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h i g h l i g h t s
 Dust aerosols come from dust storms and DDDP (dust devils and dust plumes).
 Diurnal variability and Seasonal.
 Thermodynamic efﬁciency can represent this variation.
 53% of total annual desert dust in western China comes from DDDP.
 DDDP affect climate more than dust storms.
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Based on thermodynamic theory and comprehensive analyses of the Total Ozone Mapping Spectrometer
Aerosol Index, surface micro-pulse LiDAR, meteorological elements in the atmospheric boundary layer,
observations of sporadic dust devil, the diurnal and seasonal changes of dust devil are characterized, the
contribution to the aerosol budget from dust devils and dusty plumes is quantitatively analyzed. The
results show that: 1) dust devils and dusty plumes show obvious diurnal and seasonal variations with a
single-peaked distribution; 2) thermodynamic efﬁciency can effectively account for the daily variations
of dust devils and dusty plumes from morning to early afternoon, seasonal changes of dust devil activity
in summer. The future improved thermodynamic efﬁciency could be applied to their parameterization;
3) dust devils and dusty plumes may contribute more than 53% of annual total dust aerosols over desert
regions in western China,but the calculated contributions have uncertainties. It will be helpful to understand the dust devil and dusty plume contributions to global and regional aerosol loading.
Published by Elsevier Ltd.
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1. Introduction
Dust aerosols are the main aerosol constituent of the atmosphere, accounting for nearly half the total aerosols in the troposphere (Shi and Zhao, 2003; Han et al., 2008). Dust aerosols play an
important role in climate change (Duce et al., 1980; Martin, 1990;
Bishop et al., 2002; Han et al., 2011), and dust storms is often
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thought to be responsible for the amount of dust aerosols (Duce
et al., 1980; Aoverpeck et al., 1996; Han et al., 2009). The emission mechanism of dust storm is associated with dynamics under
large-scale gale conditions, such as atmospheric depressions and
mobile cyclones (Fiedler et al., 2014); nocturnal low level jets
(Heinold et al., 2015); and cold pool outﬂows from convective
storms (Roberts and Knippertz, 2014).
However, although dust storms can uplift vast quantities of dust
aerosols into the atmosphere, dust storms are still low-probability
events (Han et al., 2008). Therefore, the total amount of dust
aerosols in the atmosphere provided by dust storms may present
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The study area is located in northwestern China. The region
covers Taklimakan, Gurbantunggut, Kumtag, Badain Jaran, Tengger,
Ulan Buh, Hobq, Mu Us, Onqin Daga, and Horqin, forming an east-
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where ZCBL is the height of the convection boundary layer,Th is the
surface temperature, and Gad is the adiabatic lapse rate
(Gad ¼ 10 K km1).
The fractional area covered by DDDP is estimated by s:
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2. Study area and methodology

west mid-latitude desert belt (Fig. 1). The desert area covers
1.5  106 km2, approximately 15.9% of the land area of China (Sun
et al., 1998).
The daily TOMS-AI data from 1979 to 2005 (http://toms.gsfc.
nasa.gov/aerosols/aerosols.html) were used to estimate an index
of total dust amount over desert areas with a spatial resolution of
1.25 longitude and 1 latitude, which has been widely used in dust
research (Alpert et al., 2006). Although the data were not available
between May 1993 and September 1996 due to the replacement of
two satellites, cloudy regions are very limited over the whole
research area which is covered by roughly 133 TOMS AI pixels.
Surface temperature, depth of the convection boundary layer, and
solar radiation were cited from the literature (Qiao et al., 2010; Li
et al., 1999; 2011; Zhang et al., 2004; 2011; Hui et al., 2011).
Observed data for dust devils from 1964 to 1970 in the Peafowl
River basin, located on the northeastern margin of the Taklimakan,
were compiled from the reference (Lue, 1983). In addition, during
April 2008, the diurnal vertical distribution of dust aerosols was
obtained from observations by surface micro-pulse LiDAR at Minqin in the southern Tengger Desert, China.
A simple thermodynamic theory for dust devils proposed by
Renno et al. (1998) states that the dust devil strength depends on
the thermodynamic efﬁciency, h (Koch and Renno, 2005):

=

an incomplete picture.
The small-scale processes such as dust devils and dusty plumes
(DDDP) also can lift the dust aerosols into the atmosphere (Koch
and Renno, 2005). On sunny days with weak winds, solar radiation increases the ground sensible heat ﬂux, causing the ground air
temperature to rise and the air density to drop. Under certain
conditions of angular momentum, will form and carry dust aerosols
into the atmosphere (Gu et al., 2010). The emission mechanism of
DDDP is normally related to thermodynamic under sunny conditions with weak winds (Renno et al., 1998; Leovy, 2003). The typical
dust devils are generally 10 m in diameter with a typical duration of
several minutes, while large dusty non-rotating convective plumes
are generally 100 m in diameter and persist for nearly an hour
(Koch and Renno, 2005). Dust devils are common small-scale dust
transport systems in the Gobi Desert region and over dry plowed
ﬁelds (Koch and Renno, 2005). The DDDP caused by thermal turbulence essentially may be used for quantifying the dust aerosols in
non-dust storm seasons over deserts and adjacent areas. The authors Han et al. (2008) and Deng et al. (2009) demonstrated that
high concentrations of dust aerosols can be observed in the
troposphere on sunny days during non-dust storm periods.
Approximately 250 dust devils can be observed per km2 in the
Mojave Desert of southern California (Ryan and Carroll, 1970), and a
large dust devil can uplift approximately 1800 kg of dust into the
atmosphere in southern Navada according to estimates by Metzger
(1999). The DDDP possess a tremendous potential for uplifting dust
from the surface into the atmosphere (Gu et al., 2010). Researchers
have calculated that DDDP may contribute to approximately 35% of
global dust aerosols (Koch and Renno, 2005), as much as 65% in the
United States (Gillette and Sinclair, 1990; Koch and Renno, 2005)
showed that DDDP play an important role in the earth's aerosol
budget. Han et al. (2008) even argued that dust devils dominate the
aerosol budget in the deserts of western China. It suggested that
although the dust emissions caused by a single dust devil and
convective plume are much smaller than that by a dust storm, the
total amount of dust lifted annually by DDDP should be signiﬁcant.
However, Jemmett-Smith et al. (2015) provided much lower global
emissions caused by dust devils and dusty plumes compared to
others. The substantial uncertainties of emission estimations by
DDDP imply that mechanisms of dust ﬂux caused by dust devil are
important but poorly understood.
Observations of DDDP are very rare due to their sporadic
appearance and mobility, and previous studies on dust devils are
normally based on single dust devil events and numerical simulations. The numerical simulations have provided some key ﬁndings
(Cortese and Balachandar, 1993; Shapiro and Kogan, 1994; Kanak
et al., 2000; Toigo, 2003; Kanak, 2005; Gu et al., 2008, 2010) and
given insight into vortex dynamics within the boundary layer
(Leovy, 2003). However, the variation in climatological characteristics of DDDP has not yet been fully understood. In this paper,
based on comprehensive analyses of the Total Ozone Mapping
Spectrometer Aerosol Index (TOMS-AI), surface micro-pulse LiDAR,
meteorological elements, and the atmospheric boundary layer in
association with sporadic dust devil observed from western China,
the diurnal and seasonal characteristics of dust devils are well
analyzed. Furthermore, the annual total distributions of dust
aerosols produced by DDDP are also estimated. This research provides the potential to advance the understanding of climate effects
of aerosol loading due to dust devil activities.

=
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(2)

where m is a dimensionless coefﬁcient of turbulent dissipation of
mechanical energy,m z 12e24 and the pressure difference from the
surface to the convection boundary layer is Dp ¼ rairgZCBL, where
the air density rair is 1 kgm3, the acceleration of gravity g is
9.8 gm2, Fin is the heat input to the convective heat
engine,Fin z 11±5 kW m2, and the radiative timescale of the
convective boundary layer TR is 9  105 s (Koch and Renno, 2005).
The total dust emissions (DAEtot) by DDDP can be estimated by:

DAEtot ¼ Dtime  S  s  Fd

(3)

Where Fd is the estimated dust ﬂuxes, Dtime is the duration of DDDP,
S is the area which expected to serve as a source of loose particles
that can easily be uplifted into the atmosphere (Sinclair, 1969;
Balme and Greeley, 2006; Oke et al., 2007).
3. Results
3.1. Diurnal variability of dust devils
According to the thermodynamic theory, atmospheric convection strength depends on thermodynamic efﬁciency (h) (Renno and
Ingersoll, 1996; Renno et al., 1998; 2004; Renno, 2008). The
observational datasets used for calculating h include convection
boundary layer height and surface temperature from ﬁeld experiments in Dunhuang in summer (Zhang et al., 2004; Li et al., 2011).
The results (Fig. 2) show that h characterized by an obviously
diurnal cycle with a single-peaked distribution. Before 09:00 LST
(Local Standard Time), h was less than1%. After 09:00 LST, h began
to increase rapidly up to a maximum at 14:00 LST, then it began to
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Fig. 1. Distribution of deserts and location of observation stations in northern China. Note: 1,Taklimakan; 2,Gurbantunggut; 3,Kumtag; 4,Badain Jaran; 5,Tengger; 6,Ulan Buh;
7,Hobq; 8,Mu Us; 9,Onqin Daga.

Fig. 2. Diurnal changes in the thermodynamic efﬁciency of dust devils and the frequency of dust devils at Peafowl River.

decrease. However, the diurnal cycle of dust devils according to h
has not been validated by ﬁeld observations so far.
According to 193 dust devil occurrences visually observed near
the Peafowl River from 1964 to 1970 (Lue, 1983), the frequency of
dust devils with diameter greater than 2 m had almost the same
diurnal variation as h, as clearly shown in Fig. 2. The Pearson correlation coefﬁcient of 0.86 indicates the high association between
the two variables (p < 0.01, passing the 0.01 statistical test criterion). The both reached maximum values at about 14:00 LST.
Meanwhile, there is a notable discrepancy from 14:00 onwards,
which appears to extend beyond 17:00, the h decreases more
slowly than the frequency of dust devils after 14:00 LST. It implied
that the h may be not able to reﬂect complicate situation of CBL in
later afternoon compared with observed occurrences of dust devils.
Dust devils occurred frequently from 11:00 to 16:00 LST, during
which approximately 65% of the daily total number of dust devils
were observed. No dust devils appeared before 9:00 LST and after
18:00 LST during ﬁeld observations.
Because of the sporadic appearance and mobility of dust devils,

direct observations of dust devil are lacking. One indirect method
may be discovery of dust devil traces. Assume that the total amount
of dust aerosols comes from dust storms, and DDDP, if the contribution by dust storms is eliminated from total dust aerosols, the
remainder should be resulted from DDDP. During April 2008, there
were no dust storms observed at Minqin station or in its adjacent
area according to the Real-time dust storms data per 3 h from
http://data.cma.gov.cn/data by MICAPS (Meteorological Information Comprehensive Analysis And Process System), and thus the
average diurnal vertical distribution of dust aerosols over this region, quantiﬁed through extinction coefﬁcient derived from measurements from surface micro-pulse LiDAR, can be account for the
contribution of DDDP. The averaged diurnal variability of the
extinction coefﬁcient over the Minqin station was calculated from
the LiDAR data in April. The results as illustrated in Fig. 3 showed
the similar characteristics of diurnal variation of the extinction
coefﬁcient with a peak value between 12:00 and 14:00 LST. The
major difference between Figs. 2 and 3 is that the Fig. 3 represented
the background dust aerosols before 9:00 LST and after 18:00 LST.
This implies that the residual dust aerosols caused by daily dust
devils be the background dust aerosols during night due to stable
boundary layer conditions, but that still needs to be conﬁrmed by
observations and further study. However, the results demonstrate
that thermodynamic efﬁciency (h) is able to represent the daily,
actually from morning to early afternoon, variation of dust devils.

3.2. Seasonal variability of dust devils
The distribution of calculated h by running monthly average
presents a single peak (Fig. 4). The value of h increased from winter
to summer and reached a maximum in July, and then decreased
from autumn to winter with a minimum in December. The similar
monthly variation characteristics of h can be found when we
compared to dust devil occurrences near the Peafowl River (Lue,
1983). The Pearson correlation coefﬁcient of 0.86 indicates the
high association between the two variables (p < 0.01, passing the
0.01 statistical test criterion). Note that the frequency of dust devils
in April was less than in March and the peak occurred in June rather
than in July as the monthly h. The reason for this discrepancy is
because April is the dust storms season (Song et al., 2004). The
frequency of winds in excess of 17 m/s is the largest in April (Wang,
2011), and it is not suitable for formation of DDDP which mostly
occurs in the favorable conditions of sunny and weak winds. The
discrepancy indicates the weakness of h theory that it is not able to
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Fig. 3. Average extinction coefﬁcient of the aerosol distribution over the Minqin station during April 2008.

Fig. 4. Monthly changes in the frequency and thermodynamic efﬁciency of dust devils.

identify the high wind period dominated by dust storms. The h may
need to be updated later by wind restraint factor.
TOMS-AI can accurately reﬂect dust aerosols in desert regions
(Alpert et al., 2006). In the absence of dust storms, the TOMS-AI
data gives the contribution by DDDP. Fig. 5 shows almost the
similar monthly variation characteristics as Fig. 4, but the peak
values appear during April and May when dust storms were
dominant. However, when the effects of dust storms were eliminated from a 440-nm optical thickness at an observation station in
the center of the Taklimakan Desert named Tazhong (Li et al., 1999),
the monthly variation in optical thickness remained remarkably
consistent with that of monthly h.
Although the time of peak occurrence showed slight shifted,
these four different approaches outlined the monthly variability
characteristics of DDDP. Despite some errors, these results approve
that the thermodynamic efﬁciency (h) can roughly represent the
monthly variation of dust devils. It does work very well in summer.

Fig. 5. Monthly averages of TOMS-AI over desert areas in northern China and 440-nm
optical thickness at Tazhong station.

3.3. Estimated dust emissions of DDDP in the Taklimakan Desert
The dust emissions of DDDP were calculated according to
Equation (1). For a standard dust devil and a dust plume, the
average vertical dust ﬂux values (Fd) were 0.7 gm2 s1 and
0.1 gm2 s1, respectively, and the maximum and minimum values
were 1.13 gm2 s1 and 0.47 gm2 s1 (Koch and Renno, 2005). The
s can be calculated according to Equation (2). The area of the total
sources of loose dust particles that can easily be uplifted into the
atmosphere is 33.76  1010 m2  85% in the Taklimakan Desert (Gao
et al., 2008). The duration of DDDP was calculated according to the
average day length (Table 1) because the DDDP occur in the day
time.
The calculated monthly dust emissions by DDDP (Table 1)
showed an obviously monthly variation with a single-peak distribution and the peak occurring in July. From January to July, the
average dust emissions increased continuously and reached a
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Table 1
Estimated monthly dust aerosol emissions by DDDP.
Month

S  s km2

Day length 104 s

Average 106 t

Maximum 106 t

Minimum 106 t

1
2
3
4
5
6
7
8
9
10
11
12

2.38
5.865
6.29
8.245
9.095
9.605
9.945
9.35
8.585
6.545
4.165
2.04

3.42
3.84
4.32
4.7
5.22
5.4
5.4
5.04
4.5
3.96
3.6
3.24

1.955
5.44
6.545
9.35
11.39
12.41
12.835
11.305
9.35
6.205
3.57
1.615

2.754
7.65
9.18
12.75
13.09
17.51
18.19
15.98
13.09
8.755
5.1
2.235

1.139
3.145
3.825
5.27
5.44
7.225
7.565
6.63
5.44
3.655
2.125
0.935

maximum value in July. For seasonal variations, the dust emissions
was 2.73  107 t in spring, 3.66  107 t in summer, 1.91  107 t in
autumn, and 9.01  106 t in winter. The annual average, maximum,
and minimum dust emissions were 9.18  107 t, 2.38  108 t, and
9.86  107 t, respectively.
3.4. Estimated annual dust emissions from dust storms and DDDP
in the Taklimakan Desert
In the Taklimakan Desert, dust storms frequently occur in the
Desert and can uplift vast quantities of dust aerosols into the atmosphere (Han et al., 2008). To estimate the potential dust emissions generated by dust storms, the average vertical emission dust
ﬂux and the duration of each dust storm were investigated. Dust
storms occurred 88 times from 1997 to 2002 with a total duration
of 306.61 h, thus the annual average duration was 51.1 h in the
Taklimakan Desert (Li et al., 2006). The actual value of vertical dust
emission ﬂux cannot be observed directly, but it can be estimated
according to previous researchers. The Table 2 shows the results of
calculated average vertical dust emission ﬂux. It can be seen that
the ﬂux ranges from 40.07  107 kg/(m2$s) to 9.95  109 kg/
(m2$s) and covers 2e3 orders of magnitude.
Assuming that dust storms sweep across the whole Taklimakan
Desert with the area of 33.76  1010 m2 in the fraction of 85%
mobile sand dunes (Gao et al., 2008), and the annually duration of
all dust storms is 51.1 h or 51.1  3600 s as aforementioned, the
potential total dust emissions by dust storms could be calculated
according to the various vertical emission ﬂux values (also shown
in Table 2). The highest and lowest annually potential total dust
emissions from dust storms are 2.125  108 t and 5.1  105 t,
respectively. The averaged potential emission is 4.41  107 t.
Previous studies (Han et al., 2008; Deng et al., 2009) have
indicated that the total amount of atmospheric dust aerosols depends mainly on dust storms and DDDP. The total amounts of atmospheric dust aerosols in the Taklimakan Desert were then
calculated as: 1) maximum 4.505  108 t (DDDP 2.38  108 t, dust
storms 2.125  108 t); 2) minimum 9.91  107 t (DDDP 9.86  107 t,
dust storms 5.1  105 t); average 1.359  108 t (DDDP 9.18  107 t,

Table 2
Vertical emission dust ﬂux and total dust by dust storm in various regions of the
Gobi Desert in China.
Flux (kg/(m2$s)

Location

Time

Reference

Total dust (t)

40.07  107
7.52  108
4.27  108
1.58  108
9.95  109

Tazhong
Zhurihe
Zhurihe
Dunhuang
Dunhuang

2008-07-19
2006-03-26
2006-04-06
2002-04-13
2002-04-08

Yang et al., 2010
Shen et al., 2008
Shen et al., 2008
Shen et al., 2003
Shen et al., 2003

2.125
3.995
2.295
1.36
5.1







108
106
106
106
105

dust storms 4.41  107 t). Therefore, contribution of DDDP to the
annually total dust emissions is at least approximately 52.8% in the
Taklimakan Desert. In addition, according to the cumulative total
values of TOMS-AI for dust storms and non-dust storms over 22
years, dust devils were shown to contribute approximately 58% of
total dust aerosols over desert regions in northern China (Deng
et al., 2009). Two results based on different approaches have
therefore shown that dust devils can contribute more than half of
the total dust aerosols over desert regions in western China. This
suggests that the DDDP contributions to global and regional aerosol
loadings should not be ignored and could be signiﬁcant and comparable to that from dust storms.
However, the calculated contributions from DDDP and from dust
storm have uncertainties because of the scarce observations and
assumed parameters. As sources of uncertainties of emission estimations, the following assumptions are applied in this paper: 1) the
total dust aerosol is the summation of dust aerosols caused by dust
storms, dust devils and dusty plumes in the desert regions (Koch
and Renno, 2005). Other dust emission sources are not known,
and their contributions could not be taken into account. 2) There
are several options for vertical dust ﬂux (Koch and Renno, 2005;
Metzger et al., 2011; Neakrase and Greeley, 2010), choose
different values will be leading to different results which also
shows a certain uncertainty. We try to estimate an upper bound to
the uncertainties in this study by citing the higher values from Koch
and Renno (2005). The higher values will greatly increase estimation of dust emissions by DDDP. For example, Jemmett-Smith et al.
(2015) recently estimates global emissions caused by dust devils
and dusty plumes, and the result is much lower compared to that
based on Koch and Renno (2005). 3) Another source of uncertainty
is the calculation of the area of dust sources. In this paper, the area
of mobile sand dunes with 85% of Taklimakan Desert was adopted.
It accounts for more than 85% of the whole desert area because the
ﬁne sand with particle size from 0.065 to 0.25 nm extremely
accounted for more than 85% of the total sand (Gao et al., 2008).
These ﬁne particles are easily picked off the desert surface and
uplifted into the atmosphere by wind. In addition, although the
typical dust storms cover only a small fraction of the desert, but in
order to estimate the upper limit of sandstorm emissions, the same
area of mobile sand dunes is applied in this study, Finally, the longterm seasonal changes of dust sources (Ginoux et al., 2012) are not
considered in this paper.

4. Conclusions
The contribution to the total dust aerosols from dust devils and
dust plumes has been estimated based on multiple observational
datasets. The results can be summarized as follows:
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1). Dust devils show obvious diurnal and monthly variations
with single-peak distributions. The daily occurrence frequency and dust emission peaks around 12:00e14:00 (LST),
while the monthly one reaches the highest value in summer.
2). The observed dust aerosol loading during night, considered
as a kind of background dust aerosol, reﬂects the lag effects
of day-time dust aerosols. The residual day-time dust aerosols are trapped in the shallow and stable nocturnal
boundary layer because turbulent mixing processes tends to
be suppressed after sunset.
3). Thermodynamic efﬁciency (h) can roughly represent the
diurnal and monthly variation of dust devils. But due to the
assumed constant lapse rate the h could not reﬂect complicated situation of convective boundary layer in the later afternoon. For the purpose of application of thermodynamic
efﬁciency to the parameterization of dust emissions caused
by dust devils and dusty plumes, the improvement of thermodynamic efﬁciency will be one of central focuses in our
future work.
4). On an annual basis, dust devils and dusty plumes can
contribute more than 53% of total dust aerosols over desert
regions in China. This implies that dust devils and dusty
plumes may play a comparable or even more important role
than dust storms not only in West China but also possible in
global and regional scale. However, the calculated contributions from DDDP and from dust storm have uncertainties
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