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The role of initial conditions (ICs) in the simulation of severe winter storm ‘Gong’ formed over North
Atlantic is studied. The life cycle of Gong started at 1800 UTC of 16–0600 UTC of 22 January, 2013, with
CSLP of 972 hPa. The gusty wind (*33 ms1) and torrential rainfall of *90 mm d1 recorded over
several major cities of the Iberian peninsula. Five numerical experiments were performed with the WRF
model by initializing at 0600 UTC of 16, 1800 UTC of 16, 0600 UTC of 17, 1800 UTC of 17, and 0600 UTC
of 18 January, 2013. Our results suggest that significant differences are seen among the experiments,
particularly with the ICs of 0600 UTC 17 January, 2013, which represent the quick movement of Gong
with a slight underestimation of intensity. The experiment with IC 0600 UTC on 18 January, 2013
produced the best simulation as compared to the observations. The simulated track, intensity, wind Cow,
and rainfall were well agreeing with the observations. The 12-h average track errors were ranging from
95 to 332 km with 24-, 36-, 48-, 60-, and 72-h lead time. The Q-vectors of Gong with the WRF model
with 24-h lead time produced minimum errors.
Keywords. Extratropical cyclone; cyclogenesis; initial and boundary conditions; WRF model.

1. Introduction
Extratropical cyclones (ETCs) over North Atlantic
(NA) Ocean, which are mostly originated above
30N during the winter season and their frequent
landfall would have devastating eAects on the
European economy, especially when those storms
pass through the continent. In winter, the ETCs are
the major cause of hazardous weather due to the
gusty winds, rain, and snowfall cause losses of about
€3.5 billion per year across Europe (Barredo 2010).
The frequency of ETCs is expected to increase under

climate change (Leckebusch and Ulbrich 2004;
Ulbrich et al. 2009; Schwierz et al. 2010; Donat et al.
2011). The tracks of ETCs are associated with the
temperature gradients between the warm (cold)
over subtropical (Polar) region (Oort 1971; Trenberth and Stepaniak 2003). The primary atmospheric energy transfer from the mid-latitudes
towards Polar regions is due to the ETCs. The socioeconomic devastation because of the rapid deepening of the ETCs clutches the second position after
the tropical cyclones because of its asymmetric
nature and has translational velocities that can vary
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greatly from tropical cyclones (Neu et al. 2013). The
damage to the ETCs mainly occured due to the high
winds, torrential rainfall and associated storm surge,
and the insurance-related losses over Central Europe (e.g., Swiss Re 2008). Low pressure at the core of
ETCs produces violent winds and torrential
precipitation distributed around the center and
thus, categorized as wind and precipitation storms
(Karremann et al. 2016).
Recently, severe winter storms such as Kyrill
(Fink et al. 2009), Klaus (Liberato et al. 2011),
Xynthia (Liberato et al. 2013), Gong (Liberato
2014), and Stephanie (Ferreira et al. 2014) are
mostly windstorms and significantly aAected the
Iberian peninsula. Every year, storms over midlatitude of the NA Ocean cause enormous damage.
Typically, the ETCs are cold-core systems that
occurred above 30oN over the NA Ocean and
intensify under favourable atmospheric conditions
such as north–south tropospheric temperature
gradient and very strong upper tropospheric jet
stream (Wernli et al. 2002; Wernli and Schwierz
2006). Changes in the storm tracks associated with
the North Atlantic Oscillation/Atlantic Oscillation
(NAO/AO) are the leading mode of atmospheric
variability in the North Atlantic basin (Marshall
et al. 2001) that inCuence significantly the sea
surface temperature and precipitation variability
(Bader et al. 2011). Cohen et al. (2014) documented that the positive phase of NAO/AO causes
the poleward shift of the storm tracks in winters
and is predominately mild across northern Eurasia
and the eastern United States, but cold in the
Arctic. On the other hand, when the NAO/AO is in
its negative phase, the storm tracks shift towards
the equator and associated winters are severe
across northern Eurasia.
Shapiro et al. (1999) recognized that ETCs are
the planetary scale such as tropopause folding, jet
stream, upper-level high potential vorticity, and
low-level baroclinic instability, inCuences the life
cycles of ETCs. Pinto et al. (2009) suggested that
the favourable conditions to form ETCs are associated with the positive phases of the NAO. The
cold oceans provide the energy to the atmosphere
in the form of latent and sensible heat Cuxes, under
favourable atmospheric thermo-dynamical conditions, and associated low-level convergence, contributing to the intensiBcation of a surface low into
a cyclonic storm. Sanders and Gyakum (1980)
deBned an explosively developing ETC as a severe
tropical cyclone, which had the central sea level
pressure (CSLP) decrease normalized up to 24 hPa
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in a day (24-h). Likewise, the storm Gong was an
explosive storm formed over the NA Ocean associated with strong jets and considered in the present study. As the intensiBcation and movement of
the ETCs depend on the prevailing atmospheric
conditions and this information could be disseminated to the public and policymakers with a lead
time of 48 h (2 days in advance) to enable them to
implement the mitigation measures eAectively.
Mullen and Baumhefner (1989) also revealed the
importance of the uncertainty in ICs on the
explosive storm intensity forecast. The accuracy of
boundary conditions is important as the atmospheric waves and disturbances generated at the
boundary can rapidly propagate throughout the
model domain and swamp the model forecast.
Thus, the present study addresses the model performance on the real-time simulation of ETC
‘Gong’ with different start times using a dynamical
mesoscale model.
A state-of-the-art non-hydrostatic mesoscale
model, Advanced Research Weather Research and
Forecasting (WRF) chosen for this study, is capable of real-time simulations/forecasts of extreme
weather events such as cyclones, heavy rainfall
events, etc. (Skamarock et al. 2008; Powers et al.
2017). Ferreira et al. (2016) used WRF model for
the simulation of three severe winter storms such
as Klaus, Gong, and Stephanie, and investigated
the role of atmospheric water vapour on the
intensiBcation of these storms. Pradhan et al.
(2018) used the WRF model to study the sensitivity to different cumulus convective parameterization schemes in simulating the movement and
intensiBcation of Xynthia and Gong. The results
showed that BMJ convective scheme is suitable for
winter storms over NA. Moreover, University of
Washington moist turbulence (UWMT) PBL
scheme (Bretherton and Park 2009) has the
potential skill to simulate the track and intensity
better than Yonsei University (YSU) and QuasiNormal Scale Elimination (QNSE) PBL schemes
with 48-h lead time (Pradhan et al. 2019).
Charney (1947) and Eady (1949) documented
that in mid-latitudes, the baroclinic instability has
been accepted as the major source of synoptic-scale
disturbances. In short-range forecasts of synoptic
systems, linear growth errors arise due to initial
conditions and model dynamics (Leith 1978; Lorenz 1982) and so, included an additional quadratic
term to account for saturation of initial conditions
for error in longer forecasts (Dalcher and Kalnay
1987). Majewski (1997) documented that the
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forecast skill of the model is inCuenced by the
large-scale Cow advocated from the boundary
condition. The significance of initial and boundary
conditions for the study of moisture processes of
synoptic systems associated with cyclones and
southwest monsoon over the tropical region was
studied using WRF model (Bhaskar Rao et al.
2010; Mohanty et al. 2010; Krishnamurti et al.
2011; Hari Prasad et al. 2011, 2017; Srinivas et al.
2016; Raju et al. 2019), whereas very limited
studies were found over mid-latitudes. The storm
track is a major concern as it is associated with
damaging winds and heavy precipitation during
the ETCs approaching Western Europe along the
North Atlantic. A particular problem in forecasting
these cyclones is that severe hazardous weather
arises from the mesoscale structures such as fronts
and bands of strong winds (Vaughan et al. 2015).
Moreover, in the mid-latitudes, the largest forecast
errors are known to develop in the storm track
regions and are understood with the help of quasi
geostrophic dynamics (Zagar
2017).
Our study quantiBes the impacts of the uncertainty of WRF model that arise from the initial and
lateral boundary conditions over the extratropical
region. Thus, ICs experiments may have a noteworthy impact on the simulation of winter storms
over the mid-latitudes of North Atlantic. Further,
we also discuss the impact of ICs on the rapid
intensiBcation and landfall of Gong. The paper is
organized as follows: Section 2 describes the synoptic features of the Gong using UK Met ODce
surface charts and ERA-interim data. The details
and conBguration of the model are given in section 3. The results are described in section 4, and
section 5 summarizes the main Bndings.
2. Evolutionary of storm ‘Gong’
Gong is a very severe cyclonic winter storm formed
in the mid-latitudes of North Atlantic on 16 January, 2013 and had a life cycle of 6 days starting
from 16 to 21 January, 2013 (Miranda et al. 2014).
The CSLP of 972 hPa and maximum wind speed
27 ms1 reported from UK Met ODce surface
charts, and Instituto Portugu^
es do Mare da
Atmosfera (IPMA 2013), respectively. The synoptic conditions indicated a well-marked low-pressure
system at 1800 UTC 16 January, 2013 (Bgure 1)
over the western North Atlantic Ocean reasonably
close to Island of Newfoundland (centered at
40.5oN and 68.0oW), moved gradually eastward
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and intensiBed as depression (CSLP of 1000 hPa)
at 0600 UTC 18 January, 2013 and located at
42.0oN; 30.0oW. It further moved eastward and
intensiBed into a very severe cyclonic storm (CSLP
of 972 hPa) at 0060 UTC 19 January, 2013 and
located near the coast of Portugal (Bgure 1c). Six
hours later, Gong made the Brst landfall over the
coast of northern Portugal around 42.25oN;
9.75oW, and the wind speed reached *33 ms1.
On this day, most parts of Portugal received
enormous (up to *90 mmd1) rainfall and registered wind gusts of 29 and 32.3 ms1 over Lisbon
and Porto (Trachte et al. 2014; Liberato 2014),
respectively (Pradhan et al. 2019). The storm
moved very slowly after the landfall and with
decreased intensity during 1800 UTC of 19 January, 2013 (Bgure 1d), then moved eastward, and
weakened into a depression over France.

3. Experiment design and methods
WRFv3.7.1 (Skamarock et al. 2008) is a fully
compressible and non-hydrostatic model developed
by the National Center for Atmospheric Research
(NCAR) used in the present study. The model
designed with the terrain-following vertical coordinate, Arakawa C-grid staggering in the horizontal and third-order Runge–Kutta time integration
method. The model has several options for spatial
discretization, diffusion, nesting, and lateral
boundary conditions besides the number of physical parameterization schemes. The prognostic
variables include the three-dimensional wind, perturbation quantities of pressure, potential temperature, geopotential, surface pressure, turbulent
kinetic energy, and scalars (water vapour mixing
ratio, cloud water, etc.).
In this study, the model was conBgured with two
interactive nested domains of 25 km resolution
(188 9 134 grids) and 8.333 km resolution
(250 9 220 grids) covering the entire Northeast
Atlantic and Iberian region (Bgure 2). The outermost domain (d01) was designed to cover most of
the North Atlantic Ocean (73.58W–35.5E;
16–68N) to include the cyclogenesis of the storms
and reducing spurious boundary eAects in the inner
region (d02) which was centered over Iberia
(30.8W–17.8E; 28–58N). The main physical
parameterizations were common to all experiments
and used for both domains. These include the
planetary boundary layer scheme of University
of Washington Moist Turbulence (UWMT:
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Figure 1. Mean sea level pressure charts (red MSLP; hPa) for Gong at (a) genesis valid on 06 UTC January 18, 2013,
(b) cyclogenesis valid on 18 UTC January 18, 2013, (c) explosive cyclogenesis valid on 06 UTC January 19, 2013, and
(d) cyclolysis stages valid on 18 UTC January 19, 2013 from UK Met ODce (http://www1.wetter3.de/archiv˙ukmet˙en.html).

Bretherton and Park 2009), WSM6 cloud microphysics scheme (Hong and Lim 2006), the Rapid
Radiative Transfer Model (RRTM) longwave
radiation scheme (Mlawer et al. 1997), the New
Goddard Short wave scheme (Chou and Suarez
1999), and the Noah Land-Surface Model (Chen
and Dudhia 2001). For Gong, Betts–Miller–Janjic
convection parameterization scheme (BMJ; Betts
1986; Betts and Miller 1986; Janjic 1990, 1994,
2000) used for IC experiments. The details of
physical parameterization schemes are presented in
table 1.
The simulation experiments are conducted using
the National Centers for Environmental Prediction
(NCEP) Bnal analysis (FNL) and the NCEP Global Forecast System (GFS) forecasts available at
1 9 1 degree spatial grid resolution (https://
rda.ucar.edu/datasets/ds083.2) at 6-h interval in
near real-time. Five numerical experiments were
performed by changing the initial and time-varying
boundary conditions for the large-scale atmospheric Belds such as sea surface temperature

(SST), soil parameters (soil water, moisture, and
temperature). All simulations are ending at 0600
UTC 22 January, 2013 (table 2).
4. Analysis of Gong features and its
sensitivity to the initial conditions
4.1 Track and landfall
The simulated trajectory of the cyclonic storm
‘Gong’ at 6-h intervals are derived from different
ICs experiments and compared with the best track
estimates of the Gong corresponding position from
the ERA-interim reanalysis (Bgure 3). Mid-Latitude Storm Diagnostics (IMILAST) is the Brst
comprehensive assessment focussing on different
methods to identify as well as tracking algorithms
for mid-latitude storms as discussed in Neu et al.
(2013). Followed by Trigo (2006) methodology, the
movements of Gong are identiBed sequentially at
every 6-h interval during the simulation period
(table 2). In Bgure 3, the position of the initial
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Figure 2. WRF model domains with resolutions at 25 km (d01) and 8.333 km (d02).
Table 1. Summary of the ICs experiments with ARW–WRF model used in this study.
Model features
Version
Horizontal resolution
Vertical levels
Topography
Dynamics
Time integration
Time steps
Horizontal grid distribution
Spatial differencing scheme
Physics
Radiation scheme
Surface layer
Land surface parameterization
PBL parameterization scheme
Cumulus parameterization scheme
Cloud microphysics
Initial and boundary conditions

cyclonic vortex is not identical because these
numerical simulations are performed with different
ICs. The estimated best track derived from ERAInterim reanalysis shows the Gong originally located Newfoundland (at around 40.5oN; 69.0oW)
which is very far from the Iberian peninsula and
gradually moved eastward direction towards the
Iberian peninsula, and made the Brst landfall over
Northern Portugal region on 0600 UTC 19 January, 2013. The surface charts of UK Met ODce

Non-hydrostatic
3.7.1
25 km, 8.333 km
42
USGS
3rd order Runga–Kutta
30 s
Arakawa C-grid
6th order centred differencing
New Goddard for short wave radiation/RRTM
long wave radiation
Monin–Obukhov similarity theory
Noah Land-Surface Model
University of Washington Moist Turbulence
(UWMT)
Betts–Miller–Janjic (BMJ)
WSM6
NCEP FNL (1 9 1)

show (Bgure 1c) the storm is with CSLP of 973 hPa
at explosive cyclogenesis stage and is associated
with sting jet (Schultz and Browning 2017). From
the beginning, Gong movements from various
experiments are coinciding with ERA-Interim
reanalysis, but the track center positions are
mostly shown on the northern side of the storm.
The vector displacement errors (VDE; km) are
computed using the equation as discussed by
Pradhan et al. (2019) and the values are shown in
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Table 2. Sensitive experiments using different types of initial and boundary condition for Gong storm over the North Atlantic
Ocean.
Name and life cycle of
extratropical cyclone
Gong 1800 UTC of 16–0600
UTC 22 January, 2013

Explosive
cyclogenesis stage
0600 UTC of 19
January, 2013

Initial condition (IC) used for WRF
model experiments
0600 UTC 16 January, 2013
1800 UTC 16 January, 2013
0600 UTC 17 January, 2013
1800 UTC 17 January, 2013
0600 UTC 18 January, 2013

Duration of the experiments
0600 UTC 16–0600
January, 2013
1800 UTC 16–0600
January, 2013
0600 UTC 17–0600
January, 2013
1800 UTC 17–0600
January, 2013
0600 UTC 18–0600
January, 2013

UTC 22
UTC 22
UTC 22
UTC 22
UTC 22

Figure 3. The WRF model simulated tracks of Gong with different initial conditions along with the ERA-Interim best track data
derived at 6-hourly intervals from 18 UTC 16 to 06 UTC 22 January, 2013.

table 3. The VDEs gradually increased from the
initial time among various experiments. At the
intensiBcation stage of Gong, the 72- and 60-h lead
simulations (IC of 0600 UTC 16 January and 1800
UTC 16 January) showing maximum errors of 590
and 506 km, respectively. These errors are arising
because of the faster movement of the Gong ultimately arises due to the descending of stronger
sting jet, significantly responsible for dry air
intrusion (Browning 1997) and responsible for the
development of cyclogenesis towards the surface.
However, the 48-h lead time simulation (IC of 0600
UTC 17 January) shows reduced errors than the
simulations with 60- and 72-h lead time.
4.2 Mean synoptic conditions
4.2.1 MSLP and 10-m wind
The rapidly deepening of Gong was known to cause
damaging wind due to landfall over the Iberian
peninsula. Thus, it is important to understand the

precise location and intensity corresponding to the
surface meteorological variables. The surface
parameters such as mean sea level pressure
(MSLP), 10 m wind, and rainfall are discussed in
this section. The horizontal distributions of MSLP
(hPa) are considerably close (Bgure 4) with dense
isobars (974 hPa) persisted along the North
Atlantic Ocean, particularly the west coast of
Iberian peninsula, slightly eastward captured in
ERA-Interim reanalysis (Bgure 4f). The location of
CSLP from IC experiments of 0600 UTC 16, 1800
UTC 16, and 0600 UTC 17 January show less
intensity as compared to the experiments with ICs
1800 UTC 17 and 0600 UTC 18 January, 2013.
Serrano et al. (1999) documented in mid-latitude,
the rainfall distributions associated with the synoptic-scale system, which is a very complicated
variable and has large-scale impact on society.
However, during winter season, rainfall is mainly
related to baroclinic synoptic-scale perturbations
generated near the polar jet stream and moving
eastward from the North Atlantic Ocean.
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Table 3. Vector displacement error (km) of Gong sensitive to the initial and boundary condition
experiments derived at 25 km resolutions.
Vector displacement errors (km) from different experiments

Time
(UTC)

IC:0600z16

IC:1800z16

IC:0600z17

IC:1800z17

IC:0600z18

1800z16
0000z17
0600z17
1200z17
1800z17
0000z18
0600z18
1200z18
1800z18
0000z19
0600z19
1200z19
1800z19
0000z20
0600z20
1200z20
1800z20
0000z21
0600z21

120.45
135.51
172.25
233.79
593.86
684.64
473.25
454.51
510.2
575.73
560.57
366.44
515.51
722.35
844.76
627.43
257.23
484.32
587.5

140
180.1
73.48
40.31
39.43
52.19
101.81
151.97
246.75
224.76
506.12
272.11
285.42
428.22
636.8
530.04
285.9
245.53
138.82

39.97
43.29
45.38
31.31
32.04
54.48
129.46
113.14
207.55
345.43
269.18
264.05
358.24
271.24
130.31
102.64
87.91

39.45
31.91
33.58
52.64
86.57
42.21
115.74
159.13
92.2
173.66
267.35
136.43
297.07
215.06
354.66

67.44
118.46
51.69
94.11
40.13
118.64
136.46
138.34
146.56
128.09
305.1
236.56
331.92

The simulated wind Cow pattern at 10-m height
represents (Bgure 5) the intensiBed winds over the
northwest sector of the close isobars (Bgure 4) following with the minimum CSLP. In particular,
72-h lead simulation show dense cold wind Cow
pattern coming from the polar region in north-west
direction with the magnitude of 20 ms1 located in
between 38.0oN and 15.0oW (Bgure 5a), whereas
ERA-Interim showed more intense wind speed
(maximum 27 ms1) close to Portugal coast at
42.0oN and 10.5oW. The maximum wind speed of
24 ms1 simulated from ICs 1800 UTC 16, 06 UTC
17, and 18 UTC 17 experiments (Bgure 5b–d) and
locations substantially deviated compared to ERAInterim reanalysis (Bgure 5f). The IC of 06 UTC 18
experiment, simulate wind speed of maximum
27 ms1 are significantly well captured (Bgure 5e)
compared to ERA-Interim reanalysis (Bgure 5f).
However, to quantify the intensity error, mean
absolute error (MAE) and RMSE for CSLP and
10-m wind speed for these simulations show
(table 4) that 48-, 36- and 24-h lead less error as
compared to 72- and 60-h lead simulations. These
results show that the Gong is accurately simulated
by WRF 24 h in advance, showing the sensitivity
of ICs. The lesser lead time can end-up with better
forecast as the models depend on the ICs. For a

longer lead time, the models become independent
of the ICs and inCuenced by boundary conditions.
The location and structure can be observed more
accurately during the explosive stage of Gong
storm. For a longer lead time, the models become
independent of the ICs and only controlled by the
boundary conditions (Hari Prasad et al. 2017).
4.2.2 Rainfall
The merged analysis of Tropical Rainfall Measuring Mission (TRMM, Acker and Leptoukh 2007)
shows that the 24-h accumulated rainfall over the
Iberian peninsula associated with Gong (Bgure 6),
during the explosive cyclogenesis stage made
landfall at 0600 UTC of 19 January caused widespread rainfall over the Iberian peninsula and
adjoining regions. The enhancement of SST gradient between 40 and 50N in the central Atlantic
and associated warming enhance the baroclinicity
favouring the formation of storms (Bengtsson et al.
2009). Overall, WRF model is capable of simulating the rainfall distribution well 72-h in advance,
which is agreeing with the TRMM satellite image
in Bgure 6(f). It is noteworthy that the 72- and 60-h
lead time simulations are unable to capture the
same intensity of rainfall (80 mmd1) over the land
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Figure 4. Model simulated mean sea level pressure (hPa; contour) (a) 72-, (b) 60-, (c) 48-, (d) 36-, (e) 24-h lead simulations
derived from WRF model, and (f) derived from ERA-Interim reanalysis valid on 0600 UTC 19 January, 2013 (model and ERAInterim plotted at 25 km resolutions).

region of the Iberian peninsula as represented in
Bgure 6(a and b). The accumulated rainfall derived
from 48-h lead simulations of the IC of 0600 UTC
17 January, 2013 shows heavy rainfall over northern Portugal virtually closed to Porto and a maximum of 70 mmd1 is fairly captured as shown in
Bgure 6(c). The 36- and 24-h lead simulations from
the ICs of 1800 UTC 17 and 0600 UTC 18 January,
2013 represent that the rainfall pattern agrees with
the TRMM rainfall. Interestingly, before landfall of
Gong, 36- and 24-h lead simulations valid on 0600
UTC 19 January, 2013 showed significantly heavy
rainfall within a smaller region of northern Portugal accumulated 80 mmd1, which caused severe
damage (Liberato 2014). During the movement of
Gong, wide-spread rainfall over the land region is
occurred due to the continuous supply of moisture
from the North Atlantic Ocean and follows the
observed track, well captured by WRF model.
For quantitative veriBcation of station, rainfalls
recorded at different surface stations over the
Iberian peninsula are considered and validated
with WRF model outputs for corresponding stations. E-OBS rainfall (Haylock et al. 2008; van den
Besselaar et al. 2011) obtained from 20 selected
stations of the Iberian peninsula are considered for
validation and presented in table 5. According to
the E-OBS station rainfall observations, 112

mmd1 (Braga) and 60 mmd1 (La Corana) rainfall were reported on the landfall day (table 5). The
torrential rainfall was mostly associated with the
changes of intensity in terms of the lowest value of
CSLP and wind speed of Gong may alter moisture
transport in the different regions of the Iberian
peninsula. Therefore, the CSLP at different stations over the Iberian peninsula is derived from
ERA-Interim reanalysis (Dee et al. 2011) compared
to the IC experiments. The ERA-interim reanalysis
and respective IC experiments are considered and
depicted in Bgure 7. Figure 7 shows the simulated
MSLP from six major stations during the explosive
stage of Gong valid at 0600 UTC January 19, 2013,
are in close agreement with ERA-interim reanalysis. However, the simulated intensity in terms of
CSLP observed over a particular station is agreeing
with IC experiments. Over Braga (Bgure 7a), Lisboa (Bgure 7c), and Porto (Bgure 7e), MSLP from
36-h and 24-h lead time simulations are closely
agreeing with the ERA-Interim reanalysis. Similarly, the maximum rainfall distributions over
these stations (table 5) are following the lowest
value of MSLP. After the landfall of Gong, the
E-OBS reported maximum rainfall reaches up to
112 and 60 mmd1 over Braga and La Corana
stations, respectively, whereas 48-, 36- and 24-h
lead time simulations could show the same, but
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Figure 5. Same as Bgure 4, but for wind speed (ms1; shaded) and direction valid on 0600 UTC 19 January, 2013.

Table 4. Mean absolute error (MAE) for MSLP (hPa) and RMSE for wind at 10 m (ms1) of explosive cyclogenesis stage of Gong
valid on 06 UTC 19 January 2013 derived 72-, 60-, 48-, 36-, and 24-h IC experiments.

Experiments
MSLP (hPa)
RMSE (ms1)

72 h
(IC: 0600 UTC
16 January 2013)

60 h
(IC: 1800 UTC
16 January 2013)

48 h
(IC: 0600 UTC
17 January 2013)

36 h
(IC: 1800 UTC
17 January 2013)

24 h
(IC: 0600 UTC
18 January 2013)

5.333
7.339

4.000
5.739

1.333
4.282

0.333
0.651

0.667
0.197

rainfall ranging from 89 to 111 mmd1 were
captured by the model. Moreover, 72- and 60-h
lead time, unable to simulate even 50% of the
observed rainfall may be due to the reduced quality
of ICs. Moreover, 48-, 36- and 24-h lead time simulations are consistent at La Corana station and
close towards the E-OBS value. Our analysis
indicated that the model predicted rainfall associated with Gong depends on the initial conditions of
the model.
4.2.3 Wind, theta and geopotential height
at 850 hPa
To understand the synoptic features of Gong, it is
important to analyze the mean wind Cow at

850 hPa that particularly aAects the coastal
regions. The wind and temperature Belds are
prognostic variables mostly significant and sensitive that roots for the damage during landfall. The
stirring winds also contribute to another high-impact phenomenon, such as extreme waves and
storm surges along the coast during the landfall of
any cyclonic storm (Wang et al. 2009). Figure 8
shows the composites of three important meteorological parameters such as wind (ms1), equivalent
potential temperature (theta; K), and geopotential
height Beld (GPH; m) at 850 hPa level (*1.5 km)
height. Beyond 1.5 km, the atmospheric boundary
layer could not show any significant impact on the
wind and temperature Beld in IC experiments.
Therefore, 850 hPa horizontal distributions of
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Figure 6. 24-h accumulated rainfall (mmd1) associated with Gong at (a) 72-, (b) 60-, (c) 48-, (d) 36-, (e) 24-h lead WRF
model simulations, and (f) observed rainfall derived from TRMM (3b42) merged satellite products valid on 0600 UTC 19
January, 2013 at 25 km resolutions.
Table 5. Comparison of E-OBS and WRF model (d02) simulated rainfall (mmd1) over different stations of Iberian Peninsula
valid at 06 UTC 19 January 2013 derived 72-, 60-, 48-, 36- and 24-h IC experiments.
Stations
Lisbon
Porto
Braga
Vila Real
Coimbra
Bragancßa
Viseu
Fatima
Madrid
La Corona
Santandar
Zamora
Evora
Bilbao
Barcilona
Sevilla
Velencia
Toledo
Vila Novade
Gijon
Soria

Lat (N)
38.72
41.16
41.55
41.30
40.20
41.81
40.66
39.62
40.42
43.36
43.46
41.30
38.34
43.26
41.39
37.25
39.29
39.53
41.12
43.32
41.46

Lon (W)
9.14
8.63
8.43
7.74
8.41
6.76
7.91
8.65
3.70
8.41
3.81
5.45
7.54
2.94
2.17E
5.54
0.23
4.03
8.62
5.39
2.28

E-OBS

0600Z 16

1800Z 16

0600Z 17

1800Z 17

0600Z 18

17.1
76.5
112.6
50.9
47.6
52.1
50.2
41.1
5.5
60.8
20.7
11.5
10.5
22.5
1.4
12.6
1.1
10.2
11.5
46.1
5.7

17.7
20.1
36.1
20.6
43.6
13.1
43.6
33.7
32.9
7.2
7.4
17.3
10.5
7.9
2.8
16.0
0.3
22.4
17.3
9.0
19.9

27.4
27.0
44.2
16.7
26.6
16.5
26.6
43.1
22.1
8.2
4.6
5.0
20.6
13.4
3.1
29.7
2.0
30.6
5.0
13.9
11.7

28.3
39.0
89.2
54.7
73.7
28.2
73.7
37.2
8.6
28.0
13.4
37.6
17.8
19.2
1.4
7.6
1.5
23.1
37.6
21.0
29.6

19.5
42.2
115.9
84.1
66.7
57.4
66.7
28.6
5.8
58.2
14.9
27.8
30.3
26.6
1.8
28.0
1.0
15.1
27.8
68.8
13.2

21.1
41.3
101.8
93.3
66.3
61.8
66.3
29.0
6.4
38.2
18.8
24.8
18.3
20.4
2.3
5.6
2.2
6.2
24.8
33.8
6.3

wind and theta are considered to distinguish the air
masses and identify the cold and warm front of the
Gong. The 850-hPa wind Cows are significantly

related to the lowest value of GPH. The maximum
strength of wind speed is shown as a deBnitive
response to the presence of the lowest GPH of
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Figure 7. MSLP (hPa) at different stations over Iberian peninsula (a) Braga, (b) Barcelona, (c) Lisboa, (d) Madrid, (e) Porto,
and (f) Sevilla during cyclogenesis and landfall time derived from ERA Interim reanalysis and WRF model experiments valid on
0600 UTC 19 January, 2013.

1100 m follows cyclonic circulation along the coast
of the Portugal region (Bgure 8). The 72-h lead
simulation shows the magnitude of the strongest
850-hPa Cow (25 ms1) captured far from the
Portugal coast, slightly deviated from the position
of Gong as represented by UK Met ODce surface
charts (Bgure 1c). The important aspects of 72-h
lead simulation of GPH have shown that the size of
storm and organization lies in between the latitude
of 35o and 45oN in Bgure 8(a). Moreover, 60- and
48-h lead time simulations also have shown similar
structures (Bgure 8b and c). Additionally, a comparison between 24- and 36-h lead time simulations
suggest that most of the wind Cow patterns are
towards the northwest direction (with a magnitude
of 35 ms1) that comes from the polar region
(Bgure 8d, e). The 36- and 24-h lead time

simulations show maximum wind speed of 36 ms1
around 41oN and 9oW, whereas the wind speed is
32 ms1 captured in 72- and 60-h lead time simulation located between 16o and 12oW. Correspondingly, the maximum wind speed surrounded
with minimum GPH particularly the lowest value
of 1100 m is simulated by a 24-h lead time experiment (Bgure 8e) and well agrees with ERA-Interim reanalysis (Bgure 8f). The lowest GPH
distributions consistent with the maximum equivalent potential temperature (294 K) due to strong
temperature contrasts in baroclinic conditions
(Boutle et al. 2011) are simulated in IC experiments. However, the position of mean wind Cow
patterns at 850 hPa level is more realistic in 48-,
36- and 24-h lead time simulations and Bnely
agreeing with ERA-Interim (Bgure 8f) reanalysis.
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Figure 8. Equivalent potential temperature (K; shaded), wind Cow (ms1) and geopotential height (m; counters) at 850 hPa
level derived from (a) 72-, (b) 60-, (c) 48-, (d) 36-, (e) 24-h lead WRF model experiments valid on 0600 UTC 19 January, 2013,
and (f) ERA-Interim reanalysis at 25 km resolution.

4.2.4 Wind at 300 hPa level
The 300 hPa wind intensity is the jet stream
location that regulates the synoptic-scale environment of any cyclonic storms at the lower level.
Noticeable differences in the location of the maximum wind speed of jet stream are noticed among
IC experiments. The location and strength of sting
jet (Hewson and Neu 2015) at 300 hPa level relative to the Gong is evident amongst the coastal
region of Portugal. The IC experiments simulate
the core of the sting jet approximately in the range
of 40–70 ms1 and are well matching with the
ERA-Interim reanalysis (Bgure 9a–f). The 72-h
lead time simulation showed the maximum wind
speed of 60 ms1 at the center of the sting jet
located in the oceanic region (Bgure 9a), which is
*1000 km far from the western side of the Iberian
peninsula. The 60-, 48- and 36-h lead time simulations showed the location of sting jet comparatively close to the coast of the Iberian peninsula
(Bgure 9b–d) with slightly lower intensity than
ERA-Interim reanalysis (Bgure 9f). The 24-h lead
time simulation showed a maximum wind speed of
70 ms1 in between the longitude of 20o and 15oW
(Bgure 9e) precisely matching with the ERAInterim (Bgure 9f).

The observed vertical proBle of wind speed
archived from UNISYS upper air radiosonde data
(http://weather.unisys.com/) used to compare
with the simulations from various ICs are illustrated in Bgure 10. To understand the sensitivity of
ICs, the wind speed at Lisbon station (38.76oN;
9.13oW) is analysed objectively 6 h in advance of
the explosive cyclogenesis stage of the Gong storm
valid at 1200 UTC 19 January, 2013 due to availability of the upper air data. The 24-h lead simulation showed a maximum wind speed of 41.5 ms1
over the upper-tropospheric region at 300 hPa level
that is slightly overestimated than the observations (UNISYS). Moreover, the wind speeds above
500 hPa level in 60- and 48-h lead simulations are
well agreeing with the observation.
4.3 Cyclogenesis rate
The rapid development of ETC during winter is
called explosive cyclogenesis, often associated with
surface pressure falls by more than about 24 hPa
per day as discussed in Sanders and Gyakum
(1980). An explosively developing storm may disappear within 24 h after the initial appearance,
hence 12-h MSLP variability is essential to consider for Bnding the most deepening stage of the
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Figure 9. Wind Cow pattern (ms1) at 300 hPa level for Gong (a) 72-, (b) 60-, (c) 48-, (d) 36-, (e) 24-h lead simulations derived
from WRF experiments valid on 0600 UTC 19 January, 2013 at 25 km resolutions (shading depicts wind speeds [20 ms1).

Gong (Yoshida and Asuma 2004). Fu et al. (2014)
reported that the maximum deepening rates were
calculated by assuming the changes of pressure
found in 12-h intervals instead of 24 h. The
explosive cyclogenesis of Gong is calculated by
using equation (1).
Cyclone deepening rate
#

"
pðt  12Þ  pðt þ 12Þ
sin 60
¼
24
sin hðt12Þþhðtþ12Þ
2

ð1Þ
where t is the analyzed time in hours, p is the
central sea level pressure (hPa) and h is the
latitudinal position of the cyclone center.
The deepening rate of the Gong is computed by
equation (1) for different lead time simulations at
12-h intervals during simulation periods. The time
series of deepening rates (Bergeron) of the simulations from Bve IC experiments along with ERAInterim reanalysis is represented in Bgure 11. The
evolutions of the deepening rates from the different
WRF experiments indicate that with the initial
condition of 0600 UTC 18 January produced the
lowest value of cyclogenesis rate up to –110 Bergeron after 24 h of model integration. Moreover, the
72-h lead time simulation from 0600 UTC 16 January IC produces the highest cyclogenesis rate,

whereas other experiments (1800 UTC 16 January,
0600 UTC 17 January and 1800 UTC 17 January,
2013) show intermediate deepening values. The
time series showed that the ERA-Interim has a
sudden pressure drop started during the 24-h
intensiBcation (from 0600 UTC 18 to 0600 UTC 19
January, 2013), and the Gong had attained peak
intensity in between 1200 UTC 18 and 0600 UTC
19 January and gradually weakened thereafter.
Overall, these experiments with ICs of 0600 UTC
17 January and 1800 UTC 17 January are also able
to present the similar characteristics as of ERAInterim reanalysis, but successively lower CSLP
and enormous pressure drop.
4.4 Dynamical mechanism for cyclogenesis
In this section, an attempt has been made to
understand the dynamical mechanisms which are
responsible for the surface cyclogenesis associated
with vertical motion. Wiesmueller and Brady (1993)
suggested that quasi-geostrophic diagnostic Beld
divergence (Q-vector) is one of the most significant
parameters that would be used to access the vertical
motion and that can be interconnected to the rainfall
distributions. Hoskins et al. (1978) documented that
convergence of the Q-vector identiBes regions of
quasi-geostrophic forcing for ascending motion. A
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Figure 10. Vertical proBle of wind speed (ms1) at Lisbon station (37.8oN; 9.8oW) valid on 1200 UTC of 19 January, 2013
derived from observation (black line) and ICs experiments.

Figure 11. WRF model simulated deepening rate of Gong calculated from different ICs experiments and ERA Interim reanalysis
derived in 12-h intervals valid on 1800 UTC 16 to 0600 UTC 22 January, 2013.

Q-vector Beld signiBes complete and meaningful
solution for the direction of vertical motion, either
southerly Cow with warm advection induces an
upward motion, or northerly Cow with cold advection induces a downward motion. Besides, for frictionless areas, these vertical motions are forced by
the differential vorticity advection to cause the low
pressure to be stretched and vorticity around the
system gets increased (Holton 2004). The columnaveraged (700–500 hPa) Q-vectors and Q-vector
convergence demonstrate the potency of the uppertropospheric wave aAecting the lower to middle
tropospheric ascent and associated with surface
cyclogenesis (Martin and Otkin 2004). As per the
f-plane quasi-geostrophic theory, the Q vector is
deBned as:


g ov
ov
ð2Þ
 rp h;
 rp h
Q¼
h ox
oy
where h is a constant reference value of the
potential temperature, v the horizontal geostrophic

wind, rp the horizontal gradient operator on a
constant pressure surface, h the potential temperature, and g is the acceleration of gravity. The
700–500 hPa column-averaged Q-vectors and convergence over the western and eastern sectors
(Bgure 12) indicate lower to middle tropospheric
ascent associated with surface cyclogenesis. The
column average Q-vectors represented a significant development of baroclinic waves (Bgure 12).
The regions of convergence and divergence are
represented with positive and negative values of
Q-vector arise due to combined shear frontogenesis and deformation frontolysis (Clark and
Gray 2018). The positive Q-vector (25 m2 s1 kg1)
indicates large-scale subsidence of cold air from
the upper troposphere on the southwest side of
the Gong which has resemblance to close isobars
as shown in Bgure 4. However, the divergence
surrounded by ascending of warm air (–10 m2 s1
kg1) on the southwest sector of Gong and
convergence occurs surrounding the low-pressure
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system are well captured in 24 lead simulation
(Bgure 12e) and agrees with EUMETSAT
satellite image (Bgure 12f). Moreover, 72-, 60-,
48-, and 36-h lead simulations (Bgure 12a–d)
have shown lower intensity and accurate locations have deviated with satellite images
(Bgure 12f).

4.5 Vertical characteristics
The thermo-dynamical characteristics of winter
storm Gong during the landfall is very important.
The height (pressure) and longitudinal cross-sections of temperature (K), wind speed (ms1) and
vertical velocity (9 102 ms1) along an averaged

Figure 12. 700–500 hPa column-averaged Q-vector convergence (shaded: 91015 m2 s1 kg1) and Q vector wind Belds (a) 72(b) 60- (c) 48- (d) 36- (e) 24-lead derived from WRF experiments valid on 0600 UTC 19 January, 2013; Bg (f) Eumetsat/Met
oDce satellite picture valid on 0600 UTC 19 January, 2013 [Sat24.com].
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Figure 13. East–west vertical cross-section of temperature anomaly (oK) averaged between 40o N and 45o N (a) 72-, (b) 60-,
(c) 48-, (d) 36-, (e) 24-h lead derived from WRF experiments. Similarly, (f) derived ERA Interim reanalysis at 25 km resolution
valid on 0600 UTC of 19 January, 2013.

39o–45oN latitudinal belt are analysed to identify
the quality of ICs experiment in simulating the
core structures of Gong. The inner core structure of
Gong in terms of temperature anomaly during the
explosive stage depicts (Bgure 13) deep cold inner
core (\ 0oC) and warming ([ 0C), and the coldcore has been elevated up to 400 hPa level. The
cold-core with the strength of –6C is captured
with 24-h lead time simulation (Bgure 13e), which
is agreeing with the temperature pattern of ERAInterim. Even though 48- and 36-h lead time simulations (Bgure 13c and d) can represent similar as
seen in 24-h lead time experiment, substantial
warming noticed above 400 hPa level is coinciding
with the position of surface MSLP (Bgure 4).
Longitudinal height-section of relative vorticity
during cyclogenesis and landfall is presented in
Bgure 14. At 0600 UTC 19 January, 2013, the relative vorticity is significantly maximum at a longitude of 9.5oW with values 30 9 105 s1

persisted from surface to 700 hPa and also between
500 and 300 hPa are observed in the ERA-Interim
(Bgure 14f). The maximum vorticity is located
between 15o and 12oW, whereas the maximum
vorticity is represented at 9.5oW in ERA-Interim.
The close isobars aligned with the well-organized
spiral cloud band of Meteosat satellite picture valid
at 0600 UTC of 19 January, 2013 (Bgure 12f),
under the inCuence of an upper tropospheric maximum vorticity, was persisted at the west side of
Gong. Figure 15 depicts the vertical cross-section
of the vertical velocity (ms1) from different IC
experiments. The cross-section diagram of vertical
wind (Bgure 15) is very supportive of the vorticity
Beld as shown in Bgure 14. The cold-core of upward
motion has reached above 400 hPa level occasionally at the longitude of 9.5oW. The magnitudes of
the maximum updrafts are about 15 ms1 located
around 9.5oW during the cyclogenesis stage of
Gong at 0600 UTC of January 19, 2013. The
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Figure 14. Same as Bgure 12, but for relative vorticity (shaded; 9105 s1) derived from WRF experiments and ERA-Interim
reanalysis at 25 km resolution.

updrafts are surrounded by mesoscale downdrafts
with values ranging from –5 to –7.5 ms1 at the
longitude of 3oW in line with ERA-Interim.
5. Conclusions
In this study, we investigated the impact of initial
conditions (ICs) on the real-time simulation of the
mid-latitude cyclone Gong (2013) formed over the
North Atlantic Ocean. Five different experiments
were performed by initializing the Weather
Research Forecasting (WRF) model at different
stages of the Gong. We tried to understand the
dynamics of Gong from 16 to 22 January, 2013
from WRF model by comparing it with the observations. The performance of the WRF model is
sensitive to the initial conditions in capturing the
genesis, intensity, and landfall of Gong. The rapid
phase of Gong is about 24 h and then dissipated in
12 h, are well simulated by the WRF initialized at
the mature stage (lead time of 48 h) of the storm.
The main conclusions of our study are as follows:

• The WRF model could provide better prediction
in advance of 48 h with minimum errors and
producing the Gong characteristics throughout
the life cycle of Gong.
• The model attained the intense stage of Gong
between 1800 UTC 18 and 0600 UTC 19
January, 2013 is in good agreement with the
observations.
• The location and intensity of peak rainfall are
reasonably well reproduced by the model with a
minimum discrepancy.
• The WRF model has commendable skills in
simulating the Q-vectors in advance of 48 h
which is favourable for the cyclogenesis of Gong
at reasonable accuracy.
• The track errors are increased from the simulations initialized at 72-, 60-, and 48-h lead time.
The model performance on predicting the
extratropical storms are mainly depending on the
accurate representation of the storm (i.e., location,
intensity, vertical and horizontal extensions, etc.)
through the initial conditions. However, the model
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Figure 15. Same as Bgure 12, but for vertical velocity (shaded; 9102 ms1) derived from WRF experiments and ERA-Interim
reanalysis at 25 km resolution.

resolutions and domain size with sophisticated
microphysical parameterizations are necessary to
represent different physical and dynamical processes involved during the evolution of the storm
which will be considered as a future study.
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