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A strong low level jet (LLJ) in the northern region of the Persian Gulf (PG) 
observed on 5th Jun 2020  that sank the Behbahan cargo vessel. In this article, we 
have used the WRF-V3 model and reanalysis ERA5 data to study the vertical 
structure, diurnal variation and intensity of the LLJs. The aimed topography’s 
region, the pressure gradient and the land-sea breeze are the essential key factors 
in analyzing the diurnal variation of the LLJ  over the PG that is known as the 
Shamal wind. The low terrain height in the northern of the PG and Zagros 
Mountains channelized the northwest winds and increased the pressure gradient 
that increased the wind speed. The decreasing friction over the PG during 
nighttime and the differences in temperature and specific heat capacity between 
water and land cause an increase in the LLJ intensity. The LLJ’s core 22-24 ms-

1 was located over the study region in 925hPa on 4th and 5th June at 18 and 00 
UTC respectively. Thereafter core’s wind speed decreased to 10-14 ms-1at 
12UTC on 5th June. The mix-down of momentum from the LLJ level to the 
surface caused an increase in wind speed and wave height over the PG which 
sank the Behbahan cargo vessel at early morning of 5th June.  The LLJ at some 
regions like Kuwait formed at lower heights (under 950 hPa) and at the other 
points LLJ formed at levels upper than 950 hPa during nighttime of 4th Jun to 
afternoon of 5th Jun. 
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1. Introduction
Low Level Jet Stream (LLJ) is a very strong flow at
levels near the surface (in boundary layer) with strong
vertical wind shear (𝜕𝜕𝑉𝑉�⃗ 𝜕𝜕𝜕𝜕⁄ )  above and below of the
core by wind speed more than 10 ms-1. Some LLJs
result from strong baroclinity like fronts and some
others are from any specific synoptic system with a
weak baroclinity. The LLJ’s importance and its effects
on turbulence, wind energy production, distribution of
pollutants and dust, aviation safety, increasing the
height of waves on the sea and ocean have studied
(Bonner, 1968; Doyle and Warner., 1993; Whiteman et
al., 1997; Colle and Novak., 2010; Rife et al., 2010; Hu
et al., 2013; Berg et al., 2015; Vanderwende et al.,
2015; Smith et al., 2019).  Several mechanisms
proposed to describe the occurrence and characteristics
of LLJs in some parts of the world in previous studies.  
The first theory was proposed by Blackadar (1957),

who addressed LLJs which result from an inertial 
oscillation, and their importance for the development 
of nighttime inversions. A second theory was 
developed by Holton (1967), who noted that the 
development of diurnal wind variations due to the 
diurnal heating and cooling of sloping terrain could 
affect the LLJs’ intensity, a theory that was later 
examined and discussed by Bonner and Paegle (1970).  
By cooling the surface during nighttime, turbulent 
mixing stops, and the friction of the surface layer 
decreases significantly, so the middle and upper layer 
decouples from the surface. The balance between 
pressure gradient force and Coriolis force disrupts and 
this imbalance cause an inertial oscillation in wind and 
changes the geostrophic balance to super geostrophic 
wind and also increased wind speed at low level during 
nighttime (Markowski and Richardson., 2010).  LLJ is 
primarily a thermal phenomenon and reaches heights 
where the vertical temperature profile forms an 
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inversion (e.g. Membery, 1983; Rao et al., 2003). 
Surface winds are mostly weaker or calm during night 
but upper winds could accelerate to LLJ or nighttime 
jet that increase to super geostrophic wind speed (Stull, 
1988). LLJ over complex terrain in south of Iran is 
simulated (Liu et al, 2000).  The result of the study 
about LLJ northerly jet on 12-14 Feb 1995 showed that 
this LLJ mobilized and transported dust from Lut desert 
to Oman Gulf and decreased visibility. Because of lack 
of the data and synoptic stations the WRF model is used 
to simulate the vertical cross section to study the wind 
of 120 days and dust storm activity over the Sistan 
basin (Alizadeh et al, 2014).  The simulated jet cores in 
Yerevan are mostly located between 150 and 250 above 
ground with magnitudes varying from 12 to 21 ms-

1(Gevorgyan, 2018). The climatology of the LLJ in 
Dashte Kavir is studied by using ERA-I reanalysis data 
during 1979-2017 that the core of jet has been 
identified at 850 hpa (Vazifeh et al, 2018). There is a 
strong correlation between northerly wind and 
meridional pressure gradient in Lut desert which are the 
important factors. Cold air advection from high latitude 
and also pressure gradient are important to form the gap 
wind (Bidokhti et al, 2006). Mobarak.H and Gaffarian 
(2018) simulated the LLJ by using different boundary 
layer schemes in WRF-CHEM model and LLJ’s effect 
on the Khuzestan local dust studied. They concluded 
that LLJ has a key role on dust emission over semi-arid 
and arid area. Results from some studies (Membery, 
1983; Giannakopoulou, 2012) show that LLJs cross of 
the northern region of the PG that cause strong wind 
speed over the PG and its ports and also increase the 
height of the waves so detection LLJ, its intensity and 
the LLJ structure in our study region are very 
important. On Friday morning 05 Jun 2020, the strong 
wind speed over  water of the north of the PG near to 
Iraq, Um-Qasr port, drown the Behbahan vessel with 
seven person  (Fig.1). In this paper, the strong wind 
over the Persian Gulf and the role of LLJ would be 
studied. 

Figure 1. Topography map of the study area (PG) 

1 Meteorological Communication & Information 

2. Materials and methods
2.1. Study area
The northern of the PG is near-complex terrain with
high and steep mountains, including the Zagros
Mountains in Iran to the east (Fig.1), Kuwait in the
west, and Khuzestan province in the north. Over the
PG’s complex terrain, diurnal mountain winds are
generated by horizontal pressure differences that
develop daily over the heated and cooled sloping
terrain. It is thus apparent that the land–sea distribution
(strong north-to-south pressure gradient) enhances the
geostrophic wind speed that is vital factor. Boundary
layer jets (BLJs), which are one type of low level jet,
frequently occur next to a large mountain range or in
regions with land–sea thermal contrast(Rife et al, 2010;
Du et al,2015).
2.2. Materials
Synoptic stations data (temperature, humidity, wind
direction, wind speed, etc.) of Khuzestan and Bushehr
provinces and Kuwait station data from 3th to 6th Jun
2020 extracted from MCI1system. Ahvaz and Al-
Qaisumah (the nearest stations to Um Qasr, a port city
in southern Iraq) upper air sounding data are used to
study instability indexes and wind shear from surface
to upper. Kuwait didn’t record upper data on 3th to 6th
Jun 2020. Because of lack of upper air data and the
importance of the study of upper wind to distinguish
LLJ in the PG region, we have used the output data of
the model to show vertical profile of wind in the study
region. The model used for this LLJ event is the WRF
(ARW) model, version 3.9. The model performed from
3th to 6th Jun 2020. The 37 sigma levels employed
within 1000 to 100hPa. Two-step nesting (one-way)
was applied using two model domains centered at 9 and
27 km spatial resolutions (Fig.2).

Figure 2. The WRF model domains with 9 and 27 km spatial 
resolutions (yellow dot indicates the centers of both domains 

located over the PG) 

The selected schemes are widely used within the WRF 
community and have been shown to perform well over 
different regions. Like the unified Noah land-surface 
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model scheme (Chen and Dudhia 2001), other physics 
was kept constant in the simulation. The WRF Single‐
Moment 3‐Class Microphysics scheme (WSM3), 
Dudhia shortwave radiation scheme (Dudhia, 1989), 
Rapid Radiative Transfer Model (RRTM) longwave 
radiation scheme (Mlawer et al., 1997) have been 
selected. Mean sea level pressure, geopotential heights 
and wind fields in different levels were used from the 
model data and ERA5 data to study wind speed over 
our study region (PG and Um Qasr). To better 
identification the place of formation LLJ, some cross 
section of wind speed and potential temperature used. 
To identify the intensity and time of the LLJ formation 
vertical cross section of wind used. 

3. Results and Discussion
3.1 Synoptic pressure patterns associated with LLJ 
Figure 3 shows the surface pressure map and 10-m 
wind on 4-5 Jun 2020. The surface pressure pattern 
shows a low pressure system over the PG that its trough 
extends to the Khuzestan which  form a north and 
northwesterly wind over the PG and Khuzestan. A 
upper-latitude thermal high system over the Zagros 
Mountains increased the lower pressure gradient over 
east and southeast of Khuzestan and increased the 
lower troposphere wind speed over northwest of 
Bushehr on 4th  Jun 2020 morning (00UTC) (Fig3.a).  
On 4th Jun at 12UTC, the maximum wind is located 
over north of Bushehr and northeast of the PG.  
There is a high pressure system over west of Iraq that 
extends to the west of Iran. The high pressure system 

over the Zagros Mountains is stationary that cause a 
pressure gradient over Bushehr and Khuzestan (Fig.3, 
a, b).  At 00 UTC on 5th Jun a low pressure system 
intensified as its central pressure reached less than 
1004hPa and elongated to high latitudes where it was 
located over northeast of the PG  and some parts of 
Bushehr. This pressure pattern would cause a northern 
and northwesterly winds (Fig.3.c).  
The maximum 10-m wind speed is located over north 
of the PG and the wind speed over all northern parts of 
PG increased to 16 ms-1during morning on 5th Jun. 
During 5th Jun’s afternoon the pressure trough 
gradually extends to high latitudes over Khuzestan that 
caused the pressure gradient to decrease in the study 
area so the wind speed increased over Khuzestan and 
PG (Fig.3.d). 
During afternoon time (12UTC) on 4th Jun at 925hPa 
level northerly wind speed increased sharply to 20ms-1 
over most of the PG (Fig.4.a). There is a low pressure 
system over south of the PG and an upper high over 
most of Iraq area that causes northerly wind over 
southwest of Iran (Fig.4.a, b). On the night of 04th Jun 
(18UTC) the wind speed increased sharply to 26 ms-1 
and the maximum of wind was located over north of 
the PG and northwest of Bushehr (Fig.4.c). During 
local early morning time on 05 Jun (00UTC) the 
maximum wind speed extended to a more extensive 
area and during afternoon time the wind speed 
decreased (Fig.4.d). Figure 5.a, b present the 850 hPa 
geopotential height and wind speed that are northerly 
over the study region and during evening local time 
(12, 18 UTC) the wind speed increased from 14 ms-1 to 
20 ms-1.  

Figure3. Surface pressure and wind speed a) at 00UTC 4th Jun 2020, b) 12UTC 4th Jun 2020, c) 00UTC 5th Jun 2020, d) 12UTC 5th 
Jun 2020 

https://link.springer.com/article/10.1007/s00704-018-2538-x#ref-CR1
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2017JD027629#jgrd54363-bib-0013
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2017JD027629#jgrd54363-bib-0032
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Figure 4. 925-hPa Geopotential height (gpdm) and wind speed  (ms-1) at, a) 00UTC 4th Jun 2020, b) 12UTC 4th Jun 2020, c) 18UTC 
4th Jun 2020, d) 00UTC 5th Jun 2020

These patterns in comparison with 925 hPa the wind 
speed was weaker on 850 hPa and extended over the 
smaller area.  

On the 700hPa level at 18 UTC the wind speed 
increased to 12 ms-1 over north of the PG compared to 
past hours (Fig.6.a b). 

Figure 5. 850-hPa Geopotential height of (gpdm) and wind speed(ms-1 ) at, a) 00UTC 4th Jun 2020, b) 12UTC 4th Jun 2020, c) 
18UTC 4th Jun 2020, d) 00UTC 5th Jun 2020 
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(a)    (b) 

Figure 6.700- hPa Geopotential height (gpdm), wind speed (ms-1 ) at, a) 12UTC 4th Jun 2020, b) 18UTC 4th Jun 2020 

The wind speed decreased on the 700 hPa in 
comparison with the lower level. From the surface to 
mid-troposphere, the LLJ was remarkable on the 925 
hPa. There was a semi-permanent anticyclone 
subtropical high over Iran at mid-troposphere levels 
that cause the southwesterly flow over north of the PG 
and the western of Iran (Fig.7.a).  

(a) 

In the study area the wind speed at the middle level 
decreased to 10 ms-1 (Fig.7.b). There was a deep trough 
at upper latitudes over Turkey and North West of Iran, 
which accompanied by strong wind speed more than 30 
ms-1 (Fig.7.a, b). 

(b) 

Figure 7. 500-hPa Geopotential height of (gpdm), wind speed (ms-1 ), a) at 12UTC 4th Jun 2020, b) 18UTC 4th Jun2020 

3.2. Vertical wind profile 
To study wind speed variations at different levels and 
identify the level and position of LLJ, firstly upper air 
data of Ahvaz, Al Qaisumeh and Aldamam (not shown 
here) of Saudi Arabia studied which are the nearest 
upper air to the Um Qasr port. Kuwait station has not 
recorded data during our study period so the vertical 
wind profile of both stations and the ports near the PG 
prepared. Thermodynamic instability indices such as 
CAPE, CIN and KI had minimal value were used to 
study convective phenomena on 3th to 5th Jun 2020and 
there was no precipitation during the study period. The 
value of the CAPE and CIN was zero at both stations 
during the study period. The KI has  

increased to the maximum value of 19/9 at Al- 
Qaisumeh and 17 at Ahvaz station during afternoon on 
4th Jun and early morning of 5th Jun.  
Ahvaz station has recorded data only during afternoon 
time (12UTC). The wind (speed and direction) shear at 
lower level can see very well. Figure 10 shows the wind 
speed at Al- Qaisumeh increased at the 900 hPa to 800 
hPa level and then decreased at the levels  upper than 
800 hPa during afternoon on 4th Jun and 5th Jun that 
show the formation of LLJ. The wind direction 
changed backward in this shallow layer (from 900 hPa 
to 800 hPa), which indicates cold advection (Fig.8.d). 
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(a) 

    (c)  

(b) 

(d) 

Figure 8. Skew-T diagram of a) Ahvaz and b) Al-Qaisumeh station at 12UTC 4th Jun and12UTC 5th Jun (respectively c, d)

Figure 9 shows vertical wind profile at 00 UTC on 4th 
and 5th Jun over Deilam by using the WRF model 
output that shows LLJ at 925 hPa level. The negative 
values of meridional speed show northerly flow. LLJ 
develops at 950 hPa  with more wind speed compared 
with the Ahvaz profile (not shown here) and the LLJ 
speed reached 22 ms-1 during early morning on 5th Jun 
and night of 4th Jun (18UTC). 

During afternoon time on 5th Jun the wind speed 
decreased. At Genaveh port the LLJ exists at 925 hPa 
with the maximum wind speed 20 ms-1 (Fig.10). There 
is a significant difference between Kuwait wind speed 
profile during morning and afternoon time at the 
selected period. The nightly LLJ is clear at 975 hPa 
(Fig.11). 
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          (a)    (b) 

Figure 9. Deilam vertical profile of zonal wind component (blue color), meridional wind component (green color) and wind speed 
magnitude (purple color) at 00UTC on a) 4th Jun 2020, b) 5th Jun 2020 

    (a)  (b) 

Figure 10. Genaveh vertical profile of zonal wind component (blue color), meridional wind component (green color) and wind speed 
magnitude (purple color) at 00UTC on a) 4th Jun 2020, b) 5th Jun 2020  

The LLJ at Bushehr existed at 925 hPa level during 
morning time on 4th Jun and then it existed with larger 

      (a)         

wind speed at lower level 975 hPa during afternoon 
and nighttime (12 and 18 UTC) (Fig.12). 

(b) 

Figure 11. Kuwait vertical profile of zonal wind component (blue color), meridional wind component (green color) and wind speed 
magnitude (purple color) at 00UTC on a) 4th Jun 2020, b) 5th Jun 2020  
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(a)             (b) 

Figure 12. Bushehr vertical profile of zonal wind component (blue color), meridional wind component (green color) and wind speed 
magnitude (purple color) at 00UTC on a) 4th Jun 2020, b) 5th Jun 2020  

3.3. Vertical cross-section of the wind speed and 
potential temperature 
To better identify LLJ the variations in wind speed 
from surface to 700 hPa level by some cross sections 
over the study area have investigated. The first cross 
section crosses from Kuwait to the PG and north part 
of Bushehr (line AB at Fig.13). On 4th Jun 2020 
(00UTC) the maximum wind speed (15 ms-1) located 
over east of the PG and the minimum of the potential 
temperature 34°C is over surface and the PG (Fig.13.a). 
At 12 UTC on 4th Jun, increasing potential temperature 
have seen particularly over land because of difference 
between specific heat capacity of water and land. These 
differences between land and water’s temperature and 
also the heat capacity are equivalent to the sensible heat 
flux that caused an increase in baroclinicity and is a 
helpful factor in increasing LLJ wind speed in the study 
area.  
The maximum wind speed of 17 ms-1 can be seen over 
the east of PG and Bushehr from 975 hPa to 850 hPa. 

The heating during day time, increasing vertical 
motions and increasing of the mixing layer height cause 
the maximum wind speed extends to the upper level 
(850hPa) (Fig.13.b).  At 18 UTC LLJ wind speed 
increased to 21 ms-1 that was the maximum value 
during the past 24 hours and limited to the lower level. 
(From 975 hPa to 900 hPa) (Fig.13.c). There is a 
minimum wind speed at 850 hPa and the upper level. 
In the early morning on 5 Jun, LLJ, with the maximum 
speed of 21 ms-1 can be seen from the level below 950 
hPa to the upper than 950 hPa (Fig.13.d). Potential 
temperature increased by  approaching the mountain 
that it shows decreasing in static stability and 
increasing in wind speed. The second cross section is 
over north of Bushehr to Um Qasr and Kuwait (line 
CD) that shows the maximum wind speed 15 ms-1

during afternoon time on 4th Jun because of boundary
layer turbulent mixing from 975 hPa to upper
altitudes(Fig.14.a, b).
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      (a)        (b) 

          (c)      (d) 

Figure 13. Vertical cross-sections of wind speed (black contour, m s−1) and potential temperature (shaded, C) over PG along the line 
from A to B from 00UTC 2020-06-04 to 00UTC on 2020-06-05(respectively a to d)

  At the night of 4th Jun, the maximum speed of LLJ’s 
core reached to 17 ms-1. At early morning of 05 Jun the 
core speed increased to 19 ms-1 and cover larger area 
but only around 950 hPa (Fig.14.c, d). Adiabatic 
changes in temperature cause decreasing in potential 
temperature  during nighttime of 4th Jun and early 
morning of 5th Jun (Fig.14.c, d). As discussed at 
synoptic patterns, the pressure systems caused 
northerly flow over southwest of Iran and PG that  

figure 15 shows the vertical diagrams over some places 
near to Um Qasr (the position which Behbahan cargo 
vessel sank) such as Deilam port and Abadan, Bushehr, 
Genaveh port, Khorramshahr, Kuwait are not shown 
here  (Fig.15). 
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    (a)

    (c) 

(b)

(d) 

Figure 14. Vertical cross-sections of wind speed (black contour, m s−1) and potential temperature (shaded, C) over PG along the line 
from C to D from 00UTC 2020-06-04 to 00UTC on 2020-06-05(respectively a to d)

These diagrams show the formation of LLJ by the 
maximum wind speed 25ms-1 from 975 hPa level to 950 
hPa and then decreasing at upper levels. The maximum 
wind speed of the LLJ formed over northern part of the 
PG such as Bushehr and Genaveh port. By using model 
output data, the vertical profile of wind speed and the 
time of formation of LLJ (night of 4th Jun and early 
morning of 5th Jun with the maximum  

speed 18 ms-1  at 950 hPa level) over Kuwait and 
Abadan shown. The other diagrams also show the same 
time for the LLJ formation. (Fig.16). LLJ formed at 
lower level at Kuwait, Bushehr, Abadan and Ahvaz but 
at Deilam port and Genaveh port LLJ formed at the 
level upper than 950 hPa near to the 850 hPa (Fig.16). 

Figure 15. Vertical profile of wind speed (m s-1) over some points of the study area from 2020-06-03 to 12UTC of 2020-06-05 
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Figure 16. Time cross section of wind speed (m s-1) over some points of our study area from 2020-06-03 to 12UTC of 2020-06-05 

4. Conclusions
Mesoscale LLJs over southwest of Iran and Northern
the PG (NPG) are essential in rippling NPG and
shipping. Throughout the nighttime in the warm
season, because of cooling and decreasing turbulent
mixing layer’s height, the decoupling of surface layer
from boundary layer occurs, which reduces friction and
increases the wind speed at upper level than surface
layer. At surface pressure pattern, there is a high system
over the Zagros mountain area that increases to its
maximum 1016 hPa during LLJ formation time. A low
pressure system 1004 hPa forms simultaneously over
south of the PG that a deep surface trough extends
northward to the north of the PG and Khuzestan that
causes an increasing in  the east- west pressure gradient.
At 925 hPa, the pattern looks like to the surface map
and there is a low system over the PG that its trough
extends to the north of the PG. A high system forms
east of the Mediterranean Sea that its ridge extends to
the west of Iran and then gradually extends to the east
and the trough extends to higher latitudes that
simultaneously increased pressure gradient over the
study area and increased wind speed from nighttime of
4th Jun to 5th Jun. At 850 hPa the pattern is similar to
the 925 hPa level, but by less instability which
geopotential gradient is weak so the wind speed is also
weak. At the upper levels the instabilities going weaker
so the best level at which the LLJ formed was 925 hPa.
Ahvaz’s Skew-T diagrams (12UTC) showed
northwesterly winds with an intense speed at the lower

than 700 hPa level. The LLJ can be seen at 925 hPa at 
Al-Qaisumah and Al-damam port. The instability 
indexes like CIN, CAPE, were very low. The KI has 
had a little increase during nighttime of 4th Jun and 
morning of 5th Jun. The study of anomaly of surface 
wind speed shows increasing anomaly during the time 
of the LLJ formation that the maximum value 6 ms-1 
was on 5th Jun morning. LLJ has formed mostly at 
altitudes from 975 to 950 hPa. The maximum wind 
speed of the LLJ was over Bushehr shores especially 
Bushehr and Genaveh 22 ms-1  and 20 ms-1  respectively 
during nighttime (18 UTC) 4th Jun and 5th Jun 
morning (00UTC). The cross section of wind speed and 
potential temperature show increasing of wind speed 
during the LLJ formation’s time that because of the 
weakness of the turbulent mixing the increasing of 
wind speed happens at the lower levels while during 
morning and afternoon time the turbulent mixing 
increases and the wind speed decreases. Time cross 
sections showed that the LLJ at some regions like 
Kuwait, Bushehr and Abadan formed at lower heights 
(under 950 hPa) and at the other points formed at upper 
levels (950 hPa to 850 hPa) but LLJ in the study area 
formed during nighttime of 4th Jun to afternoon of 5th 
Jun 2020. Due to the low height of LLJs, the 
momentum transmit to the surface quickly, 
significantly during morning time which causes 
increasing the surface wind speed, the wave height over 
the PG  and the disturbances in vessels and boats 
movement. Temperature differences and specific heat 
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capacity difference between land and sea over the PG 
are the other factors that cause baroclinicity and form 
the LLJ. Behbahan vessel sank during the early 
morning of 5th Jun because of the formation of LLJ.   
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