dust in
and around metropolitan Phoenix.

This work identified and characterized haboobs in Tempe, AZ
over the period 2005-2014. Air quality impacts were documented
and temporal changes in haboob frequency and intensity were
investigated. A computational model was used to estimate particle
deposition in Tempe. This work is of limited spatial scope since it
reports the development of a systematic classification of haboobs.
This work exceeds prior location-specific libraries of haboob events
in that it employs air quality and meteorological data in haboob
classification.

2. Material and methods
2.1. Retrieval of meteorological and air quality records

Metropolitan Phoenix covers a large area (37,700 km?) and as
such, there is heterogeneity in dust deposition throughout the
area (Péwé et al., 1981). To maintain consistency with older stud-
ies, the weather station at the Phoenix Sky Harbor International
Airport (KPHX; see Fig. 3) was selected for dust event identifica-
tion. The KPHX station has weather records back to 1930 and
was also the location used in the older published dust storm
studies (e.g., Brazel and Nickling, 1986). KPHX is also proximal
to ASU’s Tempe campus as well as to a variety of long-term eco-
logical study sites (e.g., Ball and Guevara, 2015; Bateman et al,,
2015; Davis et al., 2015; Giraudeau et al., 2015) for which the
deposition predictions of this work could augment the existing
research. We retrieved KPHX hourly, quality-controlled local cli-
matological data from 2005 to 2014 (U.S. NOAA, 2015). Haboob
classifications were applied using ¢(PMo) data from two air qual-
ity stations that were selected in proximity to KPHX, namely,
Central Phoenix (CP) and Tempe (TE); see Table 1 and Fig. 3 (U.
S. EPA, 2015).

Four additional weather stations in Tempe were used to confirm
the presence of haboob dust, namely AN014, MAGC, SA31, and
SRPO1 (MesoWest, 2015). Two additional air quality sites were
chosen to better distinguish high smog events from dust events,
namely DI and VEL (see Table 1 and Fig. 3; U.S. EPA, 2015).

2.2. Historical haboob identification and categorization

Hourly weather and air quality data from KPHX for the years
2005-2014 were searched for dust event signatures (see flowchart
in Fig. S1). A dust event was considered a meteorological condition
of reduced visibility (VIS), elevated wind and/or gust speed (),
and elevated c(PM;q). To begin, a preliminary list was generated
for hours in which any of the following occurred: minimum
VIS<16 km (<10 mi), maximum wyc>17ms~ ! (>40mih™!), a
1h average c(PM;g) > 200 ug m~3, or the occurrence of dust-
related METAR weather condition codes (e.g., BLDU, blowing dust;
DS, dust storm; DU, widespread dust; HZ, haze; TS, thunderstorm;
SQ, squall). The hours identified were then grouped into events.
Events were assumed to be separate when the weather and air
quality signatures returned or were ‘reset to fair weather condi-
tions’ for at least 6 h. There were 422 events which met the prelim-
inary criteria. Some confounding factors which can cause low air
visibly were heavy rain, fog, and smog. To avoid false-positives,
each event was assessed individually for coincident VIS drops,
vwe spikes, c(PM;o) spikes, and appropriate METAR weather condi-
tion codes. After removing high smog episodes, fog, heavy rain, and
thunderstorms without dust, there were 266 candidate dust events
that remained.

There is a characteristic meteorological signature that accompa-
nies thunderstorm outflows and, therefore, haboobs (Idso et al.,
1972). This signature includes a rapid increase in humidity and
air pressure, a rapid decrease in air temperature, and a spike in ¢
(PM,), generally >200 pug m~ for 1-3 h (see Fig. S2). The individ-
ual dust events were inspected for this signature and were catego-
rized as either haboobs or ‘other dust’. Non-haboob dust events
had longer durations (i.e.,, 3-12 h) of elevated c(PM;,) without
abrupt changes in temperature, humidity, and pressure. Mild
haboobs with visibility VIS > 11.3 km (>7 mi) were grouped with
the ‘other dust’ since they were more difficult to positively identify.
Following data review, 96 haboob events with VIS <11.3 km
(<7 mi) were identified for the years 2005-2014 (see Table S1
for list). Photographic evidence for haboob events early in this per-
iod was often not available. In the latter portion of the 2005-2014
period, social media reports of these events were more common
and of the 96 haboob events, 43 were confirmed by photographs
of advancing ‘walls’ of dust obtained from the local press, social
media, or web camera records.

2.3. Dry deposition model

Dry deposition in Tempe was estimated using a model similar
to that of Sauret et al. (2009). The sedimentation velocities ()
for 36 particles sizes (aerodynamic diameters from 0.1 to
320 pm) were calculated with Eq. (1), where p;, is the particle den-
sity (1.7 x 10° g m3), d,; is the jth aerodynamic particle diameter,
g is the gravitational constant, C;; is the diameter-specific particle
Cunningham factor (i.e., a sliding factor), and 7, is the dynamic
viscosity of air:

vy =d>;p,gCrs/ (181, M

Cr; was calculated as a function of dp,; where 4 is the particulate
mean free path in air (an estimated constant value of 0.066 pm).
Calculated C; agreed with values given in Sauret et al. (2009) and
Seinfeld and Pandis (2006):

o
dp-j

Diameter specific Reynolds numbers (Re;) were calculated as a
function of dp; where p,;; is the density of air:

Re] = Pair Usj dpj/nair (3)

For particle sizes where the Re; was >1, drag was included in the
sedimentation velocity calculation and #;; from Eq. (4) was used in
deposition calculations (Seinfeld and Pandis, 2006):

g7 4 >/ 2/7,3/7
Usj = dp.j ﬁgpp CfJ (pair Nair ) 4)

A static value of #,;; is not adequate for metropolitan Phoenix
where diurnal temperatures differ by an average of 12 °C (22 °F)
with a range of 2-22 °C (4-39 °F; U.S. NOAA, 2015). During thun-
derstorm outflows, the temperature and pressure both change,
causing 77, to decrease and therefore ¢ to increase by as much
as 5% in 1-2 h (e.g.,, 2 August 2005 in Fig. S3). Hourly #,i; and p,ir
were calculated using Mathematica 10 (Mathematica, 2015a,
2015b) as a function of KPHX dry bulb air temperature and air
pressure. Values for 7,;; and p.;, varied by time of day and by sea-
son, with #,;; ranging from 0.0171 to 0.0195gm™'s™! and pg
ranging from 1.05 to 1.27 kg m > (see Figs. S3 and S4).

The dry deposition flux (J4) was calculated using Eq. (5), where
vs,ij is the sedimentation velocity of PM with diameter j during a
time interval i, x; is the diameter-specific mass fraction, t; is the
length of a measurement interval (i.e., 1h), and c(PMjp); is the
PM;o mass concentration during the interval:

Gj=1+ (2.514 + 0.8670'55‘194’/29) (2)
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Fig. 3. Map of the southwest U.S. (left) with gray shading indicating metropolitan Phoenix, an enlargement of metropolitan Phoenix (middle) with the City of Tempe’s
boundaries as a black line, and a detail map of the City of Tempe (right) with the ASU campus indicated by an ‘x’ and dark gray shading. The local meteorological stations and
air quality system monitoring sites are indicated by symbols. The filled diamond, triangle, and square indicate locations of the KPHX, CP, and TE sites, respectively; open
circles indicate the locations of other meteorological stations and air quality sites, including: MAGC, SA31, SRPO1, DI, and VEL. The Phoenix Sky Harbor International Airport is
indicated by a small plane. (See Table 1 for full station names and station abbreviations in the legend.)

Table 1
Summary of public data and sources used to categorize haboob events.
Abbreviation Date range Data type Station name Station ID Provider
KPHX 2005-Present QCLCD' Phoenix Sky Harbor International Airport WBAN 23,183* U.S. Weather Bureaun
1930-Present Meteorological Phoenix Sky Harbor International Airport
CP 1985-Present c(PM)" Central Phoenix AQS* 04-013-3002 MCAQ*®
1965-Present Gases Central Phoenix
TE” 2012-Present ¢(PMp), c(PM25)* Tempe AQS 04-013-4005 MCAQ
2000-Present Gases Tempe
DI 2014-Present c(PM;5), Gases Diablo AQS 04-013-4019 MCAQ
VEL 1989-Present Gases Vehicle Emissions Lab AQS 04-013-9998 ADEQS®
2003-Present Nephelometry Vehicle Emissions Lab
ANO14” 2010-2014 Meteorological Tempe ANO14 MCAQ
SA31 2014-2015 Meteorological Tempe SA31 SA31 MADIS"8
SRPO1 2013-Present Meteorological SRP SRPO1 Salt River Project®
MAGC 2005-Present Meteorological GateWay Community College MAGC MFCD¥#$

Notes: {, QCLCD: hourly quality controlled local climatological data; {, WBAN: Weather-Bureau-Army-Navy; g, http://www.ncdc.noaa.gov/qclcd; *, ¢c(PMjo): PM;o mass
concentration; %, AQS: U.S. Environmental Protection Agency Air Quality System; #, MCAQ: Maricopa County Air Quality; @, http://ags.epa.gov/api; ”, Stations TE and ANO14
are co-located; ¢, c(PM,s): PM, s mass concentration; £, ADEQ: Arizona Department of Environmental Quality; ¥, MADIS: Meteorological Assimilation Data Ingest System; §,
http://mesowest.utah.edu; ¥, MFCD: Maricopa County Flood Control District.

n 320um The PM mass distributions were calculated from distributions
Jay = Z tic(PMyo); B Z [Us.i X;] (5) reported in the literature (see Fig. 4). During non-haboob time
= J=0-1um periods, x; was the average of two distributions (Sauret et al.,

2009; Seinfeld and Pandis, 2006). Values of x; were scaled so that
the entire PM;o mass fraction was unity:

1.00 12N
Q ' \
% ——non-haboob H ] 10um
'g 0.75 -==haboob ',' l' . Z Xj = 1 (6)
3 ', |l Jj=0.1um
< \ . . . .
@ 050 'l' ! During haboob time periods, we employed a distinct mass
S ! \ distribution based on dust storm distributions from the literature
g H '.l (Box et al., 2010; Chen and Fryrear, 2002; Gillette et al., 1978;
5 0-25 /' \ O’Hara et al., 2006). During dust events such as haboobs, much of
E —_&_/& the particulate mass is comprised of PM,1o (PM with dj, > 10 pm).
0.00 = The mass ratio of PM;q to the total suspended particulates (TSP),

o1 T 1 100 1000 or ™o, has often been reported to be <0.3 during large dust storms
Particle Diameter (um)

(see Table 2) meaning that there was more mass of particles with
Fig. 4. Composite PM mass distributions for haboob and non-haboob periods. The d, > 10 pm than the mass with dp < 10 pm. Due to differences in

haboob distribution had a Zt mass ratio of 0.20. The non-haboob distribution was sampling methodologies as well as to the quite variable intensity
the average of literature mass distributions (Sauret et al., 2009; Seinfeld and Pandis, of dust storms, literature particle mass distribution ratios vary

2006). The haboob and the non-haboob distributions differed only for particle . PMyo . .
aerodynamic diameters >10 pm. Much of the mass in the haboob distribution was somewhat Wlddy (Table 2)' Some TSP ratios are listed as upper

comprised of large particles. See Figs. S5 and S6 for a more detailed explanation. bounds in Table 2 as a consequence: PM,;g was not reported
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Table 2
Dust storm mass distribution ratios and deposition.

Location P]'_g]gu“ Ja(TSP), kg ha™! Sample duration Reference

USA
Phoenix n/a 540 yr! Annual Péwé et al. (1981)
Western Texas 0.06*" 850h~! 1 haboob Chen and Fryrear (2002)
Colorado and Kansas 0.28; 0.30° n/a 2 dust storms Chepil (1957)
Northwest Texas 0.18-0.27* 210-790h! 3 dust storms Gillette et al. (1978)
Pennsylvania n/a 15.3, storm total 1 dust storm® Miller (1934)
Southern California & Nevada n/a 20-200 yr! Annual Reheis (2006)

Europe
Ukraine n/a 20-6940 mo~! 4 weeks? Shikula (1981)

Middle East
Dead Sea, Israel n/a 255-605 yr! Annual Singer et al. (2003)
Negev Desert, Israel n/a 1100-2200 yr! Annual Goossens and Offer (1995)

Northern Africa
Libya <0.18 to <0.77* 366-4210 yr! Annual O’Hara et al. (2006)
Western Chad n/a 537 yr 1@ Annual Maley (1980)
Northern Nigeria n/a 991 yr! Annual McTainsh (1980)
Northern Nigeria <0.67¢ >850 yr! 1 dust season Moberg et al. (1991)
Southwest Niger n/a 1640-2120 yr~! Annual Drees et al. (1993)

Australia and New Zealand
Sydney, Australia <0.85; <0.87*" n/a 2 dust storms Box et al. (2010)
South Island, New Zealand n/a >710 to >6140 yr~! 1 dust season McGowan et al. (1996)

Notes: ¥, PMio: mass ratio of PM; to TSP; ¢, J4(TSP): TSP dry deposition flux; «, ratio was estimated from histograms; =, average of 5-20 ft. sampler heights; 1, originated in

» TSP *

mid-west USA and traveled 2000 km; §, historically, the dust storms during the 4 weeks were unusually severe for the Ukraine; i, PMyo and PM,,o were reported; @,

calculated with dust density of 0.85 g cm~3; A, PM,,3 not reported.

(Box et al., 2010) or PM,g and PM.,o were reported but not PM;o and
PM,10 (Mgberg et al.,, 1991; O’Hara et al., 2006). The composite
haboob mass distribution used in this study was identical to the
non-haboob distribution for PM;, but for PM.¢ the haboob x; val-

ues were scaled with the mass ratio "4 such that Eq. (7) obtained:

320um PM
> %=1 @
j>10pm

Thus, the model utilized a particle mass distribution where
much of the haboob TSP was PM,1o (%4 = 0.20) while the back-
ground (non-haboob) TSP mass was primarily PM;o (24l = 0.78).
A more detailed discussion of the literature and composite distri-
butions is given in Figs. S5 and S6. To avoid overestimation of
deposition, the non-haboob mass distribution was used for mild
haboob events (i.e., VIS>11.3 km) and for dust events lacking a
clear meteorological signature of a convective thunderstorm
outflow.

3. Results and discussion
3.1. Haboob occurrence, characteristics, and frequency

Most haboobs with VIS < 11.3 km (<7 mi) in Tempe over the
period 2005-2014 occurred in the months of July and August,
which exhibited median event frequencies of 4 and 2.5, respec-
tively (Fig. 5). This timeframe coincides with the North American
monsoon season and is in agreement with Brazel and Nickling's
(1986) data for haboobs near Tempe from 1965 to 1980.

In Fig. 5, zero median dust event occurrences are indicated as
the absence of a bar. In June, the mean annual precipitation was
0.05 mm. The summertime precipitation pattern and haboob
modes are consequences of thunderstorm evolution and convec-
tive outflows. Haboobs do not necessarily require precipitation to
occur, yet are intrinsically linked to the summer precipitation near
metropolitan Phoenix. Thus, the most intense type of dust storm
that occurs in Tempe, the haboob, is not only dependent upon rel-
atively hot and dry surface conditions, but also requires significant
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Fig. 5. Monthly mean precipitation (top) and median dust occurrence (bottom) in
Tempe over the period 2005-2014. Haboobs were categorized as convective
outflow events with minimum VIS > 11.3 km (7 mi). Other dust comprises events
that failed to meet either the visibility or the meteorological criteria for haboobs.
Precipitation was bimodal; rains during the North American monsoon season (July
to September) coincided with haboobs while winter precipitation (November to
March) coincided with few dust events.

sources of moisture from outside the region, such as the Gulf of
Mexico and Gulf of California (Sorooshian et al., 2011). Haboobs
do not coincide with the winter rainy periods since winter storms
do not have the characteristics necessary to trigger haboob events
(e.g., convective outflow, surface temperatures, etc.).
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The ‘other dust’ events category included unconfirmed haboobs,
mild haboobs (e.g.,, minimum VIS > 11.3 km), and dust caused by
other meteorological phenomena such as cold fronts. ‘Other dust’
events occurred in most months of the year with a mode during
the monsoon season due to the contribution of mild haboobs.
The winter precipitation mode appeared to inhibit dust storms,
as indicated by zero median dust event occurrences in December
and January (see Fig. 5).

The number of haboobs and precipitation varied substantially
from year to year over the period 2005-2014. Haboob occurrences
ranged from 3 to 20 yr~! with an annual average of 9.6 yr! (see
Fig. 6). Cumulative annual precipitation (i.e., total precipitation in
a calendar year) ranged from 83 to 240 mm yr~!, with an average
of 166 mmyr~'. Such year-to-year variation was also reported
from 1965 to 1980 by Brazel and Nickling (1986) when the number
of haboobs ranged from 1 to 19 yr~'. In general, fewer haboobs
occurred during 2005-2014 in years with greater annual precipita-
tion, in agreement with Brazel (1989) and Holcombe et al. (1997).
For example, in 2008 and 2010, Tempe received 240 and
230 mm yr~! rain, respectively, and experienced 4 and 3 haboobs,
respectively. In drier years, for example 2011 and 2012, Tempe
received less rain, 118 and 109 mm yr~!, respectively, and experi-
enced 20 and 19 haboobs, respectively. However, the relationship
between precipitation and haboobs in Tempe is complicated by
the bimodality of annual precipitation and by many other factors
unrelated to precipitation (e.g., anthropogenic activity and land
use changes; Macpherson et al., 2008). During the driest year of
this study, 2009, Tempe received 83 mm of precipitation and expe-
rienced 7 haboobs, a below average number. The year 2009 was the
only year investigated in this study when annual precipitation was
below 100 mm. The simplest explanation of decreased haboob
occurrence during 2009 is that it was a manifestation that summer
precipitation and haboobs have a mutual source: thunderstorms.
However, Goudie (1983) observed that global dust storm
occurrence increased as precipitation decreased until reaching a
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Fig. 6. The annual precipitation (by calendar year; top) and annual occurrence of
dust events (bottom) in Tempe over the period 2005-2014. Haboobs were
convective outflow events with minimum VIS < 11.3 km. ‘Other dust’ events failed
to meet haboob visibility or meteorological criteria. There was significant year-to-
year variation in precipitation and in haboob occurrence: 83-240 mm and 3-20
haboobs respectively.

‘hyperaridity’ threshold, 100 mm yr~', below which dust storm
occurrence decreased, which was speculated to be due to prior
removal of wind-erodible soil, the formation of wind-stable desic-
cated surfaces, and/or a lack of moisture-associated, dust-storm-
initiating weather patterns (e.g., thunderstorms, frontal passage).
Further investigation would be required to assess whether this
hyperaridity threshold applies in central AZ. The bimodality of pre-
cipitation in Tempe as well as anthropogenic activity and land use
change very likely also impact the specific relationship between
haboob occurrence and precipitation.

The relationship between precipitation and haboobs in an urban
environment is likely to be complex. Land use, land cover, and the
disruption of stabilized soil surfaces are affected by a variety of
human factors such as economic downturns (i.e., decreased con-
struction, agricultural, and recreational activities), dust mitigation
efforts, and air quality regulations (Clements et al., 2014;
Holcombe et al., 1997; Hyers and Marcus, 1981; Macpherson
et al., 2008; Upadhyay et al., 2015). Precipitation from thunder-
storms in this region is extremely heterogeneous and can also
evaporate significantly before reaching the Earth’s surface during
the initiation of a haboob. The precipitation that reaches the
ground may also occur far from Tempe and thus, would not be
apparent in the Tempe precipitation records. Metropolitan Phoenix
is a highly built-environment and the city has reservoirs that buf-
fer against drought and canals that distribute water year-round. It
is, as yet, unclear how much impact diminished precipitation really
has on dust production in the area.

The systematic method used in this work provided robust clas-
sifications (see Fig. 7) with significant differences between the
mean of haboobs and all other dust events for maximum vy
(p<0.001) as well as maximum c(PM;o) (p <0.001). The mean
uwe of haboobs was >75% of other dust events (see Fig. 7) and
the mean of haboob maximum c(PM;o), 884 ng m—>, was larger
than most (99 percentile) of the other dust events. All of the dust
event peak c(PM;q) were larger than the background mean ¢(PM;)
of 33 ug m~>. The differences in the mean minimum VIS of haboobs
and other dust are a consequence, in part, of the visibility threshold
employed in the classification method. Peak ¢(PM;o) in the hun-
dreds or thousands of ug m~3 is relatively high yet it is sustained
for only one or two hours, which may allow one to limit exposure
to high PM by seeking shelter from the storm.

3.2. Comparison with literature classification methods

The classification method used in this work bears similarity to
classifications previously applied in other U.S. locations. Hagen
and Woodruff (1973) and Orgill and Sehmel (1976) identified dust
storms from historical records based on 2 criteria: (1) when dust
was reported and VIS < 11.3 km; or (2) when 11.3 < VIS < 14.5 km
and vy > 5.4 ms~ ' (7 mi, 7-9 mi, and 12 mi h™', respectively). The
present work did not employ a wind speed requirement to be con-
sidered a dust event. Nevertheless, nearly 97% of all dust events
cataloged here had peak vy > 5.4 ms™!. Notably, the past work
of Hagen and Woodruff (1973) and Orgill and Sehmel (1976) did
not distinguish between types of dust storms or report dust statis-
tics specific to Phoenix.

Lei and Wang (2014) cataloged and characterized dust storms
of many kinds (including haboobs) throughout the southwestern
U.S. for 10 years. Their methodology did not specify a visibility
threshold but was based on dust storms in the literature and in
the media that had supporting evidence in meteorological and air
quality records. Their method could not be used in Tempe to clas-
sify haboobs since there has been a dramatic increase in public
awareness and social media attention in the last few years. Only
classifying the publicized and media-reported events in Tempe
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Fig. 7. Box plots summarizing basic characteristics of dust storms in Tempe for the period 2005-2014. Minimum visibility (left), maximum wind or gust speed (middle), and
maximum PM;, concentration (right) are the major factors that distinguish haboobs events (Hb) from other dust events (OD) and background (Bkgd) conditions. The
horizontal lines inside the boxes are mean values; the box boundaries are the 25th and 75th percentiles, respectively; the whiskers are the 10th and 90th percentiles,
respectively; and the symbols are outliers. Haboobs with VIS < 11.3 km (7 mi) had much higher PM;, concentrations than ‘other dust’ events. Other dust includes those
events that failed to meet the visibility and meteorological criteria for haboobs. The background data was divided into 6-h intervals and are the extrema for those time
periods. Background data include periods of smog, fog, rain, and fair weather. The numbers above the box plots are the event counts.

would have introduced a significant bias toward very recent and/or
large events.

It is possible to subdivide our haboob category based on inten-
sity using the KPHX visibility data. Brazel and Nickling (1986) and
Nickling and Brazel (1984) classified dust storms by storm type
and by visibility in specific areas of Arizona, including Tempe. They
employed visibility thresholds of VIS < 1.6 km (1 mi) as intense
and 1.6 < VIS < 11.3 km (1-7 mi) as moderate. Using their classifi-
cation system, we identified 25 ‘intense’ haboobs and 71 ‘moder-
ate’ haboobs during the time period 2005-2014. Another
difference between the work of Brazel and Nickling and our current
work was that they used four meteorological categories for dust
while the current work used only two categories (‘haboob’ and
‘other dust’).

The Australian Meteorological Society visibility threshold for
severe dust storms is VIS < 0.2 km and the threshold for moderate
dust storms is <1 km (about 0.12 and 0.63 mi, respectively); higher
visibility dust events are not considered storms but blowing dust
episodes (O’Loingsigh et al., 2014). Using this classification system,
we identified one ‘severe’ haboob and six ‘moderate’ haboobs in
Tempe during the years 2005-2014. Indeed, the ‘severe’ haboob
(5 July 2011) was quite exceptional in that it was larger than any
haboob in the preceding 10years (2001-2011) (Raman et al,
2014); this event caused power outages for ~10,000 customers,
delayed airline flights, and received much attention even in the
national press and social media (e.g., Huffington Post, 2011). We
included in our catalog haboobs of lesser intensity than a ‘dust
storm’ by international standards because they are noteworthy
and disruptive to the large population in metropolitan Phoenix,
frequently exceeding the NAAQS 24-h c(PM;o) limit (150 ug m>;
U.S. EPA, 2013). Moreover, these smaller haboob events also have
high TSP deposition.

Land use in the area directly surrounding KPHX has changed
substantially since the systematic categorization of haboobs in
Tempe by Brazel and Nickling (1986). Areas that had extensive
agricultural fields have been replaced with suburban and industrial
development. An approximate boundary between urban and agri-
cultural areas used to be 5-10 km south of KPHX but that has
expanded to 15-20 km south of KPHX (Jenerette et al., 2001; Li
et al.,, 2014; Maricopa County Assessor’s Office, 2016). A direct
comparison with the literature to determine whether the number
and/or intensity of haboobs in metropolitan Phoenix has changed
in since the mid-20th century will require additional locations
beyond just the KPHX station and is thus beyond the scope of this

paper. Additionally, the nearly one order of magnitude annual vari-
ation in haboob occurrences and the relatively short temporal cov-
erage of the present work (10 years) further prevents a more
robust temporal comparison.

3.3. Uncertainties in the deposition model and sensitivity analysis

The largest uncertainty in the deposition calculations is the
mass distribution employed for haboob events since no measure-
ments are available for the Phoenix area. It is known that uncer-
tainty in particle mass distributions affects the accuracy of global
and local deposition models (Lawrence and Neff, 2009). In the pre-
sent work, the calculated deposition was found to increase by 700%
between ™M ratios of 0.09 and 0.50 (data not shown). The ratio
makes a significant difference since large particles deposit faster
than small particles. There are some studies of dust storm particle
mass distributions but diameter ranges are sometimes incomplete
and the agreement between studies is somewhat limited
(Box et al., 2010; Chen and Fryrear, 2002; Chepil, 1957; Gillette
et al., 1978; Mgberg et al., 1991; O’Hara et al., 2006; Singer et al.,
2003). We anticipate that dust distributions will differ by location
and dust source. Other differences are method related. Many
different techniques for determining diameter specific PM mass
distributions have been employed in the literature including:
multi-stage impactor sampling (Box et al., 2010); sedimentation
in air (Chen and Fryrear, 2002); sedimentation in aqueous solution
(Mgberg et al., 1991); sedimentation in chlorinated solvent (Chepil,
1957; Chepil and Woodruff, 1957); mechanical sieving (Chen and
Fryrear, 2002); measurements with a phase-contrast light micro-
scope (Gillette et al., 1978); and laser particle counters (O'Hara
et al., 2006; Singer et al., 2003). Each method of particle size anal-
ysis differs in the range of particle sizes reliably quantified and the
associated artifacts of analysis.

Our model employed ¢(PMjo) to estimate TSP deposition. ¢
(PM,q0) is seldom reported due to the physical constraints of com-
mercially available sampling equipment (e.g., standard multistage
high-volume samplers). This may be due to the fact that PM, g is
not regulated as an air quality hazard. Since total suspended parti-
cle concentration, ¢(TSP) was not available in Tempe, a synthesized
P}V‘% mass ratio of 0.20 was used for haboobs; this value is within
the range of values reported for other locations (see Table 2). A
few studies in Northern Africa (Mgberg et al., 1991; O'Hara et al.,

2006) quantified PMyo and PM,,o from which a 242 mass ratio
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mated as upper bounds since MMz > Mo Mass ratios derived from

measurements in Australia are similarly given as upper bounds

: PM PM
since PM, g was not measured (Box et al., 2010) and M > TSh-

It is likely that the "Mw ratio would be lower for low visibility
haboobs than for moderate visibility haboobs as the amount of
large particles, ¢(PM,10), would be higher. Since detailed and
event-specific TSP mass distributions were not available, we
employed 0.20 for all haboobs with VIS > 11.3 km (>7 mi). The cal-
culated deposition of the ‘other dust’ events is likely an underesti-
mate since the non-haboob PM mass spectrum was employed,
which lacks a large particle (PM.10) mode.

The measurement of c(PM;,) at the CP and TE air quality mon-
itoring sites varied both in time and in magnitude. This was to be
expected since thunderstorm outflows are directional and may not
arrive at different locations throughout metropolitan Phoenix at
the same time. In an attempt to minimize these differences, the
meteorological and air quality sites used were chosen to be
the closest to a reference point: the ASU Tempe campus (Fig. 3).
The deposition in other areas of metropolitan Phoenix may differ
considerably from the deposition in Tempe.

PM;o concentration is sometimes reported as 24 h averages
instead of 1h averages. Using 24 h c(PM;o) data overestimates
haboob deposition by 86% (data not shown). The time resolution
of a haboob event (1-3 h) is too short to be accurately represented
by a 24 h ¢(PM;) value. Employing the haboob particle mass dis-
tribution for a full 24 h would erroneously incorporate large parti-
cles as a significant fraction of TSP both before and after the
haboob events. To avoid such artifacts, we employed 1 h ¢(PM;).

can be determined (Table 2). For these, the mass ratios are esti-

3.4. Dry deposition

The dry deposition flux, J4, for both PM;o and TSP was calculated
after making simple assumptions about the particle size
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relatively constant throughout the year. Note the two orders of magnitude
difference in the deposition scales.
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distributions present in dust storms and employing a gl mass

ratio of 0.20. The deposition followed trends in haboob occurrence
(see Fig. 8). Most of the haboob deposition occurred during the
summer (86%, July to September). Because J4(TSP) is strongly asso-
ciated with haboob events, there was a distinct maximum in Jq(-
TSP) during the summer monsoon period.

The PM;o dry deposition flux, J4(PM;), was nearly constant over
the course of the year and haboobs contributed very little PM;q rel-
ative to the background; for example, haboob deposition consti-
tuted 21% of overall J4(PM;o) in July. The contribution of other
dust (events which failed to meet haboob visibility or meteorolog-
ical criteria) varied somewhat throughout all seasons but was
small relative to the calculated background and haboob deposi-
tions. Haboob J4(PMjp) was much smaller than haboob J4(TSP)
(0.1% for July). This was expected since deposition velocity of par-
ticles varies in approximate proportion with the particle diameter
squared (see Eq. (1)).

The year-to-year variation in J4(PM;) was small but the year-
to-year variation in J4(TSP) was much greater due to the effect of
haboobs (Fig. 9). This was expected since the number and intensity
of haboobs varied from year to year. The year 2011 had the highest
Ja(TSP), 2950 kg ha~!, of which 92% or 2710 kg ha~! occurred dur-
ing the 20 haboobs which occurred that year. In contrast, the wet-
test year, 2010, had the lowest J4(TSP), 259 kg ha~!, with 23% or
60 kgha™! of that being deposited in the three haboobs that
occurred that year.

On a mass basis, haboob events accounted for 74% of J4(TSP) but
only 5% of J4(PMyy), e.g., Fig. 10. In contrast, the urban background
particle deposition accounted for 90% of the total J4(PM;,) but only
24% of the total J4(TSP). Most of the deposition mass (98%) was
from particles with d, > 10 um. About 35% of the total deposition
occurred during haboobs with VIS < 1.6 km (1 mi) and 39% from
haboobs with 1.6 < VIS < 11.3 km (1-7 mi; see Fig. S7). In other
words, more than a third (333 kg ha™!) of J4(TSP) was deposited
during the most intense quartile of the haboobs (n = 25 out of 96).
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Fig. 9. Annual TSP (top) and PM;, (bottom) dry deposition flux (kg ha~') in Tempe
from 2005 to 2014. The haboob contribution to TSP flux is variable and depends on
both on the number and magnitude of events.
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The J4(TSP) calculated in this work (mean: 950 kgha'yr!)
was similar in magnitude to deposition fluxes reported in the liter-
ature (see Table 2). During a particularly rainy year (355 mm pre-
cipitation) in metropolitan Phoenix, Péwé et al. (1981), reported a
rooftop J4(TSP) = 540 kg ha=! yr~', 12% of which was attributed to
two haboobs. This compares with the relatively wet year (2010)
in this study, with 232 mm rain and J4(TSP) =259 kg ha=!yr~!,
23% being deposited in three haboobs. Excluding haboob deposi-
tion, the J4(TSP) of the sum of background and other blowing
dust ranged from 199 to 299kgha 'yr~! with a mean of
244 kg ha~! yr~'. Smaller J4(TSP) of 20-200 kg ha~! yr~! has been
reported in Southern California and Nevada, where haboobs did
not occur (Reheis, 2006). There was only one year where J4(TSP)
was calculated to be higher than deposition reported in some loca-
tions of northern Africa: 2011 with J4(TSP)=2950 kg ha~!yr~. In
2011, there were 20 haboobs - the highest in the present work.
The estimated 2950 kg ha~! yr~! was less than the deposition of
6940 kg ha~! reported in a series of dust storms over a period of
four weeks in the Ukraine (Shikula, 1981), less than the
6140 kg ha~'yr~' reported in New Zealand (McGowan et al.,
1996), and less than the deposition of 4210 kg ha=! yr~! reported
in Waddan, Libya (O’Hara et al., 2006). A single haboob in western
Texas (Chen and Fryrear, 2002) was reported to deposit
850 kg ha—! h~!, which was higher than any single haboob identi-
fied in the present study, the highest being 362 kg ha~! h~! during
the 30 June 2013 haboob (maximum c(PM;o)=>5250 ug m>;
minimum VIS=1.2km (0.75mi); maximum zyc=21ms™'
(47 mi h™")). The large variation in values of J4(TSP) reported for
sites throughout the world (Table 2) is probably a reflection of real
differences in dust storm intensity, type, and frequency; in that
context, the range of predicted annual J4(TSP) magnitudes in this
study was not surprising. The deposition values calculated within
this study were consistent with literature data in arid environ-
ments. The recent Vukovic et al. (2014) study also concluded that
the models need to better account for the effects of the very largest
particle sizes and our results further amplify the need for improved
monitoring of large particle sizes.

4. Conclusions

We cataloged the occurrence of haboobs over the time period
2005-2014 using a method based on meteorological and air qual-
ity measurements. The major factors that distinguish haboobs
events from other dust events and background conditions were
event minimum visibility, maximum wind or gust speed, and max-
imum PM;, concentration. This work represents a necessary first

step in determining the ecological impact of dust deposition in
the Phoenix metropolitan region.

There were between three and 20 haboob events per year, with
a somewhat lower number of haboob events occurring in years
with higher annual precipitation. The relationship between precip-
itation and haboob occurrence is complex due to the bimodality of
seasonal precipitation as well as the mutual source of haboobs and
monsoon precipitation. There was a strong seasonal pattern in
haboob occurrence with the majority of haboobs occurring during
the North American monsoon season (i.e., June to September) and
no events occurring in the winter.

The calculated PM dry deposition in Tempe compares well with
literature deposition reported for other arid environments when
haboob deposition is included in the model. Annual J4(TSP) ranged
from a low of 259 kg ha~! in 2010 to a high of 2950 kg ha™! in
2011. The contribution of large particles (PM,q) is greater than
the contribution of PM; to deposition: the average annual J4(TSP)
was 950 kg ha 'yr~! while J4q(PM;o) was 17 kgha=!yr~!. Our
haboob mass distribution was compiled from literature studies,
many of which provided only partial information across the range
of particle sizes in the deposition model. Thus, there is a need to
measure the TSP mass distribution in metropolitan Phoenix.

This study characterized haboobs at a single location in
metropolitan Phoenix in an effort to minimize the spatio-
temporal heterogeneity of haboobs. There is a continued need to
investigate the spatial differences in haboobs throughout
metropolitan Phoenix and in surrounding areas. There may also
be a need to investigate meteorological and air quality characteris-
tics in the desert to the south where measurements are currently
quite limited.
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