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Abstract. While nocturnal low-level jets (NLLIJs) occur fre-
quently in many parts of the world, the occurrence and other
detailed characteristics of NLLJs over the Taklimakan Desert
(TD) are not well known. This paper presents a climatol-
ogy of NLLJs and coincident dust over the TD by analyz-
ing multi-year ERA-Interim reanalysis and satellite observa-
tions. It is found that the ERA-Interim dataset can capture the
NLLJs’ features well by comparison with radiosonde data
from two surface sites. The NLLIJs occur in more than 60 %
of nights, which are primarily easterly to east-northeasterly.
They typically appear at 100 to 400 m above the surface with
a speed of 4 to 10ms~—!. Most NLLJs are located above
the nocturnal inversion during the warm season, while they
are embedded in the inversion layer during the cold season.
NLLIJs above the inversion have a strong annual cycle with a
maximum frequency in August. We also quantify the convec-
tive boundary layer (CBL) height and construct an index to
measure the magnitude of the momentum in the CBL. We
find that the magnitude of momentum in the lower atmo-
sphere from the top of the surface layer to the top of mixed
layer is larger for NLLJ cases than for non-NLLJ cases, and
in the warm season the downward momentum transfer pro-
cess is more intense and rapid. The winds below the NLLIJ
core to the desert surface gain strength in summer and au-
tumn, and these summer and autumn winds are coincident
with an enhancement of aerosol optical depth. This indicates
that the NLLJ is an important mechanism for dust activity
and transport during the warm season over the Taklimakan.

1 Introduction

The Taklimakan Desert (TD) is one of the largest deserts
and located farther from an ocean than any other desert in
the world. It occupies the central part of the Tarim Basin
in northwestern China, extending about 1000 km from east
to west and 400 km from north to south (Fig. 1) with a dry
continental climate (Huang et al., 2016). Most of the TD
area is composed of shifting sand dunes, and it is the most
intense dust aerosol source in Asia (Gao and Washington,
2009; Zhang et al., 2003). The TD is of particular interest
not only because of its large contribution to the global dust
emission (Uno et al., 2009; Yumimoto et al., 2009) but also
because of its very unique orography and prevailing winds.
The prevailing wind direction in the low-level atmosphere of
the TD is easterly and northeasterly (Fig. 1), which is con-
sistent with the dominant direction of motion of the sand
dunes. The elevation of the TD is about 0.8 km above sea
level (a.s.l.) at the northeast side of the Tarim Basin, increas-
ing gradually to 1.5 km a.s.l. at the southwest area. The basin
is open on its eastern side, while the other three sides are sur-
rounded by the high relief of mountains and plateaus with an
average elevation over 4.5 km. The prevailing northeasterly,
low-altitude winds limit the flow of low-level dust out of this
region much of the time. However, former studies have in-
dicated that dust from the TD can be lofted above 5 km into
the upper troposphere (Ge et al., 2014; Huang et al., 2007)
and subsequently transported over long distances and around
the globe by the westerlies (Huang et al., 2008; Uno et al.,
2009). This long-lasting dust aerosol can perturb the energy
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Figure 1. Map of the Taklimakan Desert region with its topography
and annual mean wind at 850 hPa.

balance of the Earth system through its direct radiative ef-
fects on solar and terrestrial radiation (Fu et al., 2009; Ge et
al., 2011, 2010; Huang et al., 2014), indirect radiative effects
via its influence on physical properties of clouds (Huang et
al., 2014; Lohmann and Feichter, 2005; Su et al., 2008), and
semi-direct effects by heating the dust layer (Huang et al.,
2009, 2014). Thus, high concentrations of elevated dust and
its long-range transport from the Taklimakan may play an
important role in climate and climate change (Huang et al.,
2008; Ling et al., 2014). To better understand dust emis-
sion, transport and the influence on climate will require more
exploration of the local and mesoscale meteorological pro-
cesses over this dust source region.

Dust emission processes are controlled by meteorology
and surface properties, such as surface wind, soil texture,
moisture content, surface roughness, and vegetation (Ginoux
et al., 2001; Knippertz and Todd, 2012). A surface wind that
exceeds a particle-size-dependent speed threshold is a condi-
tion for dust emission (Shao et al., 2011). Above the thresh-
old the dust emission flux is highly sensitive to wind speed
(Chen et al., 2013; Lu and Shao, 1999; Tegen, 2003). Synop-
tic cold fronts are known to lead to strong surface winds, re-
sulting in dust storms over the Taklimakan and Gobi deserts
(Sun et al., 2001). Another mechanism that can lead to strong
surface winds in semi-arid and desert regions is through the
formation of a nocturnal low-level jet (NLLJ) (Fiedler et al.,
2013; Rife et al., 2010).

NLLIJs are generally characterized as a relatively thin layer
with highest wind speeds in a core between 300 and 600 m
above ground level (a.g.1.), while there are usually minima in
wind speed 1.0 to 2.0 km above the core (Rife et al., 2010).
A diurnal cycle is a common and well-documented feature
of the NLLJ, with onset and cessation times generally in
the early evening and midmorning, respectively. Maximum
speeds occur around 00:00 to 03:00 local time. Nocturnal
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low-level jets with diurnal variability form primarily by two
mechanisms. One mechanism is the forcing by changes in
baroclinicity, which occurs in the differential heating and
cooling regions such as slope terrain, coastal areas, and
weather fronts (Baas et al., 2009; Stensrud, 1996; Washing-
ton and Todd, 2005). The other is related to the decoupling
of winds from the surface friction, and subsequent recoupling
due to diurnally varying eddy viscosity. This is the initial os-
cillation mechanism (IO) as advanced by Blackadar (1957)
and Van de Wiel et al. (2010). The formation of NLLIJs is
favored over relatively flat terrain in arid and semi-arid re-
gions. When these essentially local forcing mechanisms ex-
ist on a large scale over relatively uniform, level terrain such
as the Taklimakan, the NLLJ can extend to the meso- and
synoptic scales and may couple to mid-tropospheric winds,
thus promoting long-range transport of dust particles. A re-
markable feature of the NLLJ is its breakdown after sunrise,
when the NLLJ momentum is mixed to the surface, and thus
wind speed near the surface is greatly increased (Fiedler et
al., 2013; Schepanski et al., 2009). The strong surface wind
will blow dust particles up from the desert surface, and the
same turbulent mixing will also loft these dust particles to
the upper level of the boundary layer, promoting horizontal
transport. Therefore, the NLLJ may play an important role
in the both dust emission and transport (Allen and Washing-
ton, 2014; Heinold et al., 2015; Knippertz, 2008; Tegen et al.,
2013; Todd et al., 2008).

Much work has been done to address the features of the
NLLJ, demonstrating a link between NLLJs and dust sus-
pension and their contribution to dust emission over north-
ern Africa (Allen and Washington, 2014; Fiedler et al., 2013;
Schepanski et al., 2009; Washington and Todd, 2005). Since
the TD has a hyper-arid environment and relatively flat ter-
rain, strong radiative cooling during the night in this region
can stabilize the near-surface layer and at least partly decou-
ple the air from the surface layer friction, which will provide
a favorable condition for NLLJ formation. We anticipate that
the frictional decoupling after sunset with a subsequent iner-
tial oscillation may play an important role in the formation
of NLLIJ for this area. However, there have been very few
NLLJ studies over the Taklimakan region. Rife et al. (2010)
examined the Tarim Basin NLLJ, but they only focused on its
diurnal variation for July. Du et al. (2014) simulated diurnal
variations in Tarim Basin NLLJs during early summer from
2006 to 2011 by using the Weather Research and Forecasting
(WRF) model. In this paper, we present an NLLJ detection
algorithm and show the climatology and seasonal variation in
NLLJ over the Taklimakan by using the ERA-Interim reanal-
ysis data. Satellite-based aerosol optical depth (AOD) above
the Taklimakan is also analyzed to explore the effect of this
NLLJ on dust emission from the desert surface.
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2 Data

The essential data for the characterization of NLLJs over the
TD are the latest global atmospheric reanalysis fields of the
ERA-Interim data on the model levels. These are produced
by the European Centre for Medium-Range Weather Fore-
casts (ECMWF), covering the data-rich period since 1979
and continuing in real time. Compared with the previous
reanalysis data from ECMWF, ERA-Interim has many sub-
stantial improvements on the representation of the hydrolog-
ical cycle, the quality of the stratospheric circulation, and the
handling of biases and changes in the observing system (Dee
et al., 2011). The horizontal resolution of the dataset is about
80 km with 60 vertical levels from the surface up to 0.1 hPa.
The 6-hourly daily wind speeds and temperatures with a spa-
tial resolution of 1° x 1° from 2000 to 2013 were analyzed
in this study. We choose the ERA-Interim reanalysis for the
climatological study of NLLJs, because surface observations
are very sparse due to the remoteness and harsh environment
of the TD and ERA-Interim can provide sufficient vertical
resolution.

Radiosonde data from two surface sites, Korla (86.08°E,
41.45°N) and Ruogiang (88.10°E, 39.02° N) (see Fig. 1),
were also used in this study. The radiosondes at these two
sites are launched at 08:00 and 20:00 Beijing time (BJT,
8h ahead of UTC) and have been operating for more than
50 years. The quality-controlled dataset is updated through
2012. We compared ERA-Interim horizontal wind speed
with soundings at 00:00 UTC to validate reanalysis data.

The Multi-angle Imaging SpectroRadiometer (MISR) on-
board the Terra satellite, which crosses the Equator at 10:30
in its descending node, covers a swath of approximately
360km wide at the Earth’s surface and obtains global cov-
erage in about 9 days. By taking advantage of the nine
widely spaced angles, MISR can distinguish the top-of-the-
atmosphere (TOA) reflectance contributions from the sur-
face and atmosphere and successfully retrieve aerosol opti-
cal properties over bright surfaces (Diner et al., 2005). In this
study, we used level 3 daily AOD from 2000 through 2013
at 0.5° by 0.5° resolution to obtain the climatology of AOD
and its monthly variation over the Taklimakan.

3 Detection of NLLJs

The mean annual cycle of MISR-based AOD and the ERA-
Interim wind speed at 10m above surface, averaged over
the TD region (see white box in Fig. 1) for 2000-2013, are
shown in Fig. 2. It is obvious that dust loading over the TD
has a clear seasonal variation. The AOD peaks in April and
May with a monthly median value of ~0.5, while it de-
creases to a minimum in November and December with a
monthly median value of ~0.2. We can also see that the
AOD at the 95th percentile for the month with minimum me-
dian value can exceed 0.7, demonstrating that a large amount
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Figure 2. Annual cycles of wind speed (gray bars) and AOD (white
bars) from 2000 through 2013 over the Taklimakan Desert. The hor-
izontal line through each box represents that monthly median value;

the top and bottom of the boxes mark 75th and 25th percentiles, re-
spectively; and whiskers mark the 95th and 5th percentiles.

of dust can be emitted over the TD throughout the year. The
generation of dust aerosol, as well as the consequent particle
concentration, is highly dependent on the surface wind speed.
A study by Ge et al. (2014) indicated a strong relationship be-
tween AOD and near-surface wind over this region. Figure 2
clearly shows that the monthly median value of winds has the
same trend as the AOD. Similar to the large spread of AOD,
the wind speed also has a wide range in each month.

Note that the annual mean circulation at 850 hPa (Fig. 1)
shows a band of high wind speeds in the central Taklimakan.
Figure 3 shows the vertical-latitudinal distribution of annual
mean wind speeds at 00:00 UTC (06:00LT) for the longi-
tudes of 82, 85, and 88° E. It reveals that there is a maximum
wind core centered near 40° N at about 300-400 m a.g.1. with
a wind speed exceeding of 6.5ms™!. It can extend over 10°
in longitude and over 1° in latitude. Such a nighttime jet
core occurs widely and frequently over the TD. This phe-
nomenon motivates us to examine the details and climatology
of NLLIJs over the TD region and investigate the potential ef-
fects of NLLJs on dust emission.

Before we use the ERA-Interim dataset to characterize the
mesoscale episodes of NLLIJs occurring over the TD, it is
necessary to validate the reanalysis data first. We compared
radiosonde data at the Ruogiang and Korla sites with ERA-
Interim winds at the grids nearest to the observations sites
during the period 2000 through 2012, when both the reanaly-
sis and validated sounding data are available. Figure 4 shows
the comparison of mean vertical wind speed profiles from
reanalysis to a 13-year subset of sounding data. We can see
that the representation of the vertical wind structure in ERA-
Interim is reasonably good when compared with radioson-
des. Importantly, the reanalysis data can reasonably well ap-
proximate the height of the maximum low-level winds, al-
though ERA-Interim underestimates the NLLJ winds at Ruo-
giang but overestimates them at Korla. We also compared the
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Figure 3. Latitude—height cross sections of annual mean wind speed
at three longitudes of (a) 82° E, (b) 85° E, and (c) 88° E from ERA-
Interim reanalysis averaged over 2000-2013. Gray areas represent
the terrain elevation.

time series of wind speeds from reanalysis and radiosondes
at 100 and 600 ma.g.l. (not shown), and calculated the cor-
relation coefficients and root-mean-square errors (RMSEs).
Ruogiang has a higher correlation coefficient (0.51) for the
layer of 600ma.g.l., while the RMSE of 4.9ms~! at Ko-
rla is about 0.5 ms~! smaller than that at Ruoqing. Thus, we
may expect that ERA-Interim adequately represents the wind
structures over the TD.

In order to investigate the climatology of NLLJs over the
TD, a set of objective criteria for automatically identifying
their occurrences need to be specified. In the literature, many
criteria have been applied for identifying LLJs associated
with different formation mechanisms, datasets used, and def-
initions of LLJ (Bonner, 1968; Stull, 1988; Banta et al., 2002;
Baas et al., 2009). These include the range of maximum wind
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Figure 4. Mean wind speed profiles at 00:00 UTC based on ra-
diosondes (solid line) and ERA-Interim (dotted line) at (a) Ruo-
giang and (b) Korla sites for 2000-2012.

height, threshold of wind speed at the jet core, and strength
of vertical wind shear. Here we developed an algorithm to
detect the NLLJs from the ERA-Interim reanalysis data by
partly following the criteria given in Fiedler et al. (2013) and
Ranjha et al. (2013), where the ERA-Interim reanalysis data
were used to identify LLJs. First, a temperature inversion
condition is identified and the inversion top height (H;) is
determined by scanning each temperature profile by follow-
ing the protocol proposed by Kahl (1990). H; must be above
the third model level, i.e., roughly 60 m (a.g.l.). This crite-
rion generally ensures that the lowest atmospheric layers are
stable and that the surface frictional drag on the air flowing
above it is reduced. Second, the maximum wind speed be-
low 1500 ma.g.l. and its height (Hj) are determined. The jet
heights are confined to less than 1500 m following Fiedler
et al. (2013). However, reducing this criterion to 900 m de-
creases the NLLJ occurrence frequency by only 1 %. Third,
a wind speed minimum must exist above the NLLJ but below
5Skma.g.l. with a value 60 % or less relative to the wind speed
of the jet core. This condition is a combination and simpli-
fication of the second and third criteria proposed by Ranjha
et al. (2013), which is a description of LLJ wind shear and
ensures that identified NLLIJs always have jet-like profiles.

4 Climatology of NLLJs

By applying these criteria to the 14-year ERA-Interim data,
we found that the NLLJ commonly appears over the Takli-
makan and other adjacent arid regions. Figure 5 shows the
monthly mean frequency of NLLJs for the TD and surround-
ing areas along with contours of jet core speed. It is inter-
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Figure 5. Monthly mean occurrence of NLLIJs (colors) with jet core wind speed (contours) at 00:00 UTC by applying the NLLJ detection

algorithm to the ERA-Interim reanalysis data for 2000-2013.

esting to note that the NLLIJs’ occurrence frequency distri-
bution derived from this identification method is closely re-
lated to the topography and land surface type. One can see
that the main feature of Fig. 5 is a frequency mode with val-
ues greater than 60 % appearing in the entire Tarim Basin
throughout the year. The geographical distribution of NLLIJs
can extend eastward from the main mode over the TD to the
Loess Plateau along the north slope of the Tibetan Plateau
with decreasing frequency of occurrence toward the east.
There are also two other high-frequency modes located near
the TD region. One is in the Jungar Basin, located in northern
Xinjiang, which is a semi-arid area. The other is over desert
centered at 76° E, 46° N in Kazakhstan. It is also obvious that
there is rough colocation of maxima in NLLJ wind speed and
frequency. Figure 5 indicates that the jet detection algorithm
is successful. The NLLJ is a frequent mesoscale weather phe-
nomenon over the TD and adjacent desert basins.

Figure 6 shows the climatological statistics of (a) jet
height, (b) core speed, (c) seasonal variation, and (d) jet di-
rection. Typically, the NLLJ occurs in a very shallow layer.
About 67 % of the jet cores are located between 120 and
400ma.g.l.; 75 % of the jet core speeds fall between 4 and
10ms~!. The median values of the jet height and jet core
speed are 269 m and 6 ms~!, respectively. By comparison,
the median values of the NLLJ height and core speed derived
from ERA-Interim data for northern Africa (Fiedler et al.,
2013) are 350 m and 10ms~!, which are higher and greater
than those over the Taklimakan, respectively. Figure 6c illus-
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trates the monthly climatology of jet height, jet core maxi-
mum speed, and inversion height. We can see that all these
three parameters have clear seasonal variations. The jet speed
generally follows the trend of jet height that increases grad-
ually from the cold season to warm season and has a max-
imum in August. The tendency for stronger NLLIJs to oc-
cur at higher levels is the same as the tendencies found in
other places (Banta et al., 2002; Baas et al., 2009; Fiedler
et al., 2013). According to Blackadar’s classical theory of IO
(Blackadar, 1957), the nocturnal inversion plays an important
role in reducing eddy viscosity and decoupling the air aloft
in the planetary boundary layer from the surface boundary
layer. It thus causes a frictionless layer at the top of the in-
version, which is the initial condition for the formation of
NLLJ. However, we note that the jet can be found at differ-
ent heights, which could be above the inversion top or em-
bedded in the inversion layer (Andreas et al., 2000; Baas et
al., 2009). Figure 6¢ shows that the inversion height has an
opposite seasonal trend to that of jet height. The inversion
height has minimum values in the summer season and can
be as thick as 600 m in later autumn and winter, which is
much higher than the jet height of about 230 m. Our analy-
sis indicates that about half of the identified NLLJ cores are
above the top of inversion and the other half were embed-
ded or partially embedded in the inversion layer. The low so-
lar elevation angle and high desert surface reflectivity during
the cold season would result in less sensible heat and thus a
shallower daytime boundary layer but a thicker nocturnal in-
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Figure 6. Climatological features of NLLJ over the Tarim Basin (38-42° N, 78-88° E). (a) Frequency distribution of NLLJ height. (b) Fre-
quency distribution of NLLJ speed. (¢) Monthly mean jet core speed (gray bars), NLLJ core height (solid line), and inversion height (dashed
line). (d) Jet core wind direction and speed distribution at 00:00 UTC (i.e., 05:30 LT) from ERA-Interim reanalysis from 2000 through 2013.

version layer. In these cases the NLLJ occurs a few hundred
meters above the surface, where the layer is well stratified
after sunset.

The wind rose in Fig. 6d shows that the prevailing wind
direction of the jet core is narrowly distributed between east-
northeast and east-southeast; 67 % of NLLJs over all seasons
are within the four sectors between 40 and 120°. This narrow
angular NLLJ directional distribution is mainly confined by

the topography.

5 NLLJ] effects on dust emission

Considering that the emission of dust initially develops in
the surface boundary layer and is proportional to third or
fourth power of the surface wind speed, it is expected that the
NLLJ can affect dust production if we can find that NLLIJs
have impacts on near-surface wind speed and variability. Re-
cent studies (Allen and Washington, 2014; Heinold et al.,
2015; Knippertz, 2008; Schepanski et al., 2009) have indi-
cated that the breakdown of the NLLIJ over Africa can induce
the downward mixing of momentum during the evolution of
the boundary layer in midmorning and cause enhancement
of near-surface wind speed. Here, we firstly compared the
midmorning surface wind speed distribution coincident with
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Figure 7. Frequency distribution of 10 m wind speed at 06:00 UTC
(i.e., roughly at 11:30 LT) over the Tarim Basin.

the appearance of NLLJ with that when no NLLJ was de-
tected. Ideally, this would have been calculated for 10:00 LT
to observe the maximum effect, but only 6-hourly ERA data
were available. Figure 7 shows the near-surface wind speed
frequency distribution at 06:00 UTC (i.e., 11:30LT) over the
Taklimakan. We can see an obvious shift of wind speed to-
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Figure 8. Annual cycle of the near-surface wind speed difference at 06:00 UTC between NLLJ and non-NLLJ days.

ward higher values when NLLJs are present compared to the
days when there is no NLLJ. This result may be evidence
of NLLJ effects on surface wind speed and a link between
NLLJs and dust emission. However, if we take a further look
at the detailed behavior of near-surface wind speed difference
between jet and non-jet days for the seasonal cycle over the
Tarim Basin, the spatial distributions of wind speed differ-
ence of each month are substantially different. In Fig. 8, we
can see that positive differences are dominant in the basin
during the cold season from October to March, but nega-
tive values are distributed over most of the basin area with
only a weak positive belt aligning along the north slope of
the Tibet Plateau during the period April to September. This
seasonal contrast in the surface wind speed difference is ex-
actly coincident with the relative position of jet height and
inversion height that are shown in Fig. 6¢c. As we know, a
convective boundary layer starts with morning insolation and
grows gradually, dissipating the nocturnal surface inversion
and transporting momentum from aloft to the surface. How-
ever, this process could be either very rapid or much slower
depending on solar heating and other meteorological condi-
tions. We may expect that, when the inversion layer is much
thicker and the surface heating is very weak in the cold sea-
son, the development of mixed layer may be very slow, and
the unstable layer happens to reach the height of NLLJ at
06:00 UTC. Thus, momentum from the LLJ is mixed down
and leads to an increase in the surface wind speed, show-
ing a positive difference during these months. By contrast,
in the warm season, a mixed boundary layer is developed
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very rapidly, and LLJ momentum transport process may have
been already largely completed by 06:00 UTC. The surface
friction is well coupled with the boundary layer and con-
sumes the downward momentum, eventually leading to a
sub-geostrophic wind.

To test this hypothesis, we need to further investigate the
height of convective boundary layer (CBL) in the midmorn-
ing (06:00 UTC). The Richardson number (Ri) (Richardson
et al., 2013), which indicates the dynamic instability of the
flow, is used here to determine the CBL height. The Ri is
a measure of relative strength of buoyancy and mechanical
wind shear. It is defined as

g (%)

0\ dz
Ri=———7"——, (1)

ou 2 v 2
() + (%)

where 0 is the potential temperature, g is the acceleration
of gravity, z is the height, and u and v are the horizon-
tal wind velocity components. Clearly, turbulent energy in-
creases when Ri< 1, but theoretical and experimental stud-
ies show that non-turbulent flow becomes turbulent when Ri
drops below a critical value of around 0.25. We first selected
those profiles in which the potential temperature at the low-
est level is larger than at the next higher level to ensure that
the turbulence is induced by surface heating. Then we cal-
culated the Ri numbers between successive levels for the se-
lected profiles and searched each profile from the surface up-
wards, defining the lowest level, where Ri value exceeds the
critical value of 0.25, as the top of the CBL. The red lines
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Figure 9. Monthly averaged convection boundary layer height at
06:00 UTC, and momentum index at 00:00 UTC over the TD.

in Fig. 9 plot the monthly variations in the CBL height at
06:00 UTC averaged on days with and without NLLJ over
the TD. The variations for both jet and non-jet cases exhibit
the same tendency, i.e., that the greatest heights appear in
June and the lowest heights of about 200 m occur in Decem-
ber and January. The tendencies are clearly primarily a re-
sponse to the solar insolation, which is the primary control
of near-surface heating. During the cold season from Octo-
ber to March, the monthly mean CBL heights on jet days are
almost the same as those on non-jet days and close to the
jet core height. Significant differences in CBL heights be-
tween jet and non-jet days are evident in the months from
April to September. We examined the occurrence of clouds
and total cloud cover (TCC) derived from ERA-Interim data
and found that the occurrence of both clouds and TCC on
NLLJ days is much lower than non-jet days. It is clear that
fewer clouds can let more thermal radiation escape to space
and allow intense radiative cooling to form a stable surface
layer during the night, leading to the development of NLLJ
aloft. In the midmorning, fewer clouds also allow more solar
radiation to reach at the surface and thus cause a stronger sur-
face heating that consequently induces a stronger turbulence
and a higher mixed layer than non-jet days. We may infer
that stronger vertical mixing on days with jet occurrence can
transport momentum between the surface and a given height
in or above the stable layer rapidly in the warm season.
Having quantified the CBL height, we next quantified the
magnitude of the momentum in the boundary by constructing
an index. The index is a summation of wind speed from the
height just above the surface layer to the height of the CBL,
in units of m?s~1:
H

Index = / U(h)dh, 2)
Hg

where Hj is the top of the surface layer, which is typically
about 10 % of the boundary layer depth and which we se-
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lected as the height of the third model level above the surface.
H_ is the top of the CBL that is derived from Ri and U (h) is
the wind speed profile. We applied this index on each grid
of ERA-Interim at 00:00 UTC and averaged the index values
over the TD region. The blue lines in Fig. 9 show the monthly
variations in the momentum index for days with and without
NLLJ occurring at 00:00 UTC. The seasonal trends of the
index are largely determined by the integral depth (i.e., the
height of the CBL) and thus vary consistently with the CBL
height. More importantly, the momentum index on days with
NLLIJs is always larger than that on days without NLLIJs,
even if there is no large difference in H, between jet and
non-jet cases. Note that, for both NLLJ and non-NLLJ cases,
CBL heights during October through March are almost the
same but are significantly different during the warm season.
By combining the CBL height, momentum index, and near-
surface wind speed shown in Figs. 8 and 9, we may draw a
conclusion that at night the boundary layer between Hg and
H_ with NLLJ contains more momentum than without NLLJ.
When the NLLJ breaks down in midmorning, its momen-
tum is transported toward the surface, decreasing the speed
aloft but producing stronger surface winds. During the cold
season, the inversion depth is greater and vertical mixing is
weaker, which consequently results in less downward mo-
mentum transfer occurring over a longer period of time. In
the summer season, the downward momentum transfer pro-
cess is more intense and rapid and could cause a significant
increase in surface wind speed which is not captured by the
6-hourly ERA dataset.

The above investigation has indicated that the momentum
in an upper boundary layer is larger and the turbulence is
much stronger, especially in summer, for the NLLJ cases than
without NLLJ occurrence. A larger momentum and stronger
transfer consequently can lead to an enhancement of the sur-
face wind speed. In order to explore a link between NLLIJs
and dust activity, a composite difference method is used to
analyze the relationship between NLLJ winds and dust gen-
eration. We point out that if the wind profile composite is
simply based on high and low dust loading, an enhancement
of wind in the lower atmosphere will always be seen because
larger wind speed is directly related to dust generation for
a given surface condition. Thus, there is a risk of evaluat-
ing the effect of NLLJ on dust emission since we cannot
tell whether stronger surface winds are associated with the
NLLJ. To avoid this risk, we select only ERA-Interim data
for which 80 % of the grid points along the section at 40° N
between the latitudes of 78 and 88° E are identified with the
appearance of NLLJ. We then match the time series of the
NLLJ data and AOD observations for the composite analysis.
According to the seasonal distribution of AOD, we use the
10th and 90th percentile values of the AOD cumulative dis-
tribution function to identify the most and least dusty days,
and 42 samples for winter and 58 samples for each of the
other three seasons are picked out for the composite differ-
ence analysis. Figure 10 shows the seasonal composite differ-
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Figure 10. Seasonal longitudinal cross sections of daily wind com-
posite difference between high and low AOD days along 40° N.
Stippled areas are significant at the 95 % level. Gray areas repre-
sent terrain.

ences of latitudinal wind speed between the most and least
dusty days along 40° N. It is clear that the NLLJ is signifi-
cantly enhanced on days of high AOD for the summer and
autumn seasons and that the core speed increases by more
than 3ms~!. Due to stronger turbulent mixing in summer
compared to other seasons, NLLJ level winds may affect the
surface wind speed and variance, causing a deeper surface
layer with a more significant increase in wind speed on high-
dust days in summer than autumn.

We also notice an interesting phenomenon: although AOD
values are highest in spring (Fig. 2), NLLJ speeds are not
significantly higher in this season. It is well known that a
cold front with high synoptic-scale winds causes strong dust
storms in spring (Sun et al., 2001). Our results clearly indi-
cate that occurrences of NLLJ have relatively less influence
on dust emission in the spring, when synoptic-scale winds
dominate dust emission.

6 Conclusion

In this study, we presented a long-term, detailed structure
of the wind profile in the atmospheric boundary layer over
the Taklimakan Desert, which has a relatively flat terrain. A
comparison of radiosondes and ERA-Interim reanalysis at
two sites in the Tarim Basin shows that the reanalysis data
can capture the feature of the low-level wind profile. Based
on our NLLJ detection algorithm, NLLJs are frequent over
the entire Tarim Basin and Taklimakan Desert throughout
the entire year with an occurrence frequency above 60 %.
The dominant wind directions are east and east-northeast in
all seasons. The annual mean values of jet height and core
speed are 270 m and 6 m s~ respectively. The jet core height
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and speed show seasonal variations, with maximum values in
August and minimum in January. The inversion height also
changes with season, but in a manner opposite to the height
of the jet core. We found that about 50 % of the identified
NLLJ cores are above the top of inversion (more frequently
in the warmer season), and the other half were embedded in
the inversion layer (mostly in the colder season).

The midmorning breakdown of the nocturnal inversion
and jet core is a remarkable and consistent feature of NLLJ
over the TD. The momentum of these NLLJs can be mixed
downward, increasing surface wind speed, which could be
the driving mechanism for dust emission over this and other
arid regions. We calculated the CBL height and constructed
an index to quantify the magnitude of the momentum from
the top of the surface layer to the CBL height. It is found
that the momentum in an upper boundary layer is larger for
the NLLJ cases than without NLLJ occurrence in all seasons,
while the CBL heights in the warm season are much greater
than those in the cold season. This indicates that stronger ver-
tical mixing on days with jet occurrence can transport more
momentum between the surface and CBL height in the warm
season, thus enhancing the surface wind speed.

We further matched the NLLJ and MISR AOD data and
found that there was a significant enhancement of NLLJ dur-
ing high-AOD days in the summer and autumn seasons, when
the core speed increased by more than 3ms~!. In the cold
season, the sensible heat energy input is much less and the
inversion layer is thicker, which causes much weaker down-
ward propagation of turbulence, and thus NLLIJs have a lesser
effect on surface wind and dust activity in winter and spring.

NLLIJs have been identified as a frequent mesoscale phe-
nomenon over the TD and are possibly an important mecha-
nism for dust activity, especially in the summer months. To
define the details of the NLLJ diurnal cycle and to clarify
the causal and quantitative relationships to dust emission and
transport, further ground-based in situ and remote sensing
measurements of winds and dust concentration profiles are
needed along with high spatial and temporal resolution nu-
merical modeling.

7 Data availability

The data for this paper are available at NASA Atmospheric
Data Center and ECMWFE. Datasets: MISR, ERA Interim.
Data file name: MIL3DAE_*.004_*.hdf, ERA_Interim_*.nc
(NASA Atmospheric Data Center, 2015; ECMWE, 2016).
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