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"e topic of large-scale dynamics, anomalous flows, and
teleconnections (LDAT) continues to be of great interest to
the weather and climate community, especially given recent
changes in climate during the last few decades and projected
climate changes [1]. "e impact of climate change could be
very complex, especially regarding its impacts on tele-
connections (e.g., [1]), the occurrence and dynamics of
severe weather events (e.g., [2]), or the occurrence and
intensity of large-scale events associated with local tem-
perature and precipitation variability such as blocking an-
ticyclones. Additionally, research has shown that large-scale
regional anomalies are associated with regional anomalies of
radiatively important gasses such as water vapor or ozone or
with the concentration of atmospheric aerosols.

Many recent studies continue to examine the behavior of
teleconnective regimes in more detail than ever within
various regions of the globe in order to understand how
these might change in the near and far future. A better
understanding of these phenomena and their local, regional,
or global impacts will provide more information to the
private and public sectors so that societies can be better
prepared to meet their needs while minimizing their ex-
posure to destructive phenomena.

Knowing the climatological and dynamic character of
flow regimes that impact regional weather and climate is
essential for long-range forecasting or constructing future
scenarios. "e study of I. Rousta et al. examined the nature

and distribution of atmospheric vorticity in the region of the
Middle East and Asia during winter-season precipitation
events occurring in Iran. Cluster analysis was used to
identify the prevailing large-scale configuration of atmo-
spheric pressure centers from 1961 to 2013 based on vari-
ables such as the occurrence of significant precipitation and
vorticity at mandatory levels (1000, 850, 700, and 500 hPa).
"is study identified five different synoptic scenarios that
were associated with more persistent precipitation events
(low pressure over Iran and a strong SiberianHigh) as well as
heavy precipitation events (high pressure over East Europe
and low pressure over Iran). "e latter scenario is similar to
the flooding rains that occurred in the region in association
with the strong blocking event that occurred over Eastern
Europe and Western Russia during the summer of 2010.
"ey also found that three of the patterns associated with
winter precipitation events formed and decayed over the
study region, while two of them originated outside the area.
Additionally, they examined the dynamics that contributed
to upward motions in these patterns.

It is of great importance that climate models should be
evaluated based on their ability to simulate the general
character of climate, as well as specific features of the general
circulation. To this end, O. Lhotka and A. Farda investigated
the relationship between flow anomalies and daily surface
temperature and pressure biases in a climate model en-
semble by using historical circulations and comparing them
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to the National Oceanic and Atmospheric Administration
(NOAA) Cooperative Institute for Research in Environ-
mental Sciences (CIRES) twentieth-century reanalyses. "e
climate model used was the Centre National de Recherches
Météorologiques (CNRM) Climate Model version 5.1
(CM5.1), and this model is part of the Coupled Model In-
tercomparison Project (CMIP). "ree ensemble members
were chosen for study with differing initial conditions using
spatial resolution that is consistent with the reanalyses used.
"ey found that, while the CNRM-CM5.1 model skillfully
reproduces the general temperature patterns for the globe,
this model has similar weaknesses to other CMIP models.
"e most relevant issues found in all three ensemble
members are as follows: (a) warm (cold) biases in the South
(North) Atlantic, (b) positive temperature and negative
pressure biases in the South American and African up-
welling regions, and (c) the frequency of zonal flow over
North America resulting in warm temperature biases.
Presumably, such temperature and pressure biases will be
influential in the model’s ability to simulate interannual
variability.

In the observation and study of teleconnections, indexes
are used to quantify the existence, phase, and intensity of the
phenomenon in a simple and straightforward way using
standard observations. Here, K. Liu et al. developed a dy-
namical index to quantify and understand the India-Burma
Trough (IBT). Studying the IBT is important also to un-
derstand the behavior of Southeast Asian Monsoon over
time. Additionally, the IBT is an important feature in
providing moisture to societies that are impacted by this
feature for agricultural production and drinking water."eir
proposed index sums up vertical motions obtained from five
pressure levels between 700 hPa and 500 hPa, inclusive,
within the IBT geographic location. In order to obtain a
positive number, the obtained value is multiplied by a
negative one. "ey used the monthly Modern-Era Retro-
spective Analysis for Research and Application (MERRA)
provided by the Goddard Earth Sciences Data and In-
formation Services Center (GES DISC) from 1979 to 2012.
As many studies of midlatitude cyclones demonstrate, the
upward motion in the IBT region is associated with the
advection or flux of vorticity and temperature. "e new
index, like others, also reflects the strength of the IBT and
possesses an annual cycle. Changes in the strength of this
index will also be the result of the strength and position of
the synoptic patterns in adjacent regions.

Teleconnections and anomalous flows can be associated
with extreme events on very local time and space scales. J. L.
Rabinowitz et al. examined the correlation between atmo-
spheric blocking occurring within the Pacific Ocean region
and heavy rainfall for an agriculturally important region in
theMidwest USA. Many authors have demonstrated the link
between anomalous weather and blocking within the regions
they impact and those areas up- and downstream of these
events. While climate models project that the occurrence of
blocking may not change appreciably in the future, such
events will still be associated with extreme weather [1]. J. L.
Rabinowitz et al. examined parameters such as block in-
tensity, block size, block onset lead time, block duration, and

genesis location and found associations with heavy rainfall
(>50.8mm 24 h−1) in the mid-Mississippi River Valley since
1999. "is study found that there was a greater propensity
for Pacific Region blocking during La Nina years to be
associated with heavy rainfall events in the study region."is
is likely due to the impact of blocking on the storm track
over this region. "ey also found that strong blocking events
were associated with larger rainfalls. Additionally, blocking
events that formed further west in the Pacific were associated
with larger regional rainfalls.

In conclusion, these contributions to the topics exam-
ined in the LDATseries continue to provide insight into the
unresolved issues related to large-scale meteorological
phenomena. In doing so, the new information will be
available to the operational community as they strive to
provide improved forecast skill to the general public, as well
as policy-makers.
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In this study, precipitation data for 483 synoptic stations, and the U&V component of wind and HGTdata for 4 atmospheric levels
were respectively obtained from IRIMO and NCEP/NCAR databases (1961–2013). +e precipitation threshold of 1mm and
a minimum prevalence of 50% were the criteria based on which the prevalent precipitation of Iran was identified. +en, vorticity of
days corresponding to prevalent winter precipitation was calculated and, by performing cluster analysis, the representative days of
vorticity were specified. +e results showed that prevalent winter precipitation vorticity in Iran is related to the vorticity patterns of
low pressure of Mediterranean-low pressure of Persian Gulf dual-core, low pressure closed of central Iran-high pressure of East
Europe, Ural low pressure-Middle East High pressure, Saudi Arabia low pressure-Europe high pressure, and high-pressure belt of
Siberia-low pressure of central Iran. At the same time, the most intense vorticity occurred when the climate of Iran was influenced by
a massive belt pattern of Siberian high pressure-low pressure of central Iran. However, at the time of prevalent winter precipitation in
Iran, an intense vorticity is drawn with the direction of Northeast and Northwest from the center of Iraq to the south of Iran.

1. Introduction

Changes in extreme weather and climate events have signifi-
cant impacts and are among the most serious challenges to
society in coping with a changing climate [1–9]. +e most
important factor in the formation and guidance of atmospheric
systems is vorticity process [10–12]. In the middle latitudes, at
the synoptic scale, the important dynamic properties are those
which are related to rotating particles in the air [13]. Dessouky

and Jenkinson [14]and Jenkinson and Collison [15]are two
examples of studies in different parts of the world focusing on
the role of vorticity conditions and amount at different at-
mosphere levels in precipitation. Based on the general format of
weather types identified by Lamb, Dessouky and Jenkinson
investigated vorticity and the direction of flows in pressure
systems producing severe storms in the UK, and systems
producing drought and wet years in Egypt [14]. Jenkinson’s
method has been tested by many researchers in different areas
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of the world. +ey showed that using this method can make it
possible to identify weather types and quantitatively calculate
their intensity and weakness. Since the convergence leads
to upside movements, some studies have investigated
vorticity advection, divergence, and vertical motions
combined with high levels of atmosphere jet stream as an
evidence for the development of surface low pressure
[16–19]. In another study, Nakamura showed that high
levels of jet stream simultaneously occur with divergence
and relative positive vorticity advection [20]. Different case
studies show that the presence and intensity of relative
positive vorticity advection with the vertical arrangement
of the wind caused by the jet stream changes provide fa-
vorable conditions for increasing vertical movements and
uplink, and creating low surface pressure [21–23]. Vincent
studied the development of cyclones in the South Pacific
convergence zone using vorticity [24]. In another study,
Wang examined the relative vorticity of ocean winds and its
impact on the development of tropical cyclones in the
South China Sea. He concluded that the winter tropical
cyclone genesis in the South China Sea happens due to
vertical shear of the horizontal winds and low-level at-
mospheric vorticity [25]. In other studies around the world,
Alpert et al. investigated the horizontal distribution and the
vertical profile of the relative vorticity over the Mediter-
ranean region over a period of 5 years [26]. Bartzokas and
Metaxas estimated the seasonal values of the geostrophic
relative vorticity at four grid points in the Mediterranean
by using pressure data for the period 1873–1988 [27]. Ruiz
and Vargas studied the 500 hPa vorticity distribution over
Argentina and its association with large-scale precipitation
on a climatological basis [28]. Xoplaki et al. studied the wet
seasonMediterranean precipitation variability, and showed
that since the mid-nineteenth century, precipitation
steadily increased with a maximum in the 1960s and de-
creased since then [29]. +ere are a few climatological
studies of vorticity in Iran. Golmohammadian and Pishvaie
is one of the research projects concentrating on the re-
lationship between vorticity and other synoptic indicators
in Iran. +is study used the model of area circulation to
create monthly vorticity indicators in south of Iran for
eight points on two surfaces of land and 500 hPa. +e
results showed that there is a trough in the East Medi-
terranean during all months of the year, and vorticity
indicators with temperature are better than precipitation in
analyzing the climatic responses to the selected station of
Shiraz [30]. Alijani and Zahehi analyzed Azerbaijan pre-
cipitation to statistically and synoptically determine the
types of air masses affecting this area. For this purpose, the
daily precipitation data of the Tabriz station for the period
of 1961–1995 and also pressure data at 12 am at ground
level and 500 hPa were used. Consequently, 11 types of air
masses in the precipitation of Azerbaijan were identified,
with only 3 of them being high pressure [31]. In another
study, Meshkati and Moradi examined the pressure trough
of the Red Sea from the dynamic viewpoint, revealing that
if the advection of relative positive vorticity takes place in
the east of the Mediterranean or north of the Red Sea, the
pressure trough of the Red Sea moves to the east of the

Mediterranean Sea and influences the west and northwest
of Iran. On the other hand, if the advection of relative
positive vorticity occurs in the northeast of the Red Sea,
small low-pressure cells are separated from the trough of
pressure on the Red Sea and move towards the northeast
and affect the west, southwest, and south of Iran [32]. In
contrast, Mofidi et al. investigating fall precipitation in the
northern coast of Iran, showed that a high-pressure center
on the west of the Caspian Sea and negative vorticity on the
sea in lower levels of the atmosphere combined with strong
currents and prevailing in the north-south direction are the
main factors causing heavy and extreme fall precipitation
in all the synoptic patterns of the Caspian [33].

+e objective of this study is to investigate the vorticity
over the prevalent winter precipitation in Iran, for a period of
53 years, along with its seasonal variations. +is study, thus,
seeks to understand from a climatological point of view the
dynamic background of the troposphere over the regions that
have an effect on the occurrence of prevalent winter pre-
cipitation in the study area. Furthermore, it is intended to gain
a better insight into the dynamic mechanisms responsible for
this kind of precipitation in Iran. Since prevalent and extreme
precipitation is a dangerous phenomenon that will have
environmental damages, especially in areas with small
amounts of annual precipitation (e.g. Iran), it is critical to
study the dynamic features that can help to better identify
such precipitation. According to studies conducted by re-
searchers inside and outside Iran, it is crucial to review the
vorticity status of the atmosphere in prevalent winter pre-
cipitation in Iran. +is can lead to an understanding of the
relationship between atmospheric rotations and the surface
environment of land in order to recognize different states of
vorticity and their impact on convergence and divergence at
different levels of the atmosphere, leading to the identification
of prevalent precipitation in Iran. +erefore, in this study, we
have tried to study the vorticity patterns leading to prevalent
winter precipitation in Iran.

2. Materials and Methods

+is study sought to examine the vorticity status of the
atmosphere during prevalent winter precipitation in Iran. To
this end, winter precipitation data of 483 stations were
gathered from the Meteorological Organization of Iran
(IRIMO). +e spatial distribution of stations is shown in
Figure 1. After sorting, a database with the size of
7187× 4383 was formed for a period of 53 years. +en,
prevalent winter precipitation data were extracted from
precipitation data with a minimum amount of a millimeter.

After the formation of database, three criteria were taken
into account to determine the days with prevalent
precipitation:

(1) A minimum precipitation of one mm during the
specific day

(2) A precipitation lasting for at least two consecutive
days

(3) A precipitation covering at least 50% of the area
(spatial continuity condition)

2 Advances in Meteorology



By setting the conditions, just prevalent precipitation
were selected for each of the cells studied and the relative
concept of prevalent precipitation was observed for different
regions of the country. +e second criterion was having the
precipitation for at least 2 consecutive days. Using this
criterion, we were able to make a distinction between
precipitation with a systematic (synoptic) origin and local
precipitation that occurred due to convection or topography.
After extracting the prevalent winter precipitation, pressure
and U&V wind component data corresponding to the
prevalent rainy days were extracted from NCEP/NCAR
database with a spatial resolution of 2.5× 2.5 degree [34].
Finally, using the programming in GrADS software [35],
vorticities of 1000, 850, 700, and 500 hPa for the days with
prevalent precipitation were calculated

+e vorticity is a vector quantity defined as the curl
(cross-product) of the velocity vector.+e relative vorticity is
given as follows [36]:
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In Cartesian coordinates, a large fraction of the rotating
fluid systems with which we are interested exhibit rotation in
the horizontal plane (i.e., midlatitude cyclones, hurricanes,
and tornadoes). Consequently, dynamic meteorology is
most often, though not exclusively, interested in the vertical
component of the relative vorticity. It is generally expressed
as follows [36]:
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In the northern hemisphere, a positive vorticity indicates
a cyclonic motion and a negative vorticity demonstrates an
anticyclonic motion. Anticlockwise and clockwise move-
ments are respectively called cyclonic and anticyclonic
movement [32,37–40].

Subsequently, cluster analysis of 1000 hPa vorticity
was used in order to identify vorticity patterns of prev-
alent winter precipitation in Iran. In the next step, the
result of this cluster analysis was obtained with the aim of
classifying the atmospheric vorticity data and detecting
representative days. Cluster analysis is a method where
the variables are classified based on the characteristics
desired in certain groups. +e aim of cluster analysis is to
find out the real groups of people and reduce the volume
of data. In other words, the aim is to identify a smaller
number of groups so that similar data are grouped to-
gether in a way that within-group variation is minimized
and between-group variation is maximized. In this
method, data are grouped based on the distance or
similarity between them. +ere are several ways to
measure the distance between the data. One of the most
popular methods is the Euclidean distance [7]. Lund
correlation method was used in order to choose the
representative days of groups derived from classifying
data on atmospheric vorticity. +us, a representative day
of a particular group is the one with the highest similarity
to the maximum number of days in the group. +e cor-
relation coefficient indicates the degree of similarity of
patterns of two maps. But a certain correlation coefficient
threshold must be determined. +e correlation coefficient
value in such cases typically varied between 0.5 and 0.7
[41]. In the current study, the cut-off point for identifying
the representative days was a correlation coefficient of 0.5.
+us, the day with the highest number of correlation
coefficient values greater than 0.5 with other days of the
same group was regarded as the representative day.

3. Results and Discussion

Five patterns were identified as a result of the imple-
mentation of cluster analysis on 1000 hPa data with prev-
alent winter precipitation. +e results are displayed in
Figure 2 and Table 1.
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Figure 1: Regular grid of the precipitation database (a) and spatial distribution of studied stations (b).
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It is observed that the longest winter precipitation
pattern in Iran (with a frequency of 93 days) occurred when
the Siberian high-pressure belt-central Iran low pressure
prevailed over Iran. On the other hand, the largest amount of
overall precipitation in Iran happened when the low pres-
sure of central Iran-high pressure of East Europe dominated
the country (Table 1). However, at the time of the pre-
cipitation pattern of low pressure of the Mediterranean-low
pressure of the Persian Gulf dual-core, the overall amount of
precipitation reached 3603mm.

In what follows, we provide a detailed description of the
experimental results, present our interpretation, and draw
a number of experimental conclusions.

3.1. >e First Pattern: Low Pressure of Persian Gulf Dual-
Core-Low Pressure of East Mediterranean. As illustrated in

Figure 3(a), the pressure and vorticity is 1000 hPa on Iran,
and because of the exposure to dual-core low pressure in the
Persian Gulf, the wind velocity is lower in the pole part;
finally, in the eastern part of the low-pressure system, mass
and density increase, and by increasing pressure, conver-
gence will occur. While in its western part, due to the re-
duction of input mass from the north and increasing output
mass from the southern part in the middle band, the mass
and density are reduced and thus divergence will occur.
However, the divergence of airflow in the low-pressure west
of the Persian Gulf caused decreased airflow on the surface
and vorticity advection of −2.5 × 10−5

S−1 (m/s) on Iran’s
southern half. However, Lashkari showed that in a low-
pressure flow, depending on the density of air and the input
flow of air to its east, convergence occurs, and in its western
part, divergence occurs due to the high speed of airflow
[42–45]. Such a situation is clearly shown in Figure 3(a). On
the other hand, the exposure of the west and northwest of the
country to the East Mediterranean low pressure (wave front)
caused a vertical rise and the convergence of airflow from
a lower width at 1000 hPa (Figure 3(a)). So, the position of
the low-pressure systems is critical because the systems
usually have the strongest winds and the greatest waves [46].
With this interpretation, at the level of 850 hPa (Figure 3(b))
on Iran, positive vorticity advection of −2.5 × 10−5

S−1 can be
seen, which represents the planetary flows and vertical
movements in the balance. As observed, vorticity minimum
area on the north of the Black Sea can be detected coinciding
with the full-height center of 1540 geopotential m that flows
downward in a clockwise manner onto the northwest re-
gions of the country.

Considering the amount of vorticity at 850 hPa, positive
vorticity advection causes the flow of convergence on the
lower level and intensification of flow of divergence in the
upper level of the atmosphere [47]. On the other hand, at the
levels of 700 and 500 hPa (Figures 3(c) and 3(d)), in ac-
cordance with the model 850 hPa, low-height center of 2960
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Figure 2: Dendrogram of cluster analysis on the Earth’s surface pressure data.

Table 1: Some of the characteristics of identified patterns of
prevalent winter precipitation in Iran.

1000 hPa vorticity
patterns

Prevalence
percentage

Overall
precipitation Frequency

Mediterranean low
pressure-low-pressure
dual-core Persian Gulf

50.132 3603 77

Iran closed low
pressure-high pressure
of east Europe

81.035 5824 73

Low pressure of
Ural-high pressure
of the Middle East

56.992 4096 60

European high
pressure-low pressure
of Saudi Arabia

58.314 4191 52

High-pressure belt of
Siberia-low pressure
of central Iran

55.322 3976 93
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geopotential meters is placed on the south of Turkey and
East Mediterranean. +e altitude trough is seen on the
southwest and the Persian Gulf as positive vorticity ad-
vection on Iran causes a rise in the undercurrent conver-
gence and vertical velocity of the air at the upper levels. At
the 500 hPa level in Figure 3(d) on the southwest of the
country, the altitude trough with positive vorticity advection
of 8 × 10−5

S−1 shows convergence of rising flows of lower levels
and upper level divergence. As a result of these conditions,
the ground low pressure is constantly strengthened and
deepened especially if it is accompanied with adequate
moisture. After forming along the southwestern-northeast,
the flows of the trough move to higher latitudes [48] and are
converted to a dynamic mode and cause prevalent pre-
cipitation on Iran. In this pattern, the cyclone located on
Iran is a dynamic system that synchronizes with the synoptic
system of the middle levels of the atmosphere. +is synoptic
arrangement on Iran, with the supply of moisture from
the Mediterranean and the Persian Gulf, has had a partic-
ular dynamic situation in the incidence of prevalent
precipitation.

3.2. >e Second Pattern: Central Iran Closed Low Pressure-
High Pressure of Europe. In this model, according to
Figure 4(a) on a map of 1000 hPa level, a low-pressure area
with centrality of 1010 hPa and 1000 hPa as an inverse
pressure trough is completely placed on the central plateau

of Iran. +e stretch of the south flows towards the low-
pressure north on Iran and causes the reduction of airflow
and airflow divergence on Iran and negative vorticity ad-
vection of −3 × 10−5

S−1 . On the other hand, on Central Europe,
the high-pressure trough of 1022 hPa passes over the Black
Sea and the Mediterranean and moves towards the lower
latitudes in the central region of the Red Sea. +is pressure
arrangement is associated with the transmission of high-
latitude cold and wet weather. In the upper level of
850 hPa (Figure 4(b)), we see low-height center of the Urals
that is placed at a high level and west of the low-pressure
center of land surface.

Moving up from the ground level, the low-height center
of the upper level tends to move toward the northwest. In
this level, convergence of degradation flows is observed
behind the low-height trough where the negative vorticity
advection of −3 × 10−5

S−1 is placed to the north of the Red Sea
and East Mediterranean. In contrast, the southern and
eastern half of the country is placed on the elevation range of
the trough and positive vorticity advection on the axis of the
trough derived from the Urals low-height center on the west
and southwest of 3 × 10−5

S−1 ,causing the highest amount of
convergence at 850 hPa. On the other hand, studying the
maps of the higher levels of 700 and 500 hPa shows that,
similar to 850 hPa of height, a trough with centrality of 2980
geopotential meter is placed on the border to the west of the
country and the Persian Gulf (Figures 4(c) and 4(d)).
Positive vorticity advection of 5 × 10−5

S−1 per second coincides
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Figure 3: (a) 1000 hPa height (contours), vorticity (5 × 10−5
S−1
) (shaded), and wind flow (m/s) (vectors). (b) 850 hPa height, vorticity

(5 × 10−5
S−1 ), and wind flow (m/s). (c) 700 hPa height, vorticity (5 × 10−5

S−1 ), and wind flow (m/s). (d) 500 hPa height, vorticity (5 × 10−5
S−1 ), and

wind flow (m/s).
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with the axis of the trough. +e convergence of subsurface
flows andmaximum upside cyclonic movements in 700hPa all
over of Iran were observed at 500hPa level as its two lower
levels. +e axis of low height trough with centrality 5440
geopotential meter and positive vorticity advection with
amount of 7 × 10−5

S−1 coincide with the low height axis is placed
on Iraq and Saudi Arabia. Convergence and descending of
northern cold flows in the western slope are clearly observed. It
is observed that, in the higher layers of the atmosphere, just
above the surface low-pressure center on Iran, the weather is
divergent and air climbing from the lower layer is extended and
exits from the rising air. +e low-height center of the levels of
850, 700, and 500hPa are placed under the area of upper level
divergence. As a result, the deep divergence in the upper layers
caused the forced air vertically in lower layers. As a result, low-
pressure system of ground is strengthened and positive vor-
ticity advection and convergence of airflow occur in lower
levels and continue up to 500hPa in Iran in lower levels and
continues up to 500hPa on Iran. In this pattern, there was
a short wave at the middle level, and positive vorticity at the
lower level of the atmosphere. +ese dynamic systems have
provided ascending conditions. Eventually, with the provision
ofmoisture by theOman Sea and the PersianGulf, the dynamic
system has caused prevalent precipitation in Iran.

3.3.>e>irdPattern: LowPressure of theUrals-HighPressure
of theMiddle East. According to Figure 5(a), at the 1000 hPa
level, a very strong low-pressure center of 990 hPa with
several closed curves is placed on the west of Russia widely.
Two pressure tongues are derived from it; one is with
pressure of 1010 hPa in a southwesterly direction drawn
through the Black Sea to the Mediterranean. +e other
tongue is in the southeast, crossing the Caspian to central
areas of Iran (1014 hPa). +is situation has led to taking
sufficient moisture by passing through the Caspian Sea and
transferring it to the central regions of Iran. As a result of
such action, widespread precipitation has occurred espe-
cially in areas to the southeast of the country. In addition, on
the northeast of Africa, Egypt, Syria, Iraq, and Saudi Arabia,
a wide area of relatively high pressure of 1022 hPa is ob-
served that in accordance with the low-pressure tongue of
the Urals causes positive vorticity advection of 2 × 10−5

S−1 on
the west and northwest of Iran.

At the level of 850 hPa in Figure 5(b), which matches the
pressure pattern of 1000 hPa, the Ural low-pressure center is
placed on west of Russia with centrality of 1200 geopotential
meter. An elevation trough is observed in East Europe and
theMediterranean and on Iran passing from the Caspian Sea
to the Persian Gulf. +e cold weather of Scandinavia and
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(d)

Figure 4: (a) 1000 hPa height (contours), vorticity (5 × 10−5
S−1 ) (shaded), and wind flow (m/s) (vectors). (b) 850 hPa height, vorticity

(5 × 10−5
S−1 ), and wind flow (m/s). (c) 700 hPa height, vorticity (5 × 10−5

S−1 ), and wind flow (m/s). (d) 500 hPa height, vorticity (5 × 10−5
S−1 ), and

wind flow (m/s).
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Siberia transfers to lower latitudes by the low height cen-
trality and its convergence with wet flows of Mediterranean
and the Black Sea from the trough of the Mediterranean and
its transfer to Iran by a relatively deep trough, based on the
center of the country. In its movement from stack to the
trough, the air has downward movement and with con-
vergence, so the trough is the center of positive vorticity
advection with amount of 2 × 10−5

S−1 and the maximum of
convergence located on the trough axis [5, 47]. At the levels
of 700 and 500 hPa, Figures 5(c) and 5(d), an elevation
model of 850 hPa can also be clearly observed. Negative
vorticity advection of −4.5 × 10−5

S−1 is placed on East Medi-
terranean and the east of Iraq and Jordan. It causes reduction
and air convergence at the trough axis and rising flows in
front of the trough at this level. On the other hand, vorticity
advection at the 700 hPa level of 3 × 10−5

S−1on the trough axis
is centered on Iran and its eastern slope of elevation.
Convergence of cyclonic flows and rising air masses in these
areas, especially the eastern half of the country, can be
observed. As it can be observed, on the upper level
(i.e., 500 hPa), the trough axis based on Iran is drawn with
slight change to the below layers on the southwest areas of
the Persian Gulf and lower latitudes to Saudi Arabia. +e
deepening trough above leads to durable stability and
convergence of the flows related to Mediterranean, northern
parts of the Red Sea, the Persian Gulf, and the Sea of Oman.
As in front of the trough (its east range), positive vorticity
advection of 6 × 10−5

S−1 leads to the severe divergence of

uppermost level, convergence of undercurrent, and thus,
the formation of heavy precipitation, especially on the
eastern half and south of the country. In fact, the areas are
placed in front of the warm front. +is convergence in the
upper layers leads to the accumulation of air, which is
dropped over the high-pressure of its bottom surface. +e
weather descended is replaced by diverged air at ground
level, and even if the thickness of the layer of convergence
at higher levels on the thickness of the low-level divergence
is more, or in other words, the trough level is closer to the
Earth’s surface, the high pressure of Middle East is am-
plified. As a result, this pressure arrangement at different
atmospheric levels strengthens the pressure trough on Iran
and expands the front part of trough and maximum wind
vorticity at the levels of 850, 700, and 500 hPa, and the
upper-level divergence on the eastern half of Iran and
required dynamic conditions for prevalent precipitation on
Iran. In this pattern, a relatively deep trough in the middle
level of the atmosphere has been formed on Iran. +e
establishment of the above situation created and
strengthened the Ural low pressure and the high pressure of
the east and west of Iran and subsequently made the
northern-southern flows intense at the surface and the
lower levels of the atmosphere. +erefore, the above two
systems flew the cold and moist air from the Caspian Sea,
Black Sea, and Mediterranean Sea to Iran. When this cold
air crosses the warmer seas, it causes prevalent pre-
cipitation in Iran.
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Figure 5: (a) 1000 hPa height (contours), vorticity (5 × 10−5
S−1 ) (shaded), and wind flow (m/s) (vectors). (b) 850 hPa height, vorticity

(5 × 10−5
S−1 ), and wind flow (m/s). (c) 700 hPa height (hPa), vorticity (5 × 10−5

S−1 ), and wind flow (m/s). (d) 500 hPa height, vorticity (5 × 10−5
S−1 ),

and wind flow (m/s).
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3.4. >e Fourth Pattern: Low-Pressure of Saudi Arabia and
High-Pressure Europe. According to Figure 6(a), at the
level of 1000 hPa, a very broad area of high pressure
1030 hPa can be seen on Europe from parts of Scandinavia
to the Mediterranean in the south and the east of the
borders of Russia. +e high-pressure tongue enters the
country from the northwest and the Caspian Sea. +e
establishment of this high-pressure center dramatically
increases the circulation in the lower levels of the at-
mosphere over the entire Caspian Sea region. As it moves
into northern parts of the Caspian Sea, the cyclonic cir-
culation increases, and the maximum negative vorticity is
observed at the northern end of the Caspian Sea. On the
other hand, a broad low-pressure center of 1010 hPa is
entirely placed on Saudi Arabia, Iraq, and the Persian
Gulf. +e high pressure of Europe has created a strong
gradient on the Black Sea, Turkey, Iraq, and especially the
northern half of the country, and positive vorticity ad-
vection of 2.5 × 10−5

S−1winds on the country’s northwest.
+e pressure arrangement leads to warm air advection of
lower latitudes in the northern half of the country and
diffusion of very cold weather in northern Europe to the
region. At the 850 hPa level in Figure 6(b), the high height
center of 1580 geopotential meters is located perfectly on
Europe and its tongue of 1520 geopotential meters on the
northern strip. On the other hand, low height center with
the amount of 1400 geopotential meters is placed on the
north of Kazakhstan with its troughs from the northeast
influencing the borders of the country. +is height situ-
ation led to a convergence of very cold flows of northern
Europe and Siberia and its precipitation on the northern
regions of the country. On the other hand, the very strong
height trough with several contours at 1440 geopotential
meters is placed on Iraq and Saudi Arabia. +e situation
follows the advection of warm and moist currents from the
Mediterranean and the Red seas to the Persian Gulf on
Iran. Hence, that vorticity advection in the eastern tongue
of a low height of 3 × 10−5

S−1 corresponding to intense flows
of north leads to increase of mass and density and in-
creasing convergence pressure in the level above the
country.

At the 850 hPa level, the high height of 1580 geo-
potential meters (Figure 6(b)) is entirely located on
Europe, and a tongue of it drawn on the northern strip of
Iran (1520 geopotential meters). +e deployment of this
high pressure leads to a widespread and continuous north-
northeast flow in the lower levels on the northern half of
Iran. On the other hand, a low-height center of 1,400
geopotential meters is located in northern Kazakhstan,
with its tongue infiltrating from the northeast of the
borders of Iran. +is height features led to the convergence
of the very cold currents of northern Europe and Siberia
and its downfall over the northern regions of Iran. Besides,
a very strong trough is located in Iraq and Saudi Arabia
and this situation has led to the convergence of hot and
humid currents from the Mediterranean Sea, Red Sea, and
Persian Gulf on Iran (3 × 10−5

S−1 ). In these conditions, the
vorticity convergence of the eastern tongue of low height
has been adapted to the northward currents on Iran. As

a result, all of these situations lead to increase in mass and
density of airflow on the country, which has resulted in an
increase in pressure and convergence at the 850 hPa level.

At the 700 hPa level in Figure 6(c), the height ar-
rangement of the lower level is affected by the south ele-
vation trough, whose center of 3000 geopotential meters is
placed on southern Turkey, Iraq, Syria, and East Mediter-
ranean. Transfer of moisture from the Mediterranean Sea,
the Red Sea, and the Persian Gulf, especially positive vor-
ticity advection of 2.5 × 10−5

S−1 , can be observed on the eastern
slopes of the trough. At the 500 hPa level in Figure 6(d), the
lower level of the axis of the southern trough, perfectly on
the Red Sea and the middle of it, is drawn. +e positive
vorticity advection area corresponding to the trough with
amount of 7 × 10S−1−5 intensifies the divergence in upper levels
and convergence in the lower levels. Saudi Arabia has low-
pressure condition, and there are enhanced uplink moves in
Iran and the Middle East by intensity of divergence in higher
levels. Due to the establishment of a relatively deep trough at
the midlevels between the Caspian Sea and the Aral Lake, the
vorticity on the northern regions, especially the eastern parts
of the Caspian Sea, are mostly positive, and in the surface
map, a low pressure or cyclonic circulation dominated on
the Aral Lake. In contrast, at the surface, a dynamic high
pressure has been established on the whole region of the
southern part of the Caspian Sea and the regions between the
Caspian Sea and the Black Sea [49].+ese conditions and the
location of the low pressure of Saudi Arabia on the southern
half of Iran have led to a fairly severe vorticity convergence at
the lower and middle levels of the Iran’s atmosphere. +ese
features provided the climbing conditions, especially in the
northern half of the country, and have caused the wide-
spread precipitation in Iran.

In the precipitation pattern, with the outbreak of
widespread precipitation on Iran leading to the release of
latent heat of vaporization of rain, it added to the intensity of
flotation and uplink movements. By intensifying uplink
movements and expansion of air, the vorticity of the system
is further increased, and by intensifying the vorticity of low
height centers on the Middle East, it added to the severity of
divergence in the upper levels of the atmosphere. In this
pattern, at the middle level of the atmosphere, the front part
of the trough with direction of northeast-southwest is lo-
cated on Iran. +e southward expansion of this trough has
strengthened the surface low pressure. +erefore, with the
availability of ascending conditions and with the humidity
advection from the Mediterranean Sea and the Persian Gulf
water resources caused the prevalent precipitation of Iran.

3.5. >e Fifth Pattern: High Pressure Belt of Siberia-Central
Iran Low Pressure. According to Figure 7(a), the low
pressure of central Iran with pressure of the central core of
1010 hPa is placed in Iran in the northeast direction, whose
south tongue with north side caused the rising of wet flows
from the Sea of Oman and the Persian Gulf on Iran. Negative
vorticity advection on Iran of −1.5 × 10−5

S−1 can be seen due to
the placement of the western part of low pressure on the
country and reducing input airflow from north and
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increasing output mass in the south part of low pressure,
reducing mass and the density of pressure, leading to di-
vergence. On the other hand, the Siberian high pressure is
reinforced and its range expanded to the northern half of the
country causing the loss of cold air, decreasing airflow into
the country, and exacerbating the divergence on the surface
of the ground. Pressure arrangement of two low-pressure
centers in the Persian Gulf and Siberian high pressure caused
a sharp pressure and exacerbating instability on the
northeastern areas of the country. At 850 hPa in Figure 7(b)
as well as sea level, the low-height belt of central Iran with
a central height of 1360 and 1400 geopotential meters is
placed on Iran and the northeast. Positive vorticity advection
on Iran of 3 × 10−5

S−1 , matching the central core of low height,
can be seen on Iran. However, this value in northwest
reaches 2 × 10−5

S−1 . On the map, at the pressure of 700 and
500 hPa in Figures 7(c) and 7(d), the axis of the trough is
placed in the East and Southeast of Iran, and vorticity ad-
vection with the amount of 5 × 10−5

S−1 can be seen in this area.
Considering that the placing of low pressure of central Iran
in below levels caused the rise and convergence at lower
levels of the atmosphere on the eastern and southeastern
part and on the northwest of Iran at 700 hPa level, a low
height center with center based at 2960 geopotential meters
causes rising and convergence in the lower layers of the
atmosphere. Positive vorticity advection resonance indicates
rising and positive convergence at the levels of 700 and
500 hPa. In this pattern, in the higher layers, air density is

reduced, and reducing density increases vertical airflow in
the lower layers of the atmosphere. In such a case, the flow of
cold weather cools down due to adiabatic flow and causes the
column of airflow on low pressure of central Iran to be
colder than the surrounding environment, and the thickness
of the column of airflow is reduced. +erefore, due to the
decrease in the density of the air column at the levels of 850
and 700 hPa, curves at lower altitude are placed at sur-
rounding area and can be seen on maps of 850, 700, and
500 hPa as low height cores (Figures 7(b)–7(d)). According
to the process of turning at low pressure on the surface of the
Earth (counterclockwise rotation), the flow of cold air is
placed behind the low pressure [48, 50]. In other words, the
western half of the low pressure of central Iran is colder than
the eastern half, so the low-pressure of central Iran is
stronger and axis of low pressure with increasing height at
the levels of 850, 700, and 500 hPa inclined to the colder
weather in the west, and the low-pressure system on Iran
extended to southeast-northwest.+is pressure arrangement
at different atmospheric levels and placement of trough axis
on Iran causes the intensity of vorticity advection and
vertical rising of air at levels of 1000, 850, 700, and 500 hPa
and divergence of air in the upper levels of the atmosphere.
In this pattern, the trough axis positioning on the southern
half of the country and low pressure on the surface has
strengthened the upstream flow and exacerbated the in-
stability in the region. +ese dynamic conditions have
resulted in humidity advection from the Persian Gulf and
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Figure 6: (a) 1000 hPa height (contours), vorticity (5 × 10−5
S−1 ) (shaded), and wind flow (m/s) (vectors). (b) 850 hPa height, vorticity

(5 × 10−5
S−1 ), and wind flow (m/s). (c) 700 hPa height, vorticity (5 × 10−5

S−1 ), and wind flow (m/s). (d) 500 hPa height, vorticity (5 × 10−5
S−1 ), and

wind flow (m/s).
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the Oman Sea to Iran and the formation of prevalent
precipitation.

Low-pressure systems have played a major role in the
occurrence of winter-prevalent precipitation in Iran in all
patterns. By creating instability in the atmosphere, these
systems have led to the formation of baroclinic states, es-
pecially in the lower level of atmosphere. In the common
mechanism of the occurrence of prevalent precipitation in
all patterns was the role of midlatitude’s trough (such as the
Mediterranean trough) in strengthening low-pressure sys-
tems of lower levels of atmosphere, as well as the water
resources such as the Persian Gulf, the Oman Sea, the
Mediterranean Sea, the Caspian Sea, and the Black Sea in the
provision of required humidity for that dynamic systems.

4. Conclusion

In this study, the status of vorticity of the atmosphere of
pressure centers on Iran and the mechanisms of climate
changes on widespread winter precipitation in Iran were
investigated. For this purpose, the data of prevalent winter
precipitation in Iran were identified on the basis of a mil-
limeter precipitation threshold. After extracting prevalent
winter precipitation in Iran, the U&V wind component and
pressure data corresponding to the widespread rainy days
were extracted from the databases of NCEP/NCAR and
vorticities of these days were calculated. +en, by the
implementation of cluster analysis, representative days for

each group were specified. +e results of this study showed
that the atmospheric vorticity status during prevalent winter
precipitation in Iran is influenced by the interaction of low-
pressure patterns of the Persian Gulf double core-low
pressure of the East Mediterranean, central Iran closed
low pressure-high pressure of Europe, low pressure of the
Urals-high-pressure of the Middle East, low pressure of the
Urals-high-pressure of Europe, and the high-pressure belt of
Siberia-low pressure of central Iran.

In addition, the placement of the low pressure of dual-
core of the Persian Gulf-East Mediterranean low pressure on
Iran at levels of 850, 700, and 500 hPa of maximum positive
vorticity caused rising and convergence of airflow at higher
levels and the bottom surfaces. As a result of such condi-
tions, the low pressure of land surface with moisture injected
from the Persian Gulf and the Oman Sea and trough on Iran
in high levels have strengthened its atmosphere. Positive
vorticity advection on Iran is continued up to 500 hPa. In
this regard, Alijani et al. investigated Iran’s low-pressure role
in the intensification of positive vorticity. +e results of this
study showed that this low pressure was the main cause of
moisture transmission and the occurrence of precipitation in
the first decade of July 1994 in the southeast of Iran [51].+e
formation of this low pressure on the northern side of the
Persian Gulf, while increasing the cyclonic motion in the
southern part of the country, by creating suitable southern
streams in the southeast of Iran and transferring the
moisture content of the Oman Sea in a thin layer to the
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Figure 7: (a) 1000 hPa height (contours), vorticity (5 × 10−5
S−1 ) (shaded), and wind flow (m/s) (vectors). (b) 850 hPa height, vorticity

(5 × 10−5
S−1 ), and wind flow (m/s). (c) 700 hPa height, vorticity (5 × 10−5

S−1 ), and wind flow (m/s). (d) 500 hPa height, vorticity (5 × 10−5
S−1 ), and

wind flow (m/s).
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studied area caused the extreme precipitation in south-
eastern Iran.

However, at the time of central Iran closed low pressure-
high pressure of Europe, the center of low pressure on Iran
caused convergence and rising airflow to higher latitudes.
+e placement of trough axis at levels of 850, 700, and
500 hPa caused increased positive vorticity advection on Iran
and rising air in the lower atmosphere layers and divergence
in the upper levels of the atmosphere. +erefore, the
positive vorticity maximum is continued up to 500 hPa. In
fact, the high pressure on the Middle East and the influence
of the low-pressure tongue of the Urals on Iran and closing
of the surface of trough to the Earth’s surface caused the
high pressure of Middle East to strengthen.

As a result of this pressure arrangement at different levels
of the atmosphere, the pressure trough on Iran is strength-
ened. +ese conditions exacerbated dynamic conditions for
the occurrence of widespread precipitation on Iran. On the
other hand, the influence of the low-pressure tongue in Saudi
Arabia on Iran at the ground level caused positive vorticity
advection and influenced north flowing towards Iran.+e low
pressure of Saudi on Earth strengthened itself by the exposure
to the wave of west wind at higher levels and exacerbated the
divergence, leading to strengthened rising movements on
Iran. Latent heat of vaporization of precipitation led to
strengthening the uplink flow on Iran with these conditions
increasing by strengthening the uplink flows and expansion
and vorticity of the system, causing divergence in the upper
levels of atmosphere. Vorticity state of the atmosphere during
the formation of the central Iran low pressure made the flow
of cold weather in the western half of low pressure placed on
Iran colder than its eastern half. +is strengthens the central
Iran low pressure and causes the inclination of the low-
pressure axis at levels of 850, 700, and 500 hPa in the west-
ern and northwestern areas in Iran. Pressure arrangement in
different atmospheric levels and placing trough axis on Iran
led to intensifying the positive vorticity advection on Iran. In
the studies of Golmohammadian and Pishvaei about the
production of daily rotation index and its effect on the
temperature and precipitation of the northeastern part of
Iran, it has been concluded that during the warm seasons,
a ridge pattern has an absolute sovereignty in this region,
which represents the emergence of a tropical belt on the area.
As a result, Mashhad has a warm and dry climate in the warm
seasons, while this cannot be seen in the cold seasons [52].+e
average monthly vorticity indicator in the coldest half of the
year has the highest value, indicating the frequency of cyclonic
systems. In most cases, increasing the vorticity rate in one
region leads to a decrease in temperature and an increase in
precipitation. +e major difference between the third and
fourth patterns with other patterns is that the low-pressure
systems of these patterns have an origin from the outside of
the Iran. But in the first, second, and fifth patterns, the core of
the low-pressure systems has been formed inside Iran.
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[29] E. Xoplaki, J. F. González-Rouco, J. Luterbacher, and
H. Wanner, “Wet season Mediterranean precipitation vari-
ability: influence of large-scale dynamics and trends,” Climate
dynamics, vol. 23, no. 1, pp. 63–78, 2004.

[30] G. Hadis and P. Mohammad Reza, “Daily vorticity index and
it’s impacts on precipitation and temperature in Khorassan

region in 1948-2010,” Journal of Applied Researches in Geo-
graphical Sciences, vol. 13, no. 29, pp. 217–236, 2013.

[31] B. Alijani and M. Zahehi, “Statistical and synoptic analysis of
Azerbaijan area rainfall,” Iranian Journal of Research in Ge-
ography, pp. 65-66, 2002.

[32] M. Mohammad Hossain and M. Mohammad, “investigating
pressure trough of Red Sea from the perspective of the dy-
namic,” Nivar, vol. 52, pp. 67–74, 2004.

[33] A. Mofidi, A. Zarrin, and G. R. J. Ghobadi, “Determining the
synoptic patterns of autumn-time extreme and severe pre-
cipitation over the southern coasts of Caspian Sea,” Journal of
the Earth and Space Physics, vol. 33, no. 3, p. 30, 2008.

[34] E. Kalnay, M. Kanamitsu, R. Kistler et al., “+e NCEP/NCAR
40-year reanalysis project,” Bulletin of the American Meteo-
rological Society, vol. 77, no. 3, pp. 437–471, 1996.

[35] B. E. Doty and J. L. I. Kinter, Geophysical Data Analysis and
Visualization Using the Grid Analysis and Display System,
National Aeronautics and Space Administration, Washington,
DC, USA, 1995.

[36] J. E. Martin, Mid-Latitude Atmospheric Dynamics: a First
Course, John Wiley & Sons, Hoboken, NJ, USA, 2013.

[37] M. R. Kaviani and B. Alijani, Principles of Climatology, SAMT
Press, Tehran, Iran, 1st edition, 2001.

[38] K. E. Trenberth, “Recent observed interdecadal climate
changes in the Northern Hemisphere,” Bulletin of the
American Meteorological Society, vol. 71, no. 7, pp. 988–993,
1990.

[39] B. J. Hoskins and K. I. Hodges, “New perspectives on the
Northern Hemisphere winter storm tracks,” Journal of the
Atmospheric Sciences, vol. 59, no. 6, pp. 1041–1061, 2002.

[40] E. K. Chang and D. B. Yu, “Characteristics of wave packets in
the upper troposphere. Part I: Northern Hemisphere winter,”
Journal of the Atmospheric Sciences, vol. 56, no. 11,
pp. 1708–1728, 1999.

[41] B. Alijani, J. O’Brien, and B. Yarnal, “Spatial analysis of
precipitation intensity and concentration in Iran,”>eoretical
and Applied Climatology, vol. 94, no. 1, pp. 107–124, 2008.

[42] H. Lashkari, Z. Mohammadi, and G. Keikhosravi, “Annual
fluctuations and displacements of inter tropical convergence
zone (ITCZ) within the range of Atlantic Ocean-India,” Open
Journal of Ecology, vol. 7, no. 1, p. 12, 2017.

[43] E. Haghighi, S. Jahanbakhsh, M. R. Banafshe, and I. Rousta,
“+e study relationship between large-scale circulation pat-
terns of sea level and snow phenomenon in the North West of
Iran,” Territory, vol. 12, no. 48, pp. 19–35, 2016, in Persian.

[44] G. Azizi, H. Mohammadi, M. Karimi Ahmadabad,
A. Shamsipour, and I. Rousta, “Identification and analysis of
the north atlantic blockings,” International Journal of Current
Life Sciences, vol. 5, no. 4, pp. 577–581, 2015.

[45] G. Azizi, H. Mohammadi, M. Karimi Ahmadabad,
A. Shamsipour, and I. Rousta, “+e relationship between the
Arctic oscillation and North Atlantic blocking frequency,”
Open Journal of Atmospheric and Climate Change, vol. 1,
pp. 1–9, 2015.

[46] P. D. Williams, “A proposed modification to the Robert–
Asselin time filter,” Monthly Weather Review, vol. 137, no. 8,
pp. 2538–2546, 2009.

[47] Y. G. Rahimi, Synoptic Analysis with GrADS Software, vol. 2,
SAHA Danesh Press, Tehran-Iran, 1st edition, 2016, in Persian.

[48] G. Keykhosrowi and H. Lashkari, “Analysis of the relationship
between the thickness and height of the inversion and the
severity of air pollution in Tehran,” Journal of Geography and
Planning, vol. 18, no. 9, pp. 231–257, 2014.

12 Advances in Meteorology

https://ams.confex.com/ams/21Applied17SMOI/webprogram/Paper246601.html
https://ams.confex.com/ams/21Applied17SMOI/webprogram/Paper246601.html


[49] G. R. Janbaz Ghobadi, A. Mofidi, and A. Zarrin, “Identify
synoptic patterns of heavy rainfall in the summer on the
southern shores of the Caspian Sea,”Geography and Planning,
vol. 22, no. 2, pp. 23–39, 2011.

[50] I. Rousta, F. K. Akhlagh, M. Soltani, and S. S. M. Taheri,
“Assessment of blocking effects on rainfall in northwestern
Iran,” in Proceedings of COMECAP 2014, p. 291, Crete
University Press, Heraklion, Grecce, 2014.

[51] B. Alijani, A. Mofidi, Z. Jafarpour, and A. Aliakbari-Bidokhti,
“Atmospheric circulation patterns of the summertime rain-
falls of southeastern Iran during July 1994,” Earth and Space
physics, vol. 37, no. 3, pp. 205–227, 2012.

[52] H. Golmohammadian and M. R. Pishvaei, “Production of
daily rotation index and its effect on temperature and pre-
cipitation of Khorasan region in the period of 1948-2010,”
Journal of Applied researches in Geographical Sciences, vol. 13,
no. 29, pp. 217–236, 2013.

Advances in Meteorology 13



Research Article
Links between Temperature Biases and Flow Anomalies in an
Ensemble of CNRM-CM5.1 Global Climate Model
Historical Simulations

O. Lhotka 1,2 and A. Farda 1

1Global Change Research Institute, Czech Academy of Sciences, Brno, Czech Republic
2Institute of Atmospheric Physics, Czech Academy of Sciences, Prague, Czech Republic

Correspondence should be addressed to O. Lhotka; lhotka.o@czechglobe.cz

Received 14 February 2018; Revised 6 June 2018; Accepted 24 June 2018; Published 19 July 2018

Academic Editor: Anthony R. Lupo

Copyright © 2018 O. Lhotka and A. Farda. )is is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

)e aim of this study was to evaluate temperature and sea-level pressure (SLP) fields and to analyse a related anomalous flow over
midlatitudes simulated by the CNRM-CM5.1 global climate model (GCM). Simulated flow over midlatitudes of the Northern
Hemisphere was assessed through flow indices, classified into 11 circulation types. Reference data were taken from the NOAA-
CIRES 20th Century Reanalysis, version 2c. CNRM-CM5.1 exhibited analogous temperature biases to those reported for the mean
of the CMIP5 GCMs’ ensemble.)emost prominent features were an erroneous temperature dipole pattern in the Atlantic Ocean
and a warm bias over regions of deep water upwelling (locally exceeding 5°C). )e latter feature was associated with negative SLP
biases in those regions. Too low pressure was found over midlatitudes of the Northern Hemisphere, and CNRM-CM5.1 simulated
too frequent zonal flow in these latitudes. )e usage of three ensemble members with different initial conditions did not improve
model’s outputs because the bias is found to be considerably larger compared to the ensemble members’ spread.)e study showed
that temperature and SLP biases are connected in certain regions, suggesting that improvement of GCMs and development of bias
correction methods should be carried out with a complex insight.

1. Introduction

Projections of a possible future climate and advanced un-
derstanding of the climate system largely depend on global
climate models (GCMs). Although considerable effort
has been made on their improvement over past decades,
current generation of GCMs still suffers from errors that
lower the credibility of their simulations and bring con-
siderable uncertainties in future climate projections [1, 2].
Wang et al. [3] reported that CMIP5 GCMs tend to un-
derestimate an intensity of Atlantic meridional over-
turning circulation (AMOC) [4] and linked this deficiency
to cold biases in the Northern Hemisphere and warm
biases over the Southern Ocean. Majahan [5] suggested
that the decreased AMOC is related to an increased sea
ice extent in the Arctic and may have contributed to a too
slow decline of the Arctic sea ice since 1979 simulated by

CMIP5 GCMs [6]. In addition, CMIP5 GCMs are not able
to reproduce the changes of a sea ice around the Antarctic
properly [7].

Possible connections between these large-scale oceanic
factors and climate in distant regions have been widely
analysed. Many studies assessed possible links between the
observed rapid Arctic sea ice loss and modified atmo-
spheric circulation in the Northern midlatitudes [8–10],
with consequent impacts on wintertime temperatures
[11, 12]. European temperatures seem to be also related to
sea surface temperature (SST) anomalies in the North
Atlantic Ocean [13], and even a more distant connection
was found by Zhou and Wu [14] who concluded that heat
waves over Eurasia are influenced also by El Niño-Southern
Oscillation.

Differences in SSTamong individual GCMs can explain
the majority of the intermodel variability in intensity
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changes of Walker and Hadley circulation cells [15]. )is
uncertainty propagates to projections of atmospheric cir-
culation and other meteorological variables, such as pre-
cipitation and temperature. Moreover, Shepherd [16]
concluded that the effect of increased global temperature
on atmospheric circulation is not clear, suggesting that
climate change in certain regions may possibly be domi-
nated rather by circulation changes than background
warming.

Besides these models’ drawbacks, climate projections are
affected by uncertainties originating from the choice of the
emission scenario and from the internal variability of climate
[17]. Emission scenarios represent possible ways of human
society’s development that alter the radiative forcing on
climate [18], mainly through a modification of atmospheric
chemistry and land-cover changes. In midlatitudes, the
uncertainty related to the internal climate variability is
primarily associated with atmospheric dynamics, dominated
by teleconnection modes [19], such as the North Atlantic
Oscillation [20].

)e aim of this study was to evaluate global patterns
of sea-level pressure (SLP) in relation to a simulated tem-
perature bias. In order to better understand possible dy-
namic causes of biases in temperature over Northern
midlatitudes, we also analysed differences between observed
and simulated flow indices over three regions there. His-
torical simulations of the CNRM-CM5.1 GCM [2] were
used, and spatial characteristics of SLP and temperature
fields are investigated in three ensemble members (initial
condition ensemble), which allows analysing the natural
variability simulated by the model. Simulated flow and
temperature characteristics are evaluated against the NOAA-
CIRES 20th Century Reanalysis, version 2c, which is available
since 1851.

2. Data and Methods

2.1. CNRM-CM5.1 Global Climate Model. CNRM-CM5.1
GCM simulations performed by the Czech Hydrometeoro-
logical Institute were used. )e simulations are available for
the extended 1740–2005 period at 6-hour temporal resolu-
tion. We used daily means of SLP (averaged 4 daily values)
and monthly means of air temperature 2meters above the
surface. )e CNRM-CM5.1 GCM was developed by CNRM-
GAME (Centre National de Recherches Météorologiques-
Groupe d’études de l’Atmosphère Météorologique) and
Cerfacs (Centre Européen de Recherche et de Formation
Avancée). )e GCM contains the ARPEGE-Climat atmo-
sphere component, the NEMO oceanic model, and the
GELATO sea-ice component. )ree ensemble members of
the ARPEGE-Climat atmosphere model with different initial
conditions are used. )eir horizontal spatial resolution
is roughly 150 km (T127) with global coverage, and the
model has 31 vertical levels. Although the model performs
considerably better compared to its predecessor, sub-
stantial errors in seasonal precipitation and cloud radiative
forcing are still present, including the double intertropical
convergence zone, the critical underestimation of low
clouds on the eastern side of the tropical ocean basins, or

the lack of cloudiness over the Northern Hemisphere
continents [2]. In addition, Huszar et al. [21] revealed too
large Arctic sea ice extent in this GCM. More detailed
information about CNRM-CM5.1 is available in the study
by Voldoire et al. [2].

2.2. NOAA-CIRES 20th Century Reanalysis. Model simula-
tions were evaluated against the NOAA-CIRES 20th Century
Reanalysis V2c. It provides a global analysis of the most
likely state of the atmosphere since 1851 at 6-hourly tem-
poral resolution, and it is available in the 192× 94 Gaussian
grid [22]. Identical variables (temperature 2meters above
the surface and SLP) were taken in order to evaluate the
CNRM-CM5.1 simulations. Seasonal and annual averages of
SLP and temperature from CNRM-CM5.1 were interpolated
to the aforementioned 192× 94 Gaussian grid using the
ordinary kriging method, allowing a direct comparison with
the reanalysis.

2.3. Assessment of Model Biases and Circulation Types.
We analysed both annual and seasonal global patterns of SLP
and temperature bias for the 50-year-long 1956–2005 pe-
riod. Moreover, globally averaged temperature biases for
various time periods (since 1851) were also calculated.
Besides the biases, differences among individual ensemble
members were also visualised.

SLP biases were associated with anomalous flows in the
simulated data, which were quantified through flow indices
(flow strength, direction, and vorticity) [23, 24]. )e flow
indices were calculated identically for both CNRM-CM5.1
and NOAA-CIRES 20th Century Reanalysis V2c using SLP
in 16 points, evenly distributed over analysed regions (North
America, Europe, and East Asia; Figure 1).

)e flow strength (STR) is a vector sum of zonal (w) and
meridional (s) flow components (1), and f represents the
latitude of the centre (50°N). SLP values (hPa) in individual
points from Figure 1 are indicated by p1–p16 in the fol-
lowing equations:

STR �
������
w2 + s2

√
,

w � 0.5 ×(p4 + p5)− 0.5 ×(p12 + p13),

s �
1

cos(φ ×(π/180))
×(0.25 ×(p13 + 2 × p9 + p5)

− 0.25 ×(p12 + 2 × p8 + p4)).

(1)

)e flow direction (DIR) is calculated using an
arctg2 (w, s) function (2). It is similar to the inverse tangent,
except that the signs of both arguments (w, s) are used to
determine the quadrant of the result:

DIR � arctg2
w

s
 . (2)

Finally, the total vorticity (VORT) is the sum of its zonal
(zw) and meridional (zs) components of vorticity (3):
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VORT � zw + zs,

zw �
sin(φ ×(π/180))

sin((φ− 5) ×(π/180))
×(0.5 ×(p1 + p2)

− 0.5 ×(p8 + p9))−
sin(φ ×(π/180))

sin((φ + 5) ×(π/180))

×(0.5 ×(p8 + p9)− 0.5 ×(p15 + p16)),

zs �
1

2 ×( cos(φ ×(π/180)))2

×(0.25 ×(p14 + 2 × p10 + p6)− 0.25

×(p13 + 2 × p9 + p5)− 0.25

×(p12 + 2 × p5 + p4) + 0.25

×(p11 + 2 × p7 + p3)).

(3)

Based on these indices, 11 circulation types were cal-
culated. If the STR (flow strength) and the absolute value of
VORT (total vorticity) are lower than 3, a pressure pattern is
unclassified (U). When the absolute value of VORT is at least
four times larger compared to STR, a pressure pattern is
classified as cyclonic (C, if the vorticity is positive) or an-
ticyclonic (A, if the vorticity is negative). When the afore-
mentioned conditions are not met, the pressure pattern is
classified based on DIR (the flow direction) into one of the 8
directional types (N, NE, E, SE, S, SW, W, and NW).

3. Global Patterns of Temperature and
Sea-Level Pressure Biases

)e negative bias of annual global temperature in CNRM-
CM5.1 (approximately 2.8°C) was found during all examined
time periods (Table 1), and its magnitude was almost
identical among the individual ensemble members.

Spatial patterns of annual temperature in CNRM-CM5.1
for the 1956−2005 period are shown in Figure 2(a).

Compared to the NOAA-CIRES 20th Century Reanalysis,
the CNRM-CM5.1 ensemble mean captured main features
reasonably well, but biases were too pronounced in certain
regions (Figure 2(b)). Over land, a negative bias prevails,
especially over polar regions (both the Arctic and Antarctic)
and high-altitude areas. )e magnitude of this bias was
roughly 5°C, but it reached 10°C in several grid points over
the Tibetan Plateau and the Antarctic. Larger terrestrial areas
with a positive bias (1−3°C) were present only over eastern
parts of North America. Oceans generally exhibit a cold bias
in the Northern Hemisphere and a warm bias in the south.
)e largest positive bias (around 3°C, locally exceeding 5°C)
was found over the eastern Pacific Ocean, the southeastern
Atlantic Ocean, and the Southern Ocean and in the Baffin and
Hudson Bays. A bias with a similar magnitude but opposite
sign was located over northern Pacific Ocean, northern
Atlantic Ocean, and Arctic Ocean. )e described overall
temperature biases were similar for all ensemble members,
especially in the Tropics, where the difference between the
“warmest” and “coldest” ensemble members was only 0.1–
0.3°C (Figure 2(c)). )e agreement among the ensemble
members was somewhat weaker in the midlatitudes, but
differences larger than 1°C were still quite rare. )e largest
variability was found over polar regions, mainly in the Arctic
where the difference between the “warmest” and “coldest”
ensemble members exceeded 3°C in the Barents Sea.

Turning to SLP, CNRM-CM5.1 was able to simulate
locations of atmospheric action centres (Figure 3(a)) quite
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Figure 1: Location of grid points used for the calculation of flow indices over North America, Europe, and East Asia.

Table 1: Annual global temperature (°C) in the NOAA-CIRES 20th
Century Reanalysis (V2c), in the CNRM-CM5.1 ensemble mean,
and in its individual ensemble members (E1–E3) during four time
periods.

Period
20th Century
Reanalysis
V2c (°C)

CNRM-CM
(°C)

E1
(°C)

E2
(°C)

E3
(°C)

1980–2005 14.7 12.0 (−2.7) 11.9 12.0 12.0
1956–2005 14.6 11.8 (−2.8) 11.8 11.8 11.8
1906–2005 14.4 11.6 (−2.8) 11.6 11.6 11.6
1851–2005 14.3 11.5 (−2.8) 11.5 11.5 11.5
Temperature biases in the CNRM-CM5.1 ensemble mean are shown in
brackets.
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well; however, some notable biases were found. Over land,
negative SLP bias was located in midlatitudes of the
Northern Hemisphere (analysed in more detail in Section 4)
and in the Antarctic (Figure 3(b)). )e most distinctive
negative SLP biases over oceans were found in the eastern
Pacific Ocean and the southeastern Atlantic Ocean, and the
biases were related to overestimated temperature in these
regions. By contrast, positive SLP bias was found over
western parts of the United States, Mexico, the Tibetan
Plateau, the Arctic Ocean, and the Southern Ocean. Dif-
ferences between ensemble members with highest/lowest
SLP (in individual grid points; Figure 3(c)) are analogous
to those obtained from temperature output (Figure 2(c)).
)e best agreement between individual ensemble members

was found in the Tropics (especially over the Indian Ocean),
while the largest differences were over polar regions and in
Azores and North Pacific anticyclones.

Focusing on individual seasons, the smallest global
temperature bias was found during the boreal summer
(−2.4°C in the 1980–2005 period; Table 2). In the remaining
seasons, the biases were somewhat larger (roughly −2.9°C)
and quite similar. Analogously to the annual bias, seasonal
biases were stable during different time periods and com-
parable among individual ensemble members.

)e global pattern of temperature bias varied across
individual seasons (Figure 4). )e substantial negative bias
in Greenland and Arctic, which was especially pronounced
in boreal spring and winter (Figures 4(a) and 4(d)), almost
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Figure 2: (a) Average annual 2m temperature in the CNRM-CM5.1 ensemble mean, (b) its bias against the NOAA-CIRES 20th Century
Reanalysis, version 2c, and (c) differences between “warmest” and “coldest” ensemble members in individual grid points. All maps represent
the 1956−2005 period.
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disappeared during boreal summer (Figure 4(b)). Analo-
gously to the Arctic, the strong negative bias over the
Antarctic was reduced in austral summer (Figure 4(d)). )e
aforementioned positive bias over eastern North America

was most pronounced during the boreal autumn, when its
values exceeded 5°C in some grid points. )e oceanic
temperature bias dipole was least distinctive during boreal
autumn. On the contrary, the eastern Pacific Ocean and the
southeastern Atlantic Ocean regions with warm biases were
relatively stable during all seasons.

No considerable differences in the magnitude of the SLP
bias were found among individual seasons, except for the
Antarctic Ocean and the Southern Ocean (Figure 5). )e
underestimated SLP in Northern midlatitudes and over
the upwelling regions in the eastern Pacific Ocean and the
southeastern Atlantic Ocean was also fairly stable during
the year. )e positive SLP bias over the western parts of
the United States, Mexico, and the Tibetan Plateau was
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Figure 3: (a) Average annual sea-level pressure in the CNRM-CM5.1 ensemble mean, (b) its bias against the NOAA-CIRES 20th Century
Reanalysis, version 2c, and (c) differences between ensemble members with the highest/lowest sea-level pressure value in individual grid
points. All maps represent the 1956−2005 period.

Table 2: Seasonal temperature biases (°C) in the CNRM-CM5.1
ensemble mean during four time periods.

Period MAM (°C) JJA (°C) SON (°C) DJF (°C)
1980–2005 −2.9 −2.4 −2.8 −2.8
1956–2005 −2.9 −2.6 −2.9 −2.9
1906–2005 −2.9 −2.5 −2.9 −2.9
1851–2005 −2.9 −2.6 −3.0 −2.9
MAM:March 1–May 31; JJA: June 1–July 31; SON: September 1–November
30; DJF: December 1–February 28.
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a year-round feature; however, it was least distinctive during
the boreal summer.

4. Northern Hemispheric Wintertime
Circulation Types over Midlatitudes

In this section, we evaluated the capability of CNRM-CM5.1
to simulate seasonal frequencies of flow types over three
midlatitude regions (North America, Europe, and East Asia).
Over North America during winter and spring, the most
frequent northerly advection (occurring on about one-fifth
of days) was underestimated in all three model integra-
tions, in which the frequency of the northern circulation
type varied between 15% and 17% (Figure 6(a)). )e oc-
currence of the types with advection from northeast was
also suppressed in the simulations. By contrast, advection
from west and northwest and the frequency of the cyclonic
type were overestimated, indicating a too frequent zonal
flow in simulated data during these seasons. )ese synoptic-
scale anomalies can be clearly linked to biases in the mean
SLP gradient over North America, that is, to the positive
SLP bias over western parts of the United States and Mexico
and the negative bias over Alaska and Canada (Figures 5(a)
and 5(d)). Furthermore, these errors in atmospheric dy-
namics can be linked to positive winter temperature biases

(Figure 4(d)), since the types that are associated with the
advection of relatively cold Arctic air or the development of
cold continental stagnant air occur with lower frequency in
the model outputs. )e underestimation of northerly types
was found also during summer and autumn. By contrast,
CNRM-CM5.1 simulated too frequent easterly, south-
easterly, and southerly advection in these seasons (Figure
6(a)). )e largest temperature anomaly during autumn was
not clearly related to biases in large-scale flow, and this error
would be possibly associated with land-atmosphere
interactions.

Too frequent westerly advection was also found over
Europe (except during the summer season; Figure 6(b)).
Its observed frequency during winter (20%) was consider-
ably overestimated in CNRM-CM5.1, ranging from 25%
to 27%. )is overestimation is less pronounced in the
transient seasons (spring and autumn), and the summertime
frequency of the westerly flow type is underestimated in
CNRM-CM5.1. )e model also simulated too frequent
south-westerly advection, while the frequency of easterly and
south-easterly circulation types was underestimated (except
in summer). Interestingly, these errors did not result in
a notable wintertime positive temperature bias over Europe,
probably due to underestimated temperature in the North
Atlantic Ocean in the model simulations.

–5 –4 –3 –2 –1 0 1 2 3 4 5

Temperature bias (°C)

(a)

–5 –4 –3 –2 –1 0 1 2 3 4 5

Temperature bias (°C)

(b)

–5 –4 –3 –2 –1 0 1 2 3 4 5

Temperature bias (°C)

(c)

–5 –4 –3 –2 –1 0 1 2 3 4 5

Temperature bias (°C)

(d)

Figure 4: Average seasonal 2m temperature bias in the CNRM-CM5.1 ensemble mean for the 1956−2005 period: (a) boreal spring
(March–May), (b) boreal summer (June–August), (c) boreal autumn (September–November), and (d) boreal winter (December–February).
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Over East Asia, CNRM-CM5.1 simulated the prevailing
wintertime monsoon-related northerly advection quite well
(Figure 6(c)); however, the frequencies of the northwestern
and western circulation types were markedly overestimated
at the expense of the northeastern circulation type.)e latter
is linked to the bias in the zonal SLP gradient (Figure 5(d)).
By contrast, CNRM-CM5.1 failed to simulate the prevailing
southerly advection associated with monsoon during
summer. )e frequency of the southerly type was almost
halved in CNRM-CM5.1 compared to the reanalysis.

In all, too frequent zonal flow was found across the
Northern midlatitudes. )is bias is clearly associated with
overestimated/underestimated SLP in two belt-shaped pat-
terns, one between about 20 and 30°N and the other around
about 55°N (Figure 5(d)). Furthermore, the underestimated
SLP in midlatitudes is linked to the overestimated (under-
estimated) frequency of strongly cyclonic (anticyclonic) cir-
culation types in all examined regions (Figure 6).

5. Discussion

CNRM-CM5.1 exhibited similar temperature biases as have
been shown for the CMIP5 multimodel mean, with respect
to their spatial patterns and magnitude [25]. Pronounced
warm biases were found over upwelling regions in the

southeastern Atlantic Ocean and Pacific Ocean. )is bias
was already reported for the CMIP3 GCMs, and it was linked
to erroneous southward displacement of the intertropical
convergence zone, subsequent modification of westerly
winds, and deepened thermocline, which reduce upwelling
of cold water. In addition, the bias is related also to improper
simulation of low-altitude clouds in these regions [26]. An
analogous issue was reported for CMIP5 simulations [27],
and Wang et al. [3] revealed other interhemispheric links
between these warm biases and distant large-scale factors,
such as weaker monsoons in the Northern Hemisphere.
)erefore, a reduction of these biases cannot be based on
correction of regional processes only but has to be carried
out with a complex insight.

Another notable deficiency of CMIP5 GCMs (including
CNRM-CM5.1) is the oceanic bias dipole, probably origi-
nating from a weakened northward heat transport due to
a reduced AMOC [3], resulting in the warmer Southern
Ocean and the colder North Atlantic Ocean compared to
the reference data. )e cold bias over the North Atlantic
may possibly be related to the persisting negative phase
of Atlantic multidecadal oscillation [28] in the model out-
puts. CMIP3 GCMs, however, have difficulties to simulate
this feature, mainly due to a low signal-to-noise ratio and
a long period of oscillation [29], and it is possible that
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Figure 5: Average seasonal sea-level pressure bias in the CNRM-CM5.1 ensemble mean for the 1956−2005 period: (a) boreal spring
(March–May), (b) boreal summer (June–August), (c) boreal autumn (September–November), and (d) boreal winter (December–February).
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CNRM-CM5.1 suffers from the same deficiency as well. )e
negative temperature bias in northern Atlantic and Europe
may also possibly be linked to improper simulation of Gulf
Stream, which carries warm water erroneously towards the
Canadian Archipelago with consequent impacts on the
simulated North American climate. Huszar et al. [21] re-
ported an overestimated sea ice extent in the CNRM-CM5.1,
which may explain the strong cold bias over the Arctic
Ocean in spring and winter found in our study.

Besides polar regions, considerable negative temperature
biases over land were found over mountainous areas, which
is in accordance with IPCC [25] and Su et al. [30] who
evaluated the performance of CMIP5 GCMs over the Ti-
betan Plateau and suggested that the negative bias may be
linked to snow-cover feedback processes in the models.
Besides these physical processes, however, the bias may be
affected by a simple representation of orography or a lack of
observed data in these remote areas that affects the per-
formance of the reanalysis. In addition, it should be noted
that the magnitude of biases may be influenced by a selection

of reference data (i.e., the NOAA-CIRES 20th Century
Reanalysis V2c), inasmuch as Stryhal and Huth [31] showed
that the choice of different reanalyses can have a profound
effect on GCM validation over Europe in winter.

Temperature differences between individual ensemble
members are relatively small on the global scale, which is
in accordance with Kharin et al. [32], who showed that
a spread between individual GCMs was larger compared to
the difference between ensemble members of one particular
GCM. In our study, the difference between the ensemble
members in simulating temperature was smallest over
equatorial areas and gradually increased poleward. )e
largest discrepancies were found over polar oceans, in ac-
cordance with Kharin et al. [32], and may be related to
different boundaries of sea ice extent in individual ensemble
members that would considerably alter a surface climate.

Small differences among the individual ensemble
members were found also when assessing differences in
sea-level pressure fields (except polar regions) and fre-
quencies of circulation types over North America, Europe,
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Figure 6: Mean wintertime frequency of circulation types in NOAA-CIRES 20th Century Reanalysis (black dots) over (a) North America,
(b) Europe, and (c) East Asia. Grey bands indicate a span between individual ensemble members in CNRM-CM5.1 for each circulation type.
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and East Asia. )e common deficiency in these three regions
was an overestimated frequency of zonal flow, which is
probably associated with the known issue of GCMs not
being able to correctly simulate the occurrence of atmo-
spheric blocking [33, 34].

6. Conclusions

We evaluated temperature and SLP biases and frequency
of circulation types in three historical ensemble members
of CNRM-CM5.1 GCM against the NOAA-CIRES 20th
Century Reanalysis. )e main conclusions are summarised
as follows:

(i) )e CNRM-CM5.1 model had a relatively good
skill in reproducing global temperature patterns;
however, it exhibited drawbacks similar to those
reported for other CMIP5 GCMs. An oceanic
bias dipole pattern is present in CNRM-CM5.1,
resulting in a too warm Southern Ocean and an
excessively cold North Atlantic Ocean and Arctic
Ocean.

(ii) Another deficiency shared with the majority of
CMIP5 models is a positive temperature bias in
upwelling regions along western coasts of Africa
and Southern America (locally exceeding 5°C). )is
temperature bias was associated with too low sea-
level pressure in these regions.

(iii) )e most apparent biases were present in all three
ensemble members, regardless of the member’s
initial conditions, and, therefore, are rather a result
of model errors than simulated natural variability.
)is holds not only for mean seasonal and annual
temperature and SLP patterns but even for the
considerably more chaotic and variable synoptic-
scale circulation over three northern midlatitude
regions.

(iv) CNRM-CM5.1 overestimated the frequency of
zonal flow over North America, Europe, and East
Asia. )e considerable positive wintertime tem-
perature bias in North America was associated with
suppressed northerly advection of cold air from the
Arctic in CNRM-CM5.1 and was found in all en-
semble members.

Data Availability

)e outputs of the CNRM-CM5.1 global climate model can
be obtained from the ESFG data node (https://esg-dn1.nsc.
liu.se/projects/esgf-liu/). NOAA-CIRES 20th Century Re-
analysis V2c is available through the ESRL website (https://
www.esrl.noaa.gov/psd/data/gridded/data.20thC_ReanV2c.
html).
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Based on the vertical velocity field of reanalysis datasets, this study defines a new dynamical index for the India-Burma trough
and supports this index’s advantages by analyzing reanalysis and observational datasets. For a convenient understanding, the
vertical velocities of 5 levels ranging from 700 hPa to 500 hPa within the area of 15.625∘N–24.375∘N and 90.625∘E–100.625∘E are
multiplied by −1 and summed up into a time series involving each year from 1979 to 2012.The standardized value of the time series
is defined as the index of India-Burma trough (IIBT). IIBT can reflect the characteristics of the annual strength and the interdecadal
variation of the India-Burma trough. IIBT can also well reveal the relationship between the India-Burma trough and its upstream
teleconnection.What is more, through a correlation analysis on the grid point precipitation field, respectively, with the IIBT and the
India-Burma trough indices defined with vorticity and geopotential height, over southern Asia the correlation pattern between the
IIBT and the precipitation field is found to nearly be the sum of the correlation patterns of the latter 2 indices with the precipitation.
To the south of the TP, the correlation field between the IIBT and the grid point precipitation shows dipolar distribution, which
is consistent with the correlation patterns of the IIBT with the vertical velocity, specific humidity, and the mid-level geopotential
height in the same spatial location. IIBT is beneficial for more accurate study of the impact of the India-Burma trough on the
associated weather and climate.

1. Introduction

The TP splits and merges the tropospheric westerlies. When
westerlies meet the TP, the anticyclonically curved flow to the
north side forms the dynamic high pressure ridge, whereas
the other branch flow to the south cyclonically shapes the
dynamic lowpressure trough, which is named as the southern
branch trough or the India-Burma trough [1]. Qin et al. [2]
indicated that the India-Burma trough, also known as the
subtropical westerly trough, is closely related to the upstream
teleconnection and the Arabian Sea trough.The India-Burma
trough appears in all seasons throughout a whole year,
especially in the winter half year (December–May in the next
year)with the highest frequencies [2]. From the perspective of
climate, Suo and Ding [3] studied the structure and evolution
characteristics of the subtropical south branch trough in the
winter half year and pointed out that the India-Burma trough
is the semipermanent trough of low pressure, appearing in
the subtropical south branch westerly to the south of the
plateau, in more detail which is over BOB in the winter half

year. The India-Burma trough is established in October over
the northern BOB, which intensifies in winter and becomes
active in spring and then transforms into the BOB trough in
June.

The India-Burma trough is one of the most important
synoptic systems affecting southern China in winter [4],
whose impact on the weather and the short-term climatemay
even extend to the eastern China and Japan [5]. Qin et al. [2]
revealed that the onset of the rainy season in southwestern
China is caused by the interaction between the India-Burma
trough and the cold air from high latitudes. He et al. [6]
believed that the burst of the South China Sea monsoon is
associated with the India-Burma trough. It supplies most of
the moisture from BOB when the moisture from the western
North Pacific (WNP) is interrupted to a large extent [7, 8].
Previous studies also expounded the relationship between
the India-Burma trough and El Niño, through which Li et
al. [9] exhibited the reason for the drought in northern and
northwestern China. Zhao et al. [10] deemed that the number
of days of spring sand-dust storm in northwestern China is
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also linked to the India-Burma trough. Suo and Ding [3]
pointed out that the India-Burma trough is connected to the
onset of the summer monsoon in China. Since the India-
Burma trough has an important influence on the weather
and climate, it is one of the important factors for the weather
forecast in China.

In order to study the India-Burma trough and its effects
on the weather and climate, many scholars have defined the
India-Burma trough index from different perspectives.

Zhang et al. [11] defined the India-Burma index with
the averaged geopotential height in the area of 15∘N–27.5∘N
and 80∘E–100∘E at 500 hPa and pointed out that the India-
Burma trough was relatively strong in the winter half year
from the 1950s to the 1970s. Especially in the 1960s, the
trough was the strong, and after that it began to weaken.
The strength of the India-Burma trough is not all the same
in different periods, with quasi 17-year oscillation in the low
frequency band, and quasi 3-year and quasi 8-year cycle
in the medium-high frequency band [11]. Wang et al. [12]
defined the India-Burma index with the averaged vorticity
in the area of 15∘N–25∘N and 80∘E–100∘E at 700 hPa and
pointed out that the index defined with vorticity is better
than that defined by geopotential height. They pointed out
the increasing tendency of the India-Burma trough strength
after 1978 and further studied the differences of the India-
Burma trough’s impacts on the climate of South and East
Asia between 1949–1977 and 1978–2010. Lu and Ren [13]
agreed with the conclusion of Wang et al. [12] and further
explore the fact that SST forcing is an important factor
for IIBT interdecadal deepening. The India-Burma trough
indices defined from different perspectives could not give
an unified answer whether the trough grows stronger or
weaker after 1978. Compared to other weather and climate
systems of southwestern China and South Asia, the India-
Burma trough is relatively active in winter and spring,
and it becomes more and more important for the annual
prediction of the temperature and precipitation (including
drought) there. The drought occurring in the low-latitude
highlands in southwestern China is frequent and widespread
[14]. From the winter of 2009 to the spring in 2010, the
most serious drought since 1951 occurred there [15–21]. Many
researches had shown that the weak India-Burma trough
resulted in less water vapor transportation from the BOB
to the highlands [22–25], which is one important reason of
this drought event. The variety of definitions for the India-
Burma trough index illustrates that no particular physical
parameter fully describes it. Therefore, the researchers could
not well study its real weather and climate significance in
South Asia and southwestern China, which this manuscript
investigates. The data and methods used for the study are
presented in Section 2. Section 3 describes the results and
analysis. Conclusion and discussion are given in Section 4.

2. Data and Methods

For our analyses, the monthly Modern-Era Retrospective
Analysis for Research and Applications (MERRA) atmo-
spheric circulation data provided by Goddard Earth Sciences
Data and Information Sciences Center (GES DISC) and

Global Modeling and Assimilation Office (GMAO) is used.
MERRA is a reanalysis for the satellite era using a major
new version of the Goddard Earth Observing System Data
Assimilation System Version 5 (GEOS-5), which helps to
study the meteorological phenomena of weather and climate
time scales. The data spans from 1979 to present, with spatial
resolution 1.25∘×1.25∘, and themeteorological elements used
are geopotential height, vertical velocity, horizontal wind
field, and specific humidity. The precipitation data used is
the Global Precipitation Climate Center (GPCC) monthly
precipitation data (V6 and V4), with spatial resolution 1∘ ×1∘
spanning from 1979 to 2012. The monthly precipitation data
of 148 stations in low-latitude highlands from 1979 to 2012 is
also used, which is provided by the Climate Center of Yunnan
Meteorological Administration. All the datasets are only used
during winter half year (winter and spring). The correlation
analysis, normalization of time series, Mann-Kendall (M-K),
and Empirical Orthogonal Function (EOF) approaches are
employed. We introduce the special calculation of normal-
ization and M-K methods in the following [26].

If 𝑥 series has 𝑛 samples, we can get the normalization 𝑦
by three steps:

𝑥 = 1𝑛
𝑛∑
𝑖=1

𝑥𝑖,
𝑆 = √ 1𝑛

𝑛∑
𝑖=1

(𝑥𝑖 − 𝑥)2,
𝑦𝑖 = 𝑥𝑖 − 𝑥𝑆 .

(1)

ForM-Kmethod, suppose that the 𝑥 series has 𝑛 samples, and
then construct a rank.

𝑠𝑘 = 𝑘∑
𝑖=1

𝑟𝑖, 𝑘 = 2, 3, . . . , 𝑛, (2)

𝑟𝑖 = {{{
+1, if (𝑥𝑖 > 𝑥𝑗)0, if (𝑥𝑖 ≤ 𝑥𝑗) , 𝑗 = 1, 2, . . . , 𝑖, (3)

UF𝑘 = [𝑠𝑘 − 𝐸 (𝑠𝑘)]√var (𝑠𝑘) , 𝑘 = 1, 2, . . . , 𝑛. (4)

In formula (4) UF1 = 0. 𝐸(𝑠𝑘) and var(𝑠𝑘) are the average
value and variance of 𝑠𝑘:

𝐸 (𝑠𝑘) = 𝑘 (𝑘 − 1)4 ,
var (𝑠𝑘) = 𝑘 (𝑘 − 1) (2𝑘 + 5)72 ,

𝑘 = 2, 3, . . . , 𝑛.
(5)

Then reverse 𝑥, repeat above steps, and make sure that

UB𝑘 = −UF𝑘 (𝑘 = 𝑛, 𝑛 − 1, . . . , 1) ,
UB1 = 0. (6)
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Figure 1: (a) The geopotential height (unit: gpm) and wind (unit: m s−1), (b) the divergence field (contour interval: 2𝑒 − 6 s−1), (c) vorticity
(interval: 5𝑒 − 6 s−1), and (d) vertical velocity (interval: 0.05 Pa s−1) over 700 hPa in winter half year (from December to the next May) from
1978/1979 to 2011/2012 (written as 1979–2012). The violet area is the TP, and red line denotes trough axis (same for the following context).

The critical value of 95% significance is 1.96 and the UF >0 (UF < 0) indicates the upward (downward) trend of
the serial, with exceeding the critical value denoting the
significant upward (downward) trend.The intersection point
between the critical lines represents the point of mutation.

3. Results Analysis

3.1. The Analysis of the Meteorological Elements in the India-
Burma Trough Region. TP is themost important topographic
feature of the Asian continent. As shown in Figure 1(a), the
westerlies form a northern branch to the north of TP and a
southern branch in the other side, with a ridge and a trough
(India-Burma trough), respectively.The India-Burma trough
stretches southward from the southern hill of TP to the north
of the BOB (near 15∘N). The trough region is located in
the northern part (near 20∘N) of the BOB, and there is a
high pressure ridge due to the terrain blocking effects on the
air current over the India peninsula. When the air flow in
front of the India-Burma trough enters Yunnan province, a
weak ridge is formed by the terrain effects. As portrayed in
Figure 1(b), at 700 hPa the divergence in front and back of the
trough above the land is positive, which means divergence.
Maybe because of the blocking effect of the Deccan Plateau
in India on the air flow, a stationary anticyclone is located in
the back of the trough (seen from Figure 1(a)), which leads to

the appearance of divergence in the back of trough, although
there exists convergence in the back of trough in general,
whereas the divergence over BOB is negative, displaying a
convergent state. In Figure 1(c), the climatologicalmean of the
vorticity on 700 hPa is negative to the west of the trough axis,
positive at the trough axis, and negative east of the trough axis
in the southern part of Yunnan. Regarding 700 hPa vertical
motion (Figure 1(d)), upward vertical motion is evident east
of the tough axis and sinking motion west of the trough axis.
It can be seen from the distribution of the trough lines in
Figure 1 that the India-Burma trough can be discerned in var-
ious meteorological element fields at 700 hPa, with obvious
ascendingmotion in front of the trough and a clear separation
of the negative (ascending) area in front of the trough and the
positive (sinking) area in the trough region, in view of which
the definition of the India-Burma index based on the vertical
velocity in front of the trough can be a good one.

3.2. Defining the India-Burma Trough Index with Vertical
Velocity. Wang et al. [12] defined the India-Burma trough
index with the 700 hPa vorticity to study the India-Burma
trough’s influence on climate anomalies in East and South
Asia. However, Wang et al. [12] also suggested that the India-
Burma trough index could also be defined by vertical velocity
downstream of the trough axis.
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Figure 2: Same as Figure 1, but for 700 hPa (a) relative vorticity advection (unit: 1𝑒−11 s−2) and (b) temperature advection (unit: 1𝑒−5K s−1).

As depicted in Figure 2(a), there exists strong negative
relative vorticity in the back of the trough and positive
vorticity advection in front of the trough at 700 hPa, the latter
of which is in favor of the occurrence of ascending motion.
And, in front of the trough (Figure 2(b)), there is positive
temperature advection, which also supports the occurrence
of rising motion. For example, Li et al. [9] pointed out that
the ground thermal effects of the TP can affect the strength of
the India-Burma trough.The verticalmotion not only reflects
the relative vorticity, but also includes the influence of the
temperature advection; therefore the vertical motion is used
to measure the India-Burma trough.

3.3. The India-Burma Trough Index and Its Connection with
Various Meteorological Elements. As shown in Figure 1(d),
the region in front of the India-Burma trough covers
15.625∘N–24.375∘N and 90.625∘E–100.625∘E. For the rest of
the manuscript, vertical velocity is multiplied by −1. As the
India-Burma trough appears mainly in the mid-low layers
of the troposphere [12], the vertical velocity in front of the
trough region on a total of 5 layers from 700 hPa to 500 hPa
is summed up in each year from 1979 to 2012 into a sequence,
whose standardized series are used to define the index of
India-Burma trough (IIBT).

IIBT = −Norm[500 hPa∏
700 hPa

sum (𝜔 (15.625∘–24.375∘N, 90.625∘–100.625∘E))] , (7)

where sum indicates sum-up, ∏500 hPa700 hPa represents sum-up
from 700 hPa to 500 hPa, and Norm means normaliza-
tion.

Wang et al. [23] argued that theweak India-Burma trough
is one of the reasons for the most severe drought event
since 1951 in southwestern China from the winter of 2009
to spring of 2010 [22, 27]. Figure 3(a) illustrates that IIBT
is strongly negative for the extreme drought year of 2010.
However, this drought persists to year 2012 (e.g., [28]), even
though IIBT is no longer strongly negative. However, other
droughts correspond well to negative IIBT values exceeding
one standard deviation (e.g., 1982, 2005, 2009, and 2010
in Figure 3(a)). These illustrate that IIBT can well depict
the characteristics of the India-Burma trough strength in
the years with extreme climate events generally. Figure 3(b)
shows multiple intersections between the UF and the UB
curves before 1984, which indicates that annual variation
exists for the India-Burma trough before 1984. After the year
1984, the India-Burma trough strength has an increasing
tendency, and the trend becomes significant around 2000,
exceeding 95% confidence level. Figure 4 demonstrates the

EOF analyses of the precipitation of 148 stations in low-
latitude highlands, located in front of the India-Burma
trough. The correlation coefficient between IIBT and the
PC1 of the 1st EOF mode of the precipitation of these 148
stations is 0.55, and the value in nearly all the spatial field
of the 1st EOF mode is consistently positive or negative
(Figure 4(a)). So, IIBT not only reflects annual variation
characteristics of the India-Burma trough, but also reveals its
interdecadal variation characteristics. IIBT also embodies the
close relationship between India-Burma trough and related-
area precipitation.

As shown in Figure 5(a), there is, respectively, one trough
in the Arabian Sea and in the northern BOB on 700 hPa,
which are called the Arabian Sea trough and the India-
Burma trough. In the back of each trough, there exists one
anticyclone, each being a part of the South Asia high. The
Arabian Sea trough vorticity and IIBT are negatively related,
while the anticyclone vorticity in the east of South Asia
high is positively related to IIBT. As the Arabian Sea trough
becomes weak, the downstream anticyclone in the east of the
South Asia high is weak, and the IIBT increases, indicating
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Figure 3: (a) Time series of IIBT and (b) M-K analysis of IIBT; straight line indicates the critical value of 95% significance 𝑡-test.
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Figure 6:The correlation between the vertical velocity (a, b), specific humidity (c, d), geopotential height (e, f), and IIBT ((a), (c), and (e) for
700 hPa; (b), (d), and (f) for 500 hPa) in winter half year. Additionally, the different shadings from light to dark have passed the significance
test with more than 90%, 95%, and 99% confidence level, respectively; the red (blue) areas denote the positive (negative) correlation areas,
respectively.

that the trough becomes stronger, and vice versa. From the
500 hPa analysis (Figure 5(b)), it can also be seen that when
the upstream anticyclone in the west of the South Asia high
becomes strong (or the Arabian Sea trough becomes weak),
the zonal air flow along the periphery of the high is more
likely to turn into northerlies, andmeanwhile the anticyclone
in the east becomes weak and the India-Burma trough grows
strong when the peripheral air flow of the subtropical high
near 100∘E–130∘E along 10∘Nbecomesweak. According to the
method provided by Yang and Sun [29] and considering the
average position of the subtropical high in the research time
span, the meridional position index of the subtropical high

is calculated with the averaged relative vorticity over 500 hPa
within 14∘N–24∘N and 110∘E–135∘E, whose correlation coef-
ficient with IIBT is 0.28, indicating passing 90% significance
test.This illustrates that when the India-Burma trough grows
strong, the subtropical high moves eastward, which causes
weak air flow along the subtropical high periphery near the
India-Burma trough. IIBT reflects the relationship between
the India-Burma trough activity and the upstreamfluctuation
of the south branch westerly and its connection with the
South Asia high and the subtropical high.

As shown in Figure 6(a), it can be seen that when the
India-Burma trough grows strong, at 700 hPa, the vertical
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Figure 7: The correlation between IIBT (a), the India-Burma trough index defined with vorticity (b), the India-Burma trough index defined
with geopotential height (c), and the grid point GPCP precipitation in winter half year, respectively. The shaded areas pass significance test
more than 90% confidence level, where the red (blue) areas denote the areas of more (less) rainfall when the India-Burma trough is strong.

ascending motion is enhanced in the zonal circulation
between 10∘N and 20∘N. The descending motion in the
back of the Arabian Sea trough is enhanced, and the ver-
tical motion in front of the India-Burma trough obviously
becomes strong. The 500 hPa contour (Figure 6(b)) also
shows the above features, but with less negative correlation
area and more positive correlation area whose center moves
to the Iran plateau. Li et al. [9] pointed out that as the India-
Burma trough strengthens, the convective activity near the
BOB becomes more vigorous, which is reflected by IIBT.
In addition, from both 700 hPa and 500 hPa in Figures 6(c)
and 6(d), it can be seen that as the India-Burma trough
index increases the specific humidity values in front of the
trough increase, with more water vapor from the tropical
ocean, whereas the air flow turns drier in the Iran plateau in
the India-Burma trough upstream. When the India-Burma
trough grows strong, the vertical motion becomes vigorous,
with thewater vapor transporting upwards from the low layer,
and therefore the positive correlation between themoisture in
front of the trough on 500 hPa and IIBT is more significant,
compared to that in 700 hPa. The India-Burma trough is
closely related to the water vapor advection in front of the
trough, which is also reflected by IIBT.

Additionally, Figures 6(e) and 6(f) show that when the
IIBT is more intense, the geopotential height in the India-
Burma trough region decreases, whereas the air flow in the
back of the Arabian Sea trough accumulates, with greater
geopotential height values, which is consistent with the anal-
ysis of Figures 5, 6(a), and 6(b). The variations of the vertical
velocity, specific humidity, and the geopotential height are

important indices, which reflects the variations of the India-
Burma trough, especially the variations of specific humidity,
which is the reflection of the air flow strength in front of
the trough and an important factor affecting the precipitation
of the low-latitude highlands. The significant correlations
between IIBT and these meteorological elements, as well as
the consistency in the correlation patterns, illustrate that IIBT
can reflect the India-Burma trough structure.

3.4. The Comparison between IIBT and Other India-Burma
Trough Indices. Wang et al. [12] used averaged vorticity of the
area of 15∘N–25∘N and 80∘E–100∘E at 700 hPa to define the
India-Burma trough index,whose correlation coefficientwith
IIBT is 0.46. Suo and Ding [3] used 700 hPa anomaly series
of the mean geopotential height of the area of 15∘N–25∘N
and 80∘E–100∘E to define the India-Burma trough index,
whose correlation coefficient with IIBT is −0.48. These 2
correlation coefficients have passed the 99% significance test
with critical value of 0.44. The correlation patterns of these
3 indices with GPCC grid point precipitation are displayed
in Figure 7. From the correlation pattern between IIBT and
GPCC precipitation (Figure 7(a)), it is evident that when the
India-Burma trough becomes strong in winter and spring,
the precipitation of the southeast corner of TP, southwestern
China to the eastern India-Burma trough, and the Indo-
China Peninsula increases, as well as the rainfall of the
areas along the coastline in the Indian subcontinent, mainly
restricted to 10∘N–30∘N and 80∘E–105∘E. But the precipita-
tion in the Iran plateau area decreases, mainly confined to
25∘N–35∘N and 55∘E–80∘E. So, the correlation field between
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Figure 8: (a) In winter half year the wind field of 2010 minus the average wind field from 1979 to 2012 at 700 hPa (unit: m s−1). (b) the
India-Burma trough index defined with vorticity.

IIBT and the precipitation takes on a dipolar pattern to the
south of the TP. This dipole type appears in the same spatial
position in Figures 6(a), 6(b), 6(c), 6(d), and 6(f), in a good
agreement with each other, which indicates that IIBT well
reflects the influence of the India-Burma trough strength on
the meteorological elements in the low-latitude highlands
in China, the southeast corner of the TP, the Indo-China
peninsula, and the Indian subcontinent, as well as the impact
degree of the precipitation there. Compared with Figure 7(a),
the India-Burma trough index defined with vorticity reflects
significantly less influence scope from the trough on the
precipitation of the Indo-China peninsula and the Indian
peninsula, as well as fewer areas of less precipitation in
the Iran plateau. The dipole type (Figure 7(b)) similar to
Figure 7(a) still exists, but very weak, which means that the
index cannot reflect well the wide influence degree of the
India-Burma trough on the precipitation in South Asia. The
correlation between the India-Burma trough index defined
with geopotential height and the grid point precipitation is
shown in Figure 7(c), which can reflect the impact of the
trough on the precipitation in Indo-China peninsula, but
not for the rainfall in southwestern China. The water vapor
transportation of the India-Burma trough is beneficial to the
precipitation in South China and even serves as an important
moisture source in the prerainy period. However, Figure 7(c)
shows that the stronger India-Burma trough is unfavorable
to the precipitation in South China. As shown in Figure 5,
the Philippines and Malaysia are under the control of the
subtropical high inwinter and spring; possibly the subtropical
high is an important factor for the amount of the rainfall
there. Under the consideration of all these conditions, the
India-Burma trough index defined with geopotential height
seems unable to reflect the real impact degree of the trough
on the surrounding areas.

Except for the Philippines andMalaysia, the areas passing
the significance test in South Asia in Figure 7(a) are nearly
the combination of Figures 7(b) and 7(c), IIBT can better
reflect the important influence of the India-Burma trough

on the precipitation in South Asia, and the consistence of
the dipole in Figures 6(a), 6(b), 6(c), 6(d), and 6(f) with
Figure 7(a) reveals that IIBT can better describe the coordi-
nation between the trough and the surrounding circulation
background.

4. Conclusion and Discussion

The upward motion is closely associated with temperature
advection and vorticity advection, which often vary with the
change of the weather or climate. So, it can affect directly the
related-area precipitation during the winter half year, which
is an important source to local water supply for domestic
water in autumn and early spring crop growth. To facilitate
the understanding, the vertical velocity is multiplied by −1,
and the vertical velocities in front of the trough on a total of
5 layers from 700 hPa to 500 hPa are summed up year by year
spanning 1979 to 2012, which after standardization is defined
as the index of India-Burma trough (IIBT).

IIBT can reflect the strength of India-Burma trough in the
years with extreme climate events. As shown in Figure 8(a),
in the winter and spring of 2009-2010, compared with the
average state of 1979–2012, an anomalous anticyclone is
excited in the India-Burma trough region, and the trough is
evidently weak, which is in accordance with the situation in
IIBT series (Figure 3(a)). In addition, IIBT negative anomaly
years (1982, 2005, 2009, and 2010) also conform to this
rule. Since the 1970s, dramatic changes occurred in many
parts of the world [30, 31], with more extreme weather and
climate events. The index defined by vorticity cannot reflect
these events well (Figure 8(b)). Under such background,
employing IIBT to describe the India-Burma trough can well
characterize its annual variation.

IIBT reflects the relationship between the trough and
the upstream fluctuation of the southern branch westerlies.
When the anticyclone in the west of the South Asia high
is enhanced, the zonal air flow along the periphery of the
high is more likely to become northerlies; at the same time
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the anticyclone in the east of South Asia high becomes
weak, and the IIBT is more intense and the trough turns
out to be stronger. And the relationship between the India-
Burma trough and the upstream fluctuation is also reflected
in the precipitation. When the trough grows strong, the
precipitation of the Iran plateau decreases. IIBT also reveals
the correlation between the trough and the surrounding
weather and climate system, as well as the trough structure.
When the trough grows strong, the peripheral air flows of the
South Asia high and subtropical high become weak, and the
sinkingmotion in the back of theArabian trough is enhanced.
The vertical motion in front of the India-Burma trough
significantly becomes strong, and the specific humidity in
front of the trough increases; meanwhile the geopotential
height in the trough region decreases.

Through the correlation of IIBT and other India-Burma
trough indices separately defined with vorticity and geopo-
tential height, with the grid point precipitation, it is found that
the correlation pattern of IIBTwith precipitation is nearly the
sum as the latter two with precipitation over South Asia. The
correlation field takes on a dipole type to the south of the TP,
which appears in the same spatial position of the correlation
fields of IIBT with vertical velocity, specific humidity, and
the mid-level geopotential height, very consistent with each
other. The India-Burma trough is a major moisture source
for the southwestern China in winter and spring. As shown in
Figure 7, the India-Burma trough has important effects on the
precipitation in southwestern China, which is also verified by
the observational data from 148 stations in the low-latitude
highlands (including Yunnan, the south of Sichuan, the
west of Guangxi, and the west of Guizhou) in southwestern
China. Spring is the most active stage of the India-Burma
trough [3], and during this period the correlation field of the
observational data of themeteorological stationwith IIBThas
106 (71.6% of the total) stations passing the 95% significance
test, which reveals the influence of magnitude and degree of
the trough on the spring precipitation; the correlation linked
index defined with vorticity and precipitation also reflects
the influence on rainfall from the trough, with 95 stations
passing the 95% significance test, whereas the index defined
with geopotential height fails to reach the accuracy, only with
62 stations passing the 95% significance test (figure omitted).

The correlation coefficient between IIBT and the PC1 of
the 1st EOF mode of the precipitation of these 148 stations is
0.55 (Figure 4).Through IIBT, the study on the specific impact
of the India-Burma trough on the precipitation in South Asia
is worth delving more deeply.
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Over the last six to seven decades, there has been a substantial increase in atmospheric research to better understand the dynamics
and evolution of atmospheric blocking events. It is well known that atmospheric blocking serves as a catalyst for increasing the
frequency of atmospheric flow regime stagnation and forecast unpredictability. This study built upon the results of previous work
by expanding upon the findings of various climatologies and case studies.This work analyzes specific trends observed in association
with atmospheric blocking predominantly across the central and eastern Pacific Ocean. Such trends include the relationship
between the size, duration, and onset position of atmospheric blocking events and the frequency, duration, and intensity of heavy
rainfall events across the central United States. A strong focus is placed on examining the duration and spatial extent of atmospheric
blocking which has been found to influence the intensity of heavy rainfall events. The goal is to further bridge the gap between the
location and duration of blocking highs and the intensity, duration, and frequency of heavy rainfall events which occur downstream
of such blocking events.

1. Introduction

Since the onset of the remote sensing era, there have been
many advances in the analysis and forecasting of atmospheric
blockingwhich is known to have a noticeable influence on the
occurrence frequency and evolution of high-impact weather
events such as cold waves [1] or the Russian heat wave of
2010 [2–4]. Over the past five to six decades, much research
has been conducted in order to gain an understanding of the
dynamics that contribute evolution of atmospheric blocking
events. The work of [5] began this research by working to
understand the climatological behavior of blocking and spec-
ulated that atmospheric blocking events and their dynamics
may be likened to a mechanical analogue. Then researchers
such as [6, 7] further elaborated upon the work of Rex (1950)
through elaborating upon how atmospheric blocking events
are generated through the interaction of transient, synoptic-
scale perturbations with the planetary-scale environment.

In this context, blocking may be understood as resonance
between the planetary waves to synoptic-scale perturbations
(e.g., [7]) which act as sources of energy and vorticity.
These studies and others showed that the nature of a given
atmospheric blocking response may often depend on the
location of the synoptic-scale perturbation relative to the
planetary waves.

Studies of flow regime dynamics such as [8–11] found
evidence for multiple persistent flow regimes in the Northern
Hemisphere flow including regimes that represent blocking
flows [8]. These studies describe only the mean structure
of blocking, and others (e.g., [12]) described blocking as
a soliton. Such studies, however, could not describe the
evolution of blocking. Then [13] constructed a soliton model
that described the evolution of blocking as a scale-interaction
problem as described above. Further, [14, 15] used an analytic
channel-type model to explore the phase transitions of a
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Figure 1: A map of the study region. The approximate region is
outlined with the thick line.

NorthAtlanticOscillation- (NAO-) like pattern.They impose
a low-frequency planetary-scale wave with a period of about
two to three weeks on a zonal flow as well as a synoptic-
scale perturbation of about three days in length to describe
the transitions between the positive and negative phases of
the NAO and the presence and role of blocking in these
transitions. The model was extended by [16] to demonstrate
the interactions among the mean flow, planetary waves, and
synoptic eddies and proposed a new mechanism to explain
the onset or destruction of blocking regimes.

In addition to studies that examined the synoptic and
dynamic behavior of atmospheric blocking, investigators
have related blocking to the weather and climate of regions
within and adjacent to these events. For example, [13] built a
relationship between large-scale temperature regimes across
entire oceanic basins, the prevalence of atmospheric blocking
events just to the south of Alaska, and the downstream
impacts of such blocking events on precipitation frequency
and intensity across the central and eastern United States.
A few studies have examined the relationship of blocking to
the seasonal character of weather, such as temperature and
precipitation amounts, across the central United States [14–
16].

This work more closely investigates how different pre-
blocking factors affect the spatial extent and intensity of heavy
rainfall events across the region of concern. For this work,
the study region is theNorth-CentralMississippi River Valley
(Figure 1) and the period examined was between 1 January
2000 to 31 December 2015. This work is unique in that it will
examine the character and impact of individual heavy rainfall
events across the North-Central Mississippi River Valley and
relate these to the climatological character of blocking (e.g.,
frequency, duration, and intensity) in the PacificOceanBasin.
This study will also examine the linkage between interannual
variability as related to El Nino and Southern Oscillation
(ENSO) for heavy rainfall and blocking. Previous studies of
heavy snowfall and the connection to large-scale flow regimes
and well as interannual variability have been done for this
region [18]. Lastly, the onset and occurrence of atmospheric
blocking continue to present major forecasting problems [3].

The predominant issue has been the ability (or lack thereof)
of operational forecasters to accurately anticipate the onset
and decay of atmospheric blocking events [3]. Through
garnering an improved understanding of the link between
atmospheric blocking and heavy rainfall events in our region,
the atmospheric research community will be able to generate
a more efficient “roadmap” for improving the anticipation of
heavy rain events.

2. Data and Methodology

2.1. Data. The data used in this analysis for blocking are
archived at the University of Missouri and may be accessed
online [20]. The data integrated into this study from this
blocking archive included the following parameters: block
intensity (BI), block duration (BD), block size (BS), block-
ing onset lead-time (BOLT), and longitude at block onset
(LABO). Other indexes that describe blocking character such
as those derived by [21, 22] could be used here. However, the
dataset used here was readily available and has been used in
many studies by this research group. A comparison of these
indexes is beyond the scope of this study.

The block intensity (BI) parameter was developed and
later modified for automated use by [17]. Briefly, BI normal-
izes the central height value of a block (MZ) by the gradient of
the height field surrounding the event (RC) [17] and averaged
over the block lifetime.The calculation of BI was represented
by the following equation:

BI = 100 ∗ ((MZ
RC
) − 1) . (1)

Additionally, recent study [23] demonstrated that BI can be
related to dynamic quantities such as enstrophy and entropy
and thus related to flow regime stability and predictability.

The block duration (BD) parameter was included via the
criteria first established by [5, 22] and modified, whereby a
blocking event is verifiable only if a blocking high pressure
persists for a minimum of five days as evaluated by flow at
the 500mb level. The intent behind evaluating BD is to study
observed differences between the respective ENSO phases
and the persistence of the blocking events formed between
2000 and 2014. This BD analysis is an extension of previous
work (e.g., [17]). The block size (BS) parameter was included
based on a framework wherein they designated the BS value
as the half-wavelength distance (measured in units of km).
The BS parameter was included to assess if a relationship
existed between BS and event rainfall duration. The analysis
related to the BS parameter expands on pertinent results from
previous work [13].

The blocking onset lead-time (BOLT) parameter is a
newly coined parameter used to distinguish blocking events
which had an association between block onset and the
occurrence of heavy rain. The definition for the BOLT
parameter is such that only blocking events existing for at
least two days prior to the day of a heavy rainfall event are
considered. Another important parameter was the “longitude
at block onset” (LABO) parameter which was used to assess
possible relationships between the location of blocking events
(i.e., the longitudinal position within the Pacific Ocean where
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Table 1: List of ENSOyears 2000–2015: see [19] for definition; ENSO
year begins 1 October of the given year.

El Nino Neutral La Nina
2002 2000-2001 1999
2006 2003–2005 2007
2009 2008 2010
2014-2015 2011–2013

blocking events were centered) and the duration/intensity of
rainfall events. For the LABO parameter, the Pacific Ocean
was divided into four regions to differentiate between the
various blocking events. These four regions were designated
as the eastern Pacific Ocean (between 120∘W and 140∘W),
the east central Pacific Ocean (which between 140∘W and
180∘W), the west central Pacific Ocean (between 160∘E and
180∘E), and the western Pacific Ocean (between 140∘E and
160∘E).

Finally, each heavy rainfall event that occurred concur-
rently with a Pacific Ocean blocking event is referenced
throughout the following text as an event during a given
ENSO phase whether they occurred with the same blocking
event or not. Also, the distribution of the respective ENSO
phases is shown in Table 1, and ENSO is defined using the
Japanese Meteorological Agency (JMA) criterion [19]. This
definition has been used by many studies of interannual
variability in the broader region (e.g., [15] and references
therein) and will facilitate comparing these results with
those studies. Furthermore, any heavy rainfall event which
was considered to be admissible for this study had to be
a minimum 24-hour rainfall threshold of 50.8mm (2.00
inches) or more at the Saint Louis Weather Service Forecast
Office (STLWFO).This definition is consistent with that used
by [24].

3. Characteristics of Atmospheric Blocking:
Implications for Downstream Flow Regimes

3.1. Overall Climatology: Heavy Rain Events Associated with
Blocking. All 16 events are listed in Table 2. Of these, nine
are summer season events, three events occurred during both
the winter and spring, and only one was a fall season event.
There was no statistically significant relationship between
BI, BD, BS, or any of these variables and rainfall amounts.
This is likely due to the small sample size since there was
a statistically significant relationship between the respective
variables and rainfall amounts. Additionally, while [9, 17]
found that there were more winter season blocking events
than summer season events within the Pacific Ocean Basin,
it was the summer season, which resulted in more blocking
events associated with heavy rain since the summer season is
the associated with the largest number of heavy rain events.
Also, winter season events were generally stronger, while
summer events were comparatively weak within the region
as found by [17].

An analysis of the synoptic maps demonstrated that
the heavy rain events were associated with synoptic-scale

L

H

Figure 2: The Northern Hemisphere 500 hPa heights (m) for 16–24
November 2010 contoured every 60m. The location of the block is
noted with an H and the location of the surface feature associated
with the heavy rain event of 24November 2010 ismarkedwith L.The
black arrows represent the 300 hPa jet maximum for 24 November
2010.

transients, and the jet stream was strong over the central
United States (not shown). Figure 2 shows an example for the
24 November 2010 heavy rain event (Event #15 in Table 2).
There was no preference for the surface feature to be located
west or east of the region, or the attendant surface fronts to
be warm, cold, or a stationary front.

3.2. ENSO Related Interannual Variability. There were five
El Nino events which occurred during the study period,
and only two of these El Nino years were associated with
four heavy rain events associated with a blocking event
(Table 2). Each of these events was summer season events,
and these events were stronger and more persistent than the
typical summer season event. The mean BI was 2.39 and the
standard deviation was 0.95. The mean for these four events
was slightly stronger than the typical summer season Pacific
Region blocking events found by [17] (BI = 2.11). The BD
for these events was 13 days, the BS was 2078 km (standard
deviation = 340 km), and the BOLT was 6 days. The onset
location for each of these blocking events associated with
heavy rain; three of these events were positioned across the
east Pacific Ocean (i.e., with a blocking onset longitude of
150∘W (two locking events) and 130∘W). The last remaining
El Nino event was located in the west Pacific Ocean (i.e., with
a blocking onset longitude of 130∘E).

There were only three La Nina events, which occurred
between the years 2000–2015, and all three years were associ-
ated with at least two blocking events that featured heavy rain
in our region (Table 2, seven total). These seven heavy rain
events were found among all seasons of the year. The mean
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Table 2: Breakdown of analyzed heavy rain events associated with atmospheric blocking included blocking parameters are the block intensity
[17], block duration, and block size. The event number, date (dd mm yy), season (W, Sp, Su, and F), and ENSO phase are shown in column
one (E is El Nino, L is La Nina, and N is Neutral).

Event number Intensity Duration Size Onset location
(1) 18 02 00 L W 4.22 12 1712 150∘W
(2) 24 06 00 L Su 1.47 14 2658 175∘E
(3) 12 05 02 N Sp 2.45 9 1470 130∘W
(4) 06 08 02 N Su 2.43 8 2614 160∘W
(5) 10 06 03 E Su 3.2 18.5 1812 150∘W
(6) 12 06 03 E Su 3.2 18.5 1812 150∘W
(7) 26 06 03 E Su 3.2 11 2151 130∘W
(8) 04 01 04 NW 4.51 9.5 2658 150∘W
(9) 30 07 04 N Su 1.49 5 2983 140∘E
(10) 11 06 05 N Su 1.77 9.5 3765 140∘E
(11) 19 07 07 E Su 1.75 7.5 2166 130∘E
(12) 05 02 08 L W 2.68 10.5 1538 170∘E
(13) 18 03 08 L Sp 3.68 13 1189 170∘E
(14) 26 05 08 L Sp 2.78 14.5 1908 150∘W
(15) 24 11 10 L F 4.14 8 2827 180∘

(16) 25 06 11 L Su 1.99 11.5 3003 140∘E

BI was 2.99 and an associated standard deviation of 1.06,
and these values were very close to the 30-year climatological
values for each quantity [17], and the individual events were
above their respective Pacific Region seasonal mean as often
as theywere below the seasonmean.ThemeanBDwas 12 days
and the mean BS was 2119 km (standard deviation = 705 km),
while the BOLT was 6.5 days. Among the seven La Nina
heavy rain event that occurred concurrently with a Pacific
blocking event, four of the events occurred with blocking
events positioned across the west central Pacific Ocean, and
onemore over the west Pacific. Of the two remaining La Nina
events occurred with blocking events positioned across the
eastern Pacific Ocean. The greater number of La Nina year
blocking found to be associated with heavy rain agrees with
[17] and references therein, who found that in the Pacific
Region blocking was more frequent and stronger.

Lastly, there were nine Neutral years during the study
period, but only three of these years were associated with
heavy rain events that featured a Pacific Region blocking
event. There were five of these heavy rain events in total,
occurring over most seasons. Among those five events, the
mean BI was 2.53 and the standard deviation was 1.18. The
mean BD was only eight days and the BS was 2698 km
(standard deviation = 805 km), while the BOLT was only 4
days. Among the five Neutral year heavy rain events that
occurred in association with a Pacific blocking event, two
of the five events occurred with a blocking event positioned
across the eastern PacificOcean, and onewas located over the
east central Pacific Ocean Basin. Only two of the five Neutral
year events occurred with blocking events positioned across
the west Pacific Ocean.

3.3. Discussion. When examining the block intensity, it was
clear that only the El Nino year blocking events were stronger
than their respective sample when compared to a similar
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Figure 3: Bar plot of the block intensity [17] for all 16 analyzed
blocking events with event rainfall totals (measured in millimeters)
and block intensity.

seasonal and regional sample from [17]. The Neutral season
events were the weakest and of the shortest duration and
had the lowest BOLT parameter. Examining the correlation
coefficient between BI and event rainfall total indicated
there was only a slight positive relation (CC = 0.11), but
not statistically supported at standard levels of confidence
(Figure 3). The events in Figure 3 were reordered for the
purpose of organizing the event rainfall totals from lowest-
to-highest in order to demonstrate the relationship. Addi-
tionally, the average heavy rainfall event totals from highest
to lowest were 65.53mm (La Nina events), 64.77mm (El
Nino events), and 57.56mm (Neutral-ENSO events). This
relationship between heavy rain totals and BI did not mirror
precisely the decreasing order of BI for the respective ENSO
phases. This reflects the variability among the BI values (e.g.,
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[25]). However, a closer inspection of BI values versus the
heavy rainfall event totals indicated a possible relationship
since theNeutral year BI values wereweakest when compared
to the relevant sample from [17], and the higher standard
deviation likely reflects the small sample size and the fact
these occurred in all seasons. One heavy rain-blocking event
was identified as an anomaly (4 January 2004 event) which
was the strongest event in the study (i.e., a BI value of 4.52
compared to the Neutral-ENSO blocking event BI average of
2.53). However, this event was a winter season event.

Through evaluating the statistical results above, it is
evident that block intensity may not be a reliable parameter
for use in medium-range forecasting. The fact that a smaller
BI value during Neutral years correlated with smaller heavy
rainfall totals indicated that there may be a connection
between these variables as found for seasonal precipitation
and blocking [14, 15]. In order to ascertain whether there
is a correlation between block intensities, it is imperative to
study many more events in this (and other regions to further
expand these findings) for this parameter to bemore valuable
in operational forecasting.

When examining the BD parameter, the duration of El
Nino and La Nina year blocking events associated with heavy
rain persisted longer than their climatological counterparts,
while the Neutral year blocking events persistence of eight
days is similar to Pacific Region block persistence [17]
(Table 2). The BS parameter demonstrated that the Neutral
year events were larger than the La Nina and El Nino
year events, which were of similar size. Thus, the lack of a
relationship here is not surprising. Also, recall that the lowest
mean value for heavy rainfall events was associated with
Neutral year events. However, this inverse relationship is not
statistically significant.

During Neutral years, the lowest average event rainfall
totals correlating with the lowest BD values was surprising
since three of the five events had a tropical origin. Since
tropical cyclones (TCs) are often steered by large-scale
deep-layer atmospheric flow, TCs are sensitive to upstream
blocking events ([13, 26, 27]). TCs positioned near blocking
events are often affected in terms of both trajectory and the
water vapor transport by TCs towards the US mainland [28].

The BOLT parameter was developed here and is similar
to the findings of [29], and the mean BOLT values for all
cases were about 5.5 days. The results for this parameter
mirrored those of BD outcome in that El Nino and La Nina
had the longest BD and BOLT and were associated with
heavier rainfall events, while the Neutral year events had the
shortest values and the lowest associated precipitation. In
order to study the BOLT parameter from a different angle, a
column plot was generated with the increasing event rainfall
totals plotted on the abscissa and the BOLT values on the
ordinate (Figure 4). Among the sixteen heavy rainfall events
that occurred concurrently with Pacific blocking events, there
was no seasonal preference for the occurrence of larger versus
smaller BOLT values.

When examining the LABO, it is important to note that,
during La Nina years, there was a stronger preference for
blocking events associated with heavy rain occurring west
of the International Dateline (180∘). For El Nino years the
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opposite was true, and for ENSO Neutral years, there was
no preference (Figures 5–7). Supplemental analysis of those
blocking events which developed across the central Pacific
Ocean (via a clustered column plot) illustrated an increasing
trend in event rainfall totals as the position of the blocking
events moved from east to west across the central Pacific
Ocean (Figure 5). A plausible explanation is that, by going
further west across the central Pacific Ocean, there was
a larger fetch over which warm, moist tropical air could
accumulate before being transported downstream ([21, 30,
31]) or from the Gulf of Mexico via the atmospheric rivers
(“Maya Express”) [32].

4. Summary and Conclusions

In this study, sixteen heavy rainfall events thatwere associated
Pacific Region blocking were studied here during the period
2000–2015. The Pacific Region blocking data were provided
by the archive at the University of Missouri, which contains
the character of all Northern Hemisphere blocking events,
which have occurred since 1 January 2000. The rainfall data
for this study were provided by the STL WFO, and the study
region was the North-Central Mississippi River Basin.
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portion of the western Pacific Ocean with event rainfall totals
(measured in millimeters) and longitudinal position (∘ west or east).

Among the various blocking parameters evaluated in this
study, there were several pertinent findings that emerged. All
La Nina years were associated with two or more blocking
events that were accompanied by heavy rainfall. This is
significant since [17] showed that only seven blocking events
per year occurred within the Pacific Ocean Basin. Such
occurrences were comparatively rare during El Nino or
Neutral years; however, some of these years were associated
withmultiple occurrences. Many researchers showed that the
Pacific Ocean Basin was more active in terms of blocking
activity [24] and references therein during La Nina years, and
this is associatedwith amore active storm track (e.g., [16, 17]).
Thus, the greater number of blocking events associated with
heavy rain in the central USA is consistent with the idea that
there are more opportunities for simultaneous occurrence of
each.

Although there was a low positive correlation that was
not statistically significant, there was a tendency for larger
BI values to be correlated with heavier rainfall event totals.
However, only El Nino year blocking events (associated with
heavy precipitation) were stronger than their comparative

sample. Also, La Nina and El Nino years tended to be
associated with longer-lived events and a longer period
between block onset and the heavy rain (BOLT). Another
major finding was found in association with the longitude
at block onset (LABO) parameter. Throughout the LABO
parameter data, there was a consistent trend defined by
blocking events forming further west in the Pacific Ocean
being correlated with heavier rainfall totals. It is hypothesized
that with the further westward positioning of blocking high
pressure systems, this favored stronger transport of warm,
moist air into the region of concern (i.e., chiefly via “Maya
Express” atmospheric rivers emanating from the Gulf of
Mexico and/or western/central Caribbean).

Finally, the results indicated that there is still much work
to be done to better understand blocking dynamics and the
connection to heavy rainfalls in the central USA. Addition-
ally, a longer study periodmight providemore insight into the
mechanisms responsible for these connections and provide
guidance for forecasters in this region.
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