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Abstract. Modification of the intensity of a low level jet basin and surrounding landscape, particularly from Hamoun
(LLJ) and near-surface wind speed by mineral dust is impor-Lake over northern and western parts of the basin where
tant as it has implications for dust emission and its long-rangdarge amounts of erodible sediment are available, and car-
transport. Using the Weather Research and Forecasting withied through the southern dust transport corridor towards the
Chemistry (WRF/Chem) regional model, it is shown that di- Oman Sea by a strong northerly low level jet (LLJ) that
rect radiative forcing by mineral dust reduces temperature irflies over the region (ACJGR). Mineral dust therefore has
the lower atmosphere, but increases it in the layers aloft. Tha significant influence on the climate system of the basin
surface cooling is shown to be associated with a reductiorthrough its direct radiative forcing (i.e. through interaction
of turbulent kinetic energy (TKE) and hence vertical mixing with shortwave and longwave radiationyi¢Cormick and

of horizontal momentum. Changes in the vertical profile of Ludwig, 1967 Miller and Tegen1998 Weaver et al.2002.
temperature over the regions that are under the influence of a Low level jets (LLJs), characterized by a pronounced di-
LLJ are shown to result in an intensification of the LLJ and urnal variation with a nocturnal peak in response to a typi-
near-surface wind speed, but a decrease of winds aloft. Thesel nighttime surface inversion, are a typical feature of many
changes in the wind speed profile differ from results of pre-arid and semi-arid areas, such as the &@edepression in
vious research which suggested a decrease of wind speed Morth Africa (Washington and Tod@®005 and Sistan Basin
the lower atmosphere and its increase in the upper boundaryn eastern Iran (ACJGR). Over these regions, the peak near-
layer. surface wind speed occurs in mid-morning when vertical
mixing associated with daytime buoyancy-generated turbu-
lent kinetic energy (TKE) transfers strong winds from the jet
level down to the surfaceNashington et a].2006. There-
fore, LLJs play a key role in diurnal variation of near-surface
wind speed (ACJGR), resulting in diurnal variation of dust

) emission over the regions where alluvial sediments have ac-
1 Introduction cumulated. They also have important implications in terms

. o : ) of long-range transport of wind-blown dustodd et al,
The Sistan Basin is considered to be the most active sourcg008 Mineral dust aerosols. in turn. cool the surface due

of dust in the interior of IranNliddelton, 1986, with an av-
erage of 167 dusty days per year (Alizadeh Choobari et al.
2013a, hereafter ACJGR). The severity and number of dust

gays Eav? ri\gi;gly i'n'creaTec;C:gllovxéi)ng the onset .og_eeremeThe associated changes in the vertical profile of temperature"=

brogg tsin Mir eta:, h7) ust stoLms wit 'Et eh influence the stability of the atmosphehiller et al., 2004,
asin may occur at any t'me throug ogt the year, but they ich can change the intensity of the LLJ and near-surface

are more frequent from mid-May to mid-September whenWind speed Jacobson and KaufmaB008 Alizadeh Choo-

the strong qortherly “wind of 1_20 ‘?'ays" (Iocally known 35 pari et al, 2012. Recent studies have shown that the radia-
Levar) dominates and the region is characterized by IIttletive impact of mineral dust is associated with an overall de-

Keywords. Atmospheric composition and  structure
(Aerosols and particles) — Meteorology and atmospheric
dynamics (Mesoscale meteorology)

to backscattering and absorption of shortwave radiation, but &
warm the boundary layer top due to absorption of shortwave +=
Yadiation during daytimeAlizadeh Choobari et g§l2012.

cate

Commu

or no precipitation (A,CJGR)' As'the “wind of ,120 days” crease of wind speed in the lower atmosphere and its increase Q
blows through the basin, dust particles are entrained from the 8

C
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within the upper boundary layer and lower free atmosphereclude direct radiative forcing of aerosols, despite the inclu-
(Alizadeh Choobari et gl.2012. However, the impact of sion of dust, and the second interactive experiment simulated
mineral dust on vertical profiles of wind speed over the re-the two-way interaction between atmospheric processes and
gions that are under the influence of a LLJ is currently unex-aerosols. One-month simulations during July 2009 were con-
plored. Here we present a numerical simulation to determineducted when near-surface wind speed and a northerly LLJ
the contribution of direct radiative forcing by mineral dust to were strongest over the region (ACJGR). The meteorologi-
the intensity of a strong northerly LLJ and high near-surfacecal initial and boundary conditions were generated using the
wind speeds over arid lands of eastern Iran. National Centers for Environmental Prediction (NCEP) Fi-
nal Analysis (FNL) re-analysis data &t fesolution, and the
boundary conditions were updated every 6 h.
2 Model description

The Weather Research and Forecasting with Chemistry3 Dust effects on boundary layer dynamics
(WRF/Chem) regional model was applied to simulate the
impact of mineral dust on vertical profiles of wind speed in The strong persistent northerly “wind of 120 days” is char-
eastern Iran. The dust emission scheme is based on the Godeteristic of eastern Iran and western Afghanistan from mid-
dard Global Ozone Chemistry Aerosol Radiation and Trans-May to mid-September each year during which time there
port (GOCART) parameterization developed®iyoux etal.  is considerable dust activittMcMahon 1906 Middelton,
(2001, 2004. The GOCART dust scheme, together with 1986. The strongest wind is observed in July when the
transport and deposition processes, is briefly described ifong-term monthly averaged wind speed at 10 m over Zabol
Appendix A. (31.08 N, 61.47E), a city in eastern Iran on the border
The rapid radiative transfer model for general circulation with Afghanistan, exceeds 11 mS(ACJGR). The “wind of
models (RRTMG) Klawer et al, 1997 for both shortwave 120 days” is associated with a LLJ at around 900 hPa with a
and longwave radiation was used to include direct radiativemaximum nighttime monthly averaged wind speed of more
forcing by mineral dust, while its indirect effects were not in- than 21 ms?in the LLJ core and a pronounced diurnal cycle
vestigated as there is little or no precipitation over the region(ACJGR). The strong “wind of 120 days” and extreme arid-
during the simulation period (ACJGR). The refractive index ity of the region (e.g. annual average rainfall of 63 mm over
of mineral dust for shortwave radiation was considered toZabol) results in frequent dust storms. These occur partic-
be wavelength independent and set to 1.55+0.0031i, a valualarly in late spring, throughout summer and early autumn,
consistent with previous studies over West Africa (€gt-  with peak activity in July (ACJGR). While the strong “wind
zold et al, 2008 Zhao et al, 2010 because of insufficient of 120 days” contributes to a substantial amount of dust emis-
information to constrain the refractive index of mineral dust sion from the region, radiative forcing by mineral dust can
over eastern Iran. However, the refractive index of mineralalso influence boundary layer dynamics, which in turn mod-
dust for longwave radiation was considered to be wavelengthulates the “wind of 120 days” and the LLJ that lies over the
dependent and varies for 16 longwave spectral bands. The reegion (Fig.1).
fractive index was calculated by volume averaging for each Atmospheric heating and cooling profiles due to the in-
size bin, and Mie theory was used to estimate the extinctiorteraction of shortwave and longwave radiation with mineral
efficiency, the scattering efficiency and the asymmetry factordust aerosols over Zabol averaged for July 2009 are shown in
Optical properties were then calculated by summation overFig. la—c. Absorption of shortwave radiation by suspended
all size bins. dust is associated with atmospheric heating, with a maxi-
Cloud microphysics and convection processes were repmum rate of 1.3 K day! near the surface and a decreasing
resented by the MorrisonMorrison et al, 2009 and  trend with altitude (Figla). In contrast, the interaction of
Grell 3-D (Grell, 1993 schemes, respectively. The uni- suspended dust with longwave radiation results in cooling
fied Noah land-surface modeClien and Dudhia200%, Ek of the atmosphere as absorption of longwave radiation by
et al, 2003, Monin—Obukhov (Janjic Eta) surface layer dust is less than its emission to the surface and top of the
scheme Qbukhoy 1971 and a 2.5 level TKE-based plan- atmosphere (TOA) (Alizadeh Choobari et al., 2013b). The
etary boundary layer (PBL) scheme of Mellor—-Yamada—longwave cooling effect of mineral dust has the maximum
Nakanishi—Niino (MYNN) {akanishi and Niinp 2004 rate of around—2.2Kday ! near the surface, with a de-
were used. creasing trend with altitude (Figb). The net radiative im-
The nested domain of the simulation covers eastern Iranpact (shortwave + longwave) of mineral dust is to cool the
western Afghanistan and Pakistan and a portion of Turk-lower atmosphere (below 200 m) and warm the layers aloft
menistan using 358 360 grid points at a horizontal grid (above 200 m), with maximum rates ef0.9 Kday ! and
spacing of 5km and 27-levels in the vertical on a terrain- +0.3K day 1, respectively (Figlc).
following coordinate system. Two simulations were per- The absorption and backscattering of shortwave radia-
formed. The first comprised a model setup that did not in-tion by mineral dust is associated with a decrease of solar
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Fig. 1. Simulated atmospheric heating and cooling profiles (Kddydue to the interaction ofa) shortwave (b) longwave andc) net
radiation with dust aerosols, as well @ potential temperature (K)g) turbulent kinetic energy (Rs~2) and (f) wind speed (cmsl)
responses to direct radiative forcing by mineral dust averaged for July 2009 over Zabo? (8161547 E). Daytime and nighttime profiles
correspond to monthly averaged values at 12:00 (midday) and 00:00 (midnight) local times.

radiation reaching the surface, resulting in a decrease in neafile of potential temperature (shown in Fitfd) are consistent
surface potential temperature during daytime. During night,with the dust-induced changes in TKE (shown in Hig).
on the other hand, trapping of longwave radiation results As wind speed is stronger in the core of the LLJ than lay-
in an increase of potential temperature in the lower atmo-ers above, the reduced daytime vertical mixing results in an
sphere (Fig.1d). As the daytime cooling of the lower at- increase of wind speed near the surface and in the core of the
mosphere dominates over its nighttime warming, the im-LLJ (Fig. 1f). Even with the increased TKE and vertical mix-
pact for the entire day is cooling of the lower atmosphere,ing at midnight, the wind speed near the surface and in the
with the maximum monthly averaged cooling-e0.13K at  core of the LLJ is intensified by dust, although the increase
around 400 m above the ground surface where the core of less significant than midday effects. One possible cause
the LLJ is located. The absorptive nature of mineral dust,for the increased wind speed in the core of the LLJ during
on the other hand, contributes to an increase of potentiahight could be related to the surface warming effect of min-
temperature in the layers aloft (both day and night), with eral dust, which increases the north—south pressure gradient
a maximum monthly averaged increase of about 0.02K aforce between the thermal low-pressure system over the arid
around 2.5 km. The associated changes in the vertical profiléands of eastern Iran and the persistent cold high-pressure
of potential temperature increase the stability of the atmo-system over the high mountains of the Hindu Kush in north-
sphere during the day, which results in a reduction of TKEern Afghanistan. The maximum increase in wind speed is
and consequently vertical mixing of horizontal momentum simulated to be near the core of the LLJ at around 400 m,
(note that surface cooling and warming aloft leads to a de-with a monthly averaged value of 21 cm's At altitudes of
crease in buoyancy-generated TKE). During night, the sur0.9-2.5km, on the other hand, the reduced vertical mixing
face warming effect of mineral dust destabilizes the atmo-by dust is associated with a reduction in transfer of horizon-
sphere, thereby contributing to an increase of TKE and hencéal momentum from the jet level to layers above, leading to a
vertical mixing, although the radiative effect of mineral dust decrease of wind speed, with a maximum monthly averaged
for the entire day is a reduction of TKE (Fifie). The day-  reduction of 11 cm3s! at 1.8 km height.
time and nighttime dust-induced changes in the vertical pro- The observed and simulated air temperature at 2m and
wind speed at 10 m, as well as simulated sensible heat flux
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Fig. 2. The observed (red) and simulated (for radiative forcing on (blue) and off (green)) monthly averaged diurnal variéjoairof
temperature at 2 nf'C), (b) surface sensible heat flux (W‘rﬁ), (c) turbulent kinetic energy (?rs‘z) in the first model layer an¢td) wind
speed at 10 m (ng}) over Zabol during July 2009.

and TKE averaged for July 2009, are shown in AgThe  to the measurements. One possible reason for this is simula-
observed data were obtained at the weather station in the cit§ion of higher air temperature than the observed values during
of Zabol. Near-surface air temperature and surface sensiblthe day (Fig.2a), which leads to earlier development of the
heat flux responses to radiative forcing by mineral dust showboundary layer and, consequently, earlier momentum trans-
diurnal variation due to the absence of solar radiation duringfer from the jet level down to the surface.
night (Fig. 2a—b). Temperature at 2m and surface sensible As noted by ACJGR, the northerly LLJ is geographically
heat flux are both reduced during the day, because absorptiarstricted to the border between Iran and Afghanistan, with
and backscattering of solar radiation by dust aerosols domithe jet core at around 400 m above the ground surface exceed-
nates over the infrared trapping effect. In contrast, trappinging the nighttime monthly averaged wind speed of 2Iths
of infrared radiation by mineral dust during night is associ- (Fig. 3a). The LLJ is substantially weakened during the day
ated with an increase in near-surface temperature and sufFig. 3b) when the daytime developed well-mixed layer con-
face sensible heat flux. Simulation results indicate that day4ributes to the vertical mixing of momentum from the jet level
time surface cooling and nighttime surface warming effectsto layers below and above. Monthly averaged nighttime and
by dust result in a decrease and an increase of TKE, respedaytime vertical cross sections of horizontal wind speed and
tively (Fig. 2c), while they both contribute to an increase of TKE, as well as the direct radiative impact of mineral dust
wind speed at 10 m (Fid). These results and the rationale on them, along the line labelled AB in Fi§a, are shown
are similar to the discussion of Fige—f above. in Fig. 4. The nighttime cross section is characterized by a
Figure 2d exhibits a pronounced diurnal variation of the strong LLJ (wind speed exceeding 21 misat the core of
near-surface wind speed. The peak wind speed is simulatethe LLJ) and low TKE values reaching up to 872 close
and observed in early to mid-morning due to momentumto the surface (Figla). In contrast, the substantial increase of
transfer from the jet level down to the surface as the daytimeTKE during the day (with a maximum daytime monthly av-
mixed layer evolves, with the maximum monthly averagederaged value of 9 A5 2) and associated vertical mixing of
observed value of 13.3nT8. Throughout the day, however, horizontal momentum contribute to dissipation or substantial
the mixed-layer depth continues to increase, resulting in moweakening of the LLJ (Figdb).
mentum mixing over larger vertical distances, which weak- The nighttime surface warming effect of mineral dust con-
ens the LLJ (see Fig3), causing rapid reduction of wind tributes to an increase of TKE, as well as an intensifica-
speed at 10 m until the late evening when it reaches the mintion of wind speed in the lower atmosphere and the core
imum monthly averaged wind speed of about 7thd'here  of the LLJ, but a decrease of wind speed in layers aloft
is a lag between the simulated and observed wind speed &Fig. 4c). As discussed earlier, the increased wind speed in
10m, so that the peak wind speed was simulated 2 h priothe lower atmosphere and the LLJ intensification is related
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Fig. 3. Simulated wind speed (nT$) and streamlines at 800 hPa(a} 00:00 andb) 12:00 local times averaged during July 2009. The line
AB marks the vertical cross sections plotted in Hg.

to the increased north—south pressure gradient force betwedCJGR). The strong northerly “wind of 120 days” and the
the thermal low-pressure system over the arid lands of easttLJ play a key role in dust emission and its subsequent
ern Iran and persistent cold high-pressure system over thong-range meridional transport, but direct radiative forcing
Hindu Kush mountains. The daytime surface cooling ef-by mineral dust also influences the strength of the “wind
fect of mineral dust, on the other hand, decreases the TK®Bf 120 days”. Simulation results of the online WRF/Chem
(Fig. 4d), resulting in a decrease in vertical mixing of hori- regional model reveal that direct radiative forcing by min-
zontal momentum. As winds are stronger in the core of theeral dust is associated with net daytime cooling and night-
LLJ, the reduced vertical mixing contributes to an increasetime warming of the lower atmosphere, as well as the warm-
of wind speed in the lower atmosphere and the core of thang of the atmosphere above, both during the day and night.
LLJ, but its decrease in layers above. Changes in the vertical profile of temperature result in the
daytime decrease and nighttime increase of TKE, both of
which are associated with strengthening of the LLJ and near-
surface wind speed. The daytime increase of wind speed
The Sistan Basin in eastern Iran and western Afghanistan hag gttnbuted to the decreased TKE by ml_neral dust that re,
long been found to be an important source of mineral duststrlcts transport of momentum from the jet level to layers

(McMahon 1906 Middelton, 1986, because erodible sed- above, wh|!e the nighttime |nten5|f|c§1t|on is attrlbu_ted to the
) . ; . strengthening of the pressure gradient force. This suggests
iment is continuously supplied from Hamoun Lake and thethat althouah brevious studies have shown that mineral dust
region is under the influence of the strong northerly “wind ugh previous stud v W ! u

of 120 days” (ACJGR). The near-surface wind speed ShOWSaerosols reduce wind speed in the lower atmosphere and in-

a pronounced diurnal variation with a peak in mid-morning. crease itin layers above (e.gacobson and Kaufma200§

Model results indicate that the peak near-surface wind speeégzsgegﬁeccrlogr??;'ee\t/:rlt?fia’rgﬁlrer(e;?l\j\llt;énglceaetg 236(:%8
in mid-morning is in response to the existence of a northerlyp P P

LLJ and associated transfer of momentum from the jet Ievelﬁgg:]; g:f:t?)rr(]ar:ggtrj-esrsjcn?;cgzv?n:LsJ.eTer(]jea?w?jStlﬁ\éeLBph?st i?rf1—
down to the surface as the daytime mixed layer evolves P

(ACJGR). This is similar to the results s¥ashington and portant implications for increased dust emission and its long-
Todd(ZOCiS andTodd et al(2008 at the Bolée Depression range transport. The results of this study suggest the impor-
: tgnce of the application of unified online-coupled meteorol-

where a LLJ and associated peak near-surface wind spee } .
were observed in mid-morning. ogy and chemistry/aerosol modeh@ng 2008, in order to

The wind o 120 day' s srongest o 2y when he b 081 N0 [ealse neteoroogual rarscteralce
served long-term monthly averaged wind speed at 10 m ex- PP

ceeds 11 mst and the averaged nighttime wind speed at thethe existence of the LLJ that was identified by the numeri-
core of the LLJ is simulated to reach as high as 2T cal simulation and the conclusion that the peak wind speed

4 Conclusions
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Fig. 4. Vertical cross sections (from A to B in Fi@a) of horizontal wind speed (colours, mjs) and turbulent kinetic energy (contour
interval of 1nfs~2) from the simulation that included the direct radiative forcimgafd b). The difference between simulations with
radiative forcing on and off are shown o) and(d) (same variables as top panels, but contour interval of 0%s1hfor turbulent kinetic
energy). The left panels@ndc) are for nighttime (21:00 local time) and the right panélsGdd) are for daytime (12:00 local time).

in mid-morning is caused by the momentum transfer fromwhere C is a dimensional empirical constant and tuned to
the LLJ down to the surface. Upper-air observations are es1.9, u1o is the horizontal wind speed at 10 my, is the
sential for corroborating the structure, intensity and diurnalthreshold velocity for wind erosion of particle size sp is
variation of the LLJ identified in the current study, as well as the fraction of each size bin of dust aisdis the fraction

for monitoring the vertical distribution of dust particles from of sediments accumulated in the topographic depression re-
the Sistan Basin and the height at which they are transportedjions with bare surfaces that are available for wind erosion
As the refractive index of mineral dust depends on the min-(Chin et al, 2003. Dust particles can be blown into the at-
eralogy and composition of dust over a given region, fieldmosphere when wind speed at 10 m exceeds the threshold
campaigns are required to identify the predominant miner-velocity, which is a function of particle size, as well as den-
alogical composition and optical properties of dust over thesity of mineral dust and air, and is given b@ioux et al,
Sistan Basin. 2009

Appendix A \/m L 6x 107
25
The GOCART dust scheme up = 0.13 Pa P8Py
1.76384.6 x 10P[¢p1-56 4 1]0.092__ 1
The dust simulation adopted the approach of the GOCART \/ 446> 10°[gp~+ 1] )
scheme Ginoux et al, 2001, 2004 that considers prefer-

ential sources based on erodible fracti@ayazos Guerta
2011). Based on this approach, the vertical dust flux from thewhere pp is the particle density (kg me), g is gravity

. (A2

surface is defined as (9.81ms?), ¢p is the effective diameter of dust particles in
the size class p (m), ang}, is the air density. To take into ac-
F= CSspufo (10— utp) for u10 > ug, (A1) count the bonding effect of soil moisture, E&2) has been
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modified Ginoux et al, 2004): A global aerosol model forecast for the ACE-Asia field experi-
ment, J. Geophys. Res., 108, D2&i:10.1029/2003JD003642
up x (1.240.2logqw) if w < 0.5, 2003. _
Utwp = (A3) Ek, M. B., Mitchell, K. E., Lin, Y., Rogers, E., Grunmann, P., Ko-

o0 otherwise ren, V., Gayno, G., and Tarpley, J. D.: Implementation of Noah

. . . . . . . land surface model advances in the National Centers for Environ-
wherew is the soil moisture. Five discrete size bins of dust  ,aqta) prediction operational mesoscale Eta model, J. Geophys.
particles were considered, with idealized spherical shapes Res. 108, 885140i:10.1029/2002JD003298003.
whose radii range from 0.1 to 10 um: 0.1-1, 1-2, 2-3, 3-6Ginoux, P., Chin, M., Tegen, I., Prospero, J. M., Holben, B.,
and 6-10 um, with corresponding effective radii of 0.73, 1.4, Dubovik, O., and Lin, S. J.: Sources and distributions of dust
2.4,4.5and 8.0 um. aerosols simulated with tHeOCARTmodel., J. Geophys. Res.,

Dust particles can be transported by advection and eddy 106, 20255-20273]0i:10.1029/2000JD000053001.
diffusion, while dry and wet deposition are removal pro- Ginoux, P., Prospero, J. M., Torres, O., and Chin, M.: Long-term
cesses. Dry deposition includes gravitational settling as a Simulation of global dust distribution with tt@OCARTmodel:
function of particle size and air viscosity, and surface de- correlation with North Atlantic Oscillation., Environ. Model.
position as a function of surface type and atmospheric sta- SOﬁware_’ 19, 113-128, 2004. ,

o o " Grell, G. A.: Prognostic evaluation of assumptions used by cumulus
bility conditions Vesely 1989. The wet deposition scheme

. : . S . parameterizations, Mon. Weather Rev., 121, 764-787, 1993.
considers stratiform and convective precipitati@alkanski  j5conson. M. z. and Kaufman. Y. J: Wind reduction

etal, 1993. by aerosol particles, Geophys. Res. Lett., 33, L24814,
doi:10.1029/2006GL027832006.
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