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ABSTRACT

On early June 2007, a severe cyclone “Gonu”, formed over the south western Indian coasts, succeeded in
reaching the north eastern coasts of the Arabian Peninsula. Using the recently developed Weather Research and
Forecasting system, implemented in both assimilation and prediction modes at the United Arab Emirates Air Force
and Air Defense, and operational over the Arabian Peninsula and a large part of the Indian Ocean, numerical
experiments consisting in different warm cycling assimilations followed by short to medium range free forecasts are
conducted for the initialization and simulation of this cyclone. The assimilation is using in addition to the available
common GTS observational data, Global Positioning System Radio Occultation (GPS RO) Refractivity soundings
provided by COSMIC/DAAC, and Quick Scaterrometer (QuickSCAT) near-surface wind observations, with their
experimental high spatial resolution of 25 km, provided by the “Koninklijk Nederlands Meteorologisch Instituut”
(KNMI) . The prediction part of WRF model takes benefit of the high resolution two-way nesting technique and the
use of adequate physical parameterization dealing reasonably with such super active phenomena (Kain-Fritsch
cumulus, Lin et al. microphysics schemes, Yonsei University planetary boundary layer ). The results of the
experiments suggest that the subsequent WRF model forecasts of Gonu cyclone track and accompanying
precipitation are significantly impacted upon the initial analyses fields. QuickSCAT and GPS RO, when assimilated
using tuned background and observation error statistics, especially have a very significant impact on the quality of
these forecasts in term of the storm position and intensity.
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1. Introduction

Over the past two years, the United Arab
Emirates  invested considerable resources in
implementing local Numerical Weather Prediction
(NWP) systems. The new generation WRF system
(Skamarock et al., 2005) is implemented and used
operationally in both assimilation, with 3D-Var
technique, and prediction. Huge efforts continue to be
deployed for the installation and tuning of the
assimilation part. The difficulties of this latter, part
are inherent especially to the observational data
acquisition and pre-processing, and to the heavy tasks
of calibration and tuning of background and
observation error statistics. Despite a slight
disadvantage of U.A.E. WRF 3D-Var warm cycling
especially for surface fields due, in our opinion, to
the lack of surface analysis, the overall impact is
beneficial when compared to the cold start mode
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from the Global Forecasting System (GFS) Global
Statistical Initialization (GSI) analyses.

The conducted experiments are using version 2.2
of the WRF model and WRF 3D-Var released in late
2006. The configuration of the WRF 3D-Var system
is based on an incremental formulation producing a
multivariate incremental analysis in the WRF model
space. The minimization of the cost function is
performed in the space of preconditioned control
variables  (Stream-function, potential  velocity,
unbalanced pressure and specific humidity). Statistics
of differences between 24 h and 12 h forecasts are
used to estimate background error covariances via the
so-called NMC method (Parrish and Derber, 1992).

Recently, tropical cyclone forecast models at
high resolution have greatly improved due to major
advances in high performance computing resources,
but also to the various non conventional
observational data experimented and used nowadays
such as Tropical Cyclone Bogus data and all remote
sensed satellites and Radar data categories. Yet, the
success of simulating accurately the cyclone track
and intensity may also depend on the error statistics
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of the different sources of information and on the
accuracy of the storm location in the first guess
which is involving the ability of the forecasting
model to simulate accurately the movement of the
cyclone.

The main purpose of this study is to demonstrate
the ability of UAE WRF 3D-Var in analyzing Gonu
cyclone (June 2007) and its surrounding atmosphere,
and to assess the impact on the subsequent WRF
model forecasts of the cyclone. UAE WRF 3D-Var
analyses for Gonu cyclone initialization are tuned by
acting on Background Error Statistics (BES) and on
Observation Error Statistics (OES). Impacts of
certain techniques like multiple outer loops and First
Guess at Appropriate Time are also quantified. But
especially, the sensitivity of the cyclone track to
some relevant types of observations like GPS RO and
near-sea Scatterometer winds is demonstrated.

This paper is organized as follows: The next
section briefly describes the UAE WRF and WRF
3D-Var modeling systems. Section 2 gives a synoptic
overview of cyclone Gonu followed, in section 3, by
a detailed definition of the experimental context with
the description of the technical aspects and relevance
of each cycling experiment. Section 4 is dedicated to
the results presentation and interpretation. And
finally, the summary and conclusions are given in
section 5.

2. U.A.LE. WRF Numerical Weather Prediction
operational suite.

2.1. Brief description of the WRF and WRF 3D-Var
used in the experiments.

All the conducted experiments (described in
details below) are based on the WRF version 2.2
released on 22 December 2006. This version became
operational at the U.A.E. Meteorological Department
on late January 2007. UAE WRF model is running
operationally, since August 2006 over three two-way
multi-nested domains with increasing horizontal
resolutions of 40 km (domain d01), 13.3 km (d02)
and 4.4 km (d03), centered on United Arab Emirates
(24.5° N, 54.5° N) (Fig. 1 ). 38 hybrid sigma-pressure
levels are considered on the vertical up to 50 hPa.
The lateral boundary conditions for dO1 are taken
from the global NCEP GFS (0.5 x 0.5 degree)
forecasts, at six hours frequency, up to 5 days. Ferrier
microphysics scheme is chosen for all model
domains, whereas Kain-Fritsch cumulus
parameterization scheme is employed only for dO1
and d02. For planetary boundary layer and surface
physics, Yonsei University PBL and Noah LSM
surface schemes are respectively used. Rapid
Radiative Transfer Model (RRTM) long wave, and

MMS5 (Dudhia, 1993) shortwave radiation scheme are
used. The model is run twice a day and produces
forecasts up to 5 days with hourly post-processing

Figure 1 UAE/WRF two-way nested operational model
domains.

UAE WRF 3D-Var is still in the stage of
intensive validations. It became pre-operational since
April 2007 and tunings of its different components
are ongoing. It takes advantage of FGAT technique,
multiple outer loops, use of unconventional satellite
and Radar data, local background error statistics
computed via the NMC method, adaptive tuning
factors for the various observational data determined
using  Desroziers and Ivanov 2001, and
Hollingsworth and Lonnberg, 1986, techniques. But,
this version of WRF 3D-Var suffers from the
incapacity to assimilate raw radiances, the lack of an
initialization procedure to filter the 3D-Var analyzed
noisy fields (Wee and Kuo, 2004), and the absence of
a surface analysis.

2.2. Observational data

The set of observational data used to simulate
Gonu cyclone comprises all the available GTS data
(SYNOP, METAR, SHIP, BUOY, TEMP, PILOT,
AIREP, AMDAR, SATEM, GEO AMYV)
complemented by GPS Radio Occultation soundings
provided by the COSMIC Data Analysis and Archive
Centre (http://cosmic-io.cosmic.ucar.edu/cdaac), and
near-sea  Scatterometer  winds  (QuickSCAT)
processed in quasi real time by the KNMI Ocean and
Sea Ice Satellite Application Facility (OSI SAF) .

The raw observation error statistics originate
from NCEP but have been modified at NCAR after
comparisons against long term statistics on
innovations (Hollingsworth and Lonnberg 1986). The
high resolution Geostationary Atmospheric Motion
Vectors are provided by the METEOSAT 9 of
Eumetsat. The pre-processing of GEO AMVs is
inspired from the global data pre-processing
implemented at ECMWF (Table 1).
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Table 1 Rejection quality index threshold for the used
Geostationary Atmospheric Motion Vectors

Infra Red All available winds with Quality Index (QI)

winds larger than 85

Visible winds All winds below 700 hPa and QI larger than
70

Water Vapor All winds above 400 hPa and QI larger than
cloudy winds 85

Both CHAMP and SAC-C satellites Radio
Occultation data types are included, but only
Refractivity parameter is used. Table 2 is giving the
number of GPS soundings assimilated at each
analysis step during Gonu activity from 31 May 2007
at 0600 UTC to 07 June 2007 at 1200 UTC, and
figure 2 is showing their assembled locations for 04
June 2007. Despite their few number (~ 20 per
analysis time in the largest WRF domain), their
impact is known to be very beneficial on the quality
of the assimilation and simulation of tropical
cyclones. The specification of error statistics applied
for these data are following Kuo et al. 2005. It
depends on both altitude and latitude.
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Figure 2 Locations of the GPS RO Refractivity data used in
the 3D-Var assimilation for 04 June 2007.

Table 2 A list of the occultation refractivity observations from the CHAMP and SAC-C satellites used in the assimilation for

cyclone Gonu on 04 June 2007.

Satellite Observation time Occultation location Gonu track
CHAMP 20070603-2247 UTC 21.246°N, 51.920°E 18.5°N, 65.5°E at 0000 UTC
SAC C 20070604-0828 UTC 19.798°N, 65.766°E 19.2°N, 64.9°E at 0600 UTC
SAC C 20070604-0823 UTC 14.400°N, 66.944°E

SAC C 20070604-0844 UTC 23.904°N, 65.463°E

CHAMP 20070604-1132 UTC 15.094°N, 57.622°E 19.9°N, 64.1°E at 1200 UTC
CHAMP 20070604-1140 UTC 13.247°N, 59.723°E

SAC C 20070604-1714 UTC 24.967°N, 52.575°E 20.5°N, 63.2°E at 1800 UTC
SAC C 20070604-1726 UTC 22.540°N, 59.197°E

SAC C 20070604-1743 UTC 22.658°N, 70.190°E

SAC C 20070604-1835 UTC 24.147°N, 58.516°E

SAC C 20070604-1854 UTC 14.466°N, 57.597°E

SAC C 20070604-1856 UTC 18.502°N, 68.410°E

The Scaterrometer sea winds provided by KNMI are
different from those distributed from NASA and
NOAA products since special emphasis is put on:

- Increasing the reliability of the wind vectors by
quality control and rejection of rain-
contaminated Wind Vector Cells.

- Improving accuracy by noise reduction through
spatial averaging and meteorological filtering

- Reducing wind direction selection errors by
meteorologically-balanced ~ wind  direction
Ambiguity Removal.

The QuickSCAT data used in this study have a
spatial resolution of 25 km and their recommended
and assigned error is 2.5 m/s in speed and 5 degrees
in direction.

The observational data are sorted into 7 subsets,
around each analysis time (4 per day), corresponding
to 7 one-hour time slots, using the WRF 3D-Var
observation preprocessor (3DVAR OBSPROC). This
is a pre-requisite of the application of First Guess at
Appropriate Time (FGAT) technique (Fig 4).

2.3. Background Errors Statistics (BES)

In AFAD WRFVAR system, two options of
background error statistics (BES) for control variable
are available. For control variables in physic space,
the NCEP BES (option CV3) could be interpolated,
and for control variables in eigenvector space, the
local AFAD BES (option CVS5) were derived based
on three months lagged forecast datasets. Multiple
previous cyclone simulations using WRF 3D-Var
recommended the use of locally generated BES for
the best track assimilation and prediction (Guo et al.,
2005, Guo et al., 2006). In this study we will not



study the impact of different BES on Gonu track and
intensity; we will consider that CVS5 are better and
suitable for simulating the cyclone. However some
tuning suggested by Desroziers and Ivanov (2001)
technique will be applied for background error
variances and length scales.
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Figure 3 Locations of the QuickSCAT data used in the 3D-
Var assimilation for 04 June 2007. (Data were thinned by
3DVAR OBSPROC).

2.4. First Guess at Appropriate Time

While the standard WRFVAR only uses a short-
range forecast valid at the analysis time to compute
the innovations (observation minus background),
WRFVAR-FGAT (Lee et al., 2004) has a number of
forecasts available and selects, for each observation,
a forecast whose time is the closest to the observation
time. Theoretically, FGAT 1is better because the
innovations are computed in a consistent way and the
frequently reported observations are taken into
account in the analysis (METAR, AIREP, AMDAR,
Satellite data). The advantage is known to be
interesting when data from fast moving observation
platforms and satellites are assimilated. A priori, we
suppose that FGAT will be beneficial for our study
since thousands of high resolution QuickSCAT data
(very important for cyclone track assimilation) will
be ingested.

As it could be noticed in figure 4, the FGAT
design of the conducted experiments is performing
consecutive couples of analysis-forecast. Each
forecast is 9 hours range to cover the following
analysis window (which is 6 hours centered on the
analysis time) with background forecasts.

2.5. Experimental design

A total of six experiments were conducted to
assess the impact of the different WRF 3D-Var
ingredients. They consisted in analyzing, six hourly,
the cyclonic situation over Indian Ocean and Arabian
Peninsula from 31 May 2007 at 0600 UTC to 07 June
2007 at 1200 UTC with a warm cycling technique. A
cold start (First guess interpolated from GFS GSI
analyses) experiment is conducted and considered as
reference. Table 3 is summarizing the characteristics
of each experiment.
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Figure 3 WRF 3D-Var warm cycling using the First Guess
at Appropriate Time technique. Lateral boundary data are
provided by the Global Forecasting System (GFS)
analyses.

CNTRL is the control experiment, it uses the
whole set of available observations with assigned
tuning error factors, it takes benefit of the combined
warm cycling and FGAT techniques, but only one
outer loop is executed. ITS3 is the same as CNTRL,
but applies different scaling factors for background
error variances and length scales at each outer loop
(among a total of 3): non-linearities in the
observation operators are, then, considered, and
observations are quality controlled multiple times and
large and small scales are correctly fitted. Table 2a
and 2b give the BES tuning factors for the three outer
loops. NOERFAC is quantifying the impact of
adaptive tuning for both observation and BES on the
assimilated and predicted Gonu track. NOGPS and
NOQSCAT are assessing the sensitivity of Gonu to
the respective contributions of GPS RO and
QuickSCAT data, while NOFGAT informs about the
advantages of FGAT. COLD is using GSI analyses
as first guesses, it is expected to give the best track
locations at least for the following reasons:

- The first guess is a final analysis, it already
incorporates the complete set of actual
information and it beneficiate from the technique



of relocation of tropical cyclone vortices in the
global first guess.

- Re-analyzing a large scale analysis (GSI), at high
resolution, will enhance the accuracy of this
analysis by adding small scale structures.

However, on one hand, one can not guarantee the
effect of using twice the same sources of information

inside the same analysis. On the other hand, the BES
(CV5) must be relaxed because the quality of the
analysis (taken here as first guess) is theoretically
better than the quality of a 6 hours forecast
(especially since, in the context of our experiments,
GSI analysis and WRF first guess over d01 domain
have almost the same horizontal resolution).

Table 3 Description of the conducted warm cycling WRF 3D-Var experiments

CNTRL NOERFAC COLD NOGPS NOQSCAT NOFGAT ITS3
Observations Used ALL ALL ALL ALL except ALL except ALL ALL
GPS RO QuickSCAT
Observation Error Yes No Yes Yes Yes Yes Yes
factors
Outer loops 1 1 1 1 1 1 3

BES CVs CV5 CVs CVs CVs5 CV5s CV5s
Cycling Warm Warm Cold Warm Warm Warm Warm

FGAT Yes Yes Yes Yes Yes No Yes

Table 4 Three sets of progressively decreasing tuning factors for variance (a) and length scales (b), for the experiment ITS3
based on 3 outer loops.

(a) Outer loop 1 Outer loop 2 Outer loop 3 | (b) Quter loop 1 Outer loop 2 Outer loop 3
Stream 1.75 1.00 0.5 Stream 1.00 0.50 0.25
function function

Velocity 1.75 1.00 0.5 Velocity 1.00 0.50 0.25
potential potential

Unbalanced 1.75 1.00 0.5 Unbalanced 1.00 0.50 0.25
temperature temperature

Specific 1.00 1.00 0.5 Specific 1.00 0.50 0.25
humidity humidity

Unbalanced 1.75 1.00 0.5 Unbalanced 1.00 0.50 0.25
pressure pressure

One 72 hours forecast from 04 June 2007 at
0000 UTC is initiated at the middle of each cycling
experiment period after 4 days of cycling. The range
of this forecast is covering the maturation stage of
Gonu.

3. Actual Gonu track

On May 27, a widespread area of convection
persisted over the southeastern Arabian Sea. By May
31, an organized tropical disturbance developed
about 645 km south of Mumbai, India, with cyclonic
convection and a well-defined mid-level circulation.
The disturbance initially consisted of strong
divergence along the western end of a surface trough
of low pressure.

A propitious upper-air environment allowed
convection to improve, and on June 1, a low-level
circulation formed. It tracked westward along the
southwestern periphery of a mid-level ridge over
southern India. Convection continued to organize,
and early on June 2, the US Navy Joint Typhoon
Warning Center (JTWC) classified it Tropical
depression 02A while it was located about 685 km
southwest of Mumbai.

Upon first forming, the system contended with
the entrainment of dry air to the northwest of the
storm; this was expected to limit intensification. The
storm steadily intensified to become a deep
depression and a Cyclonic Storm while it was located
760 km southwest of Mumbai. As a mid-latitude
trough developed over Pakistan, Gonu turned to the
north and northeast, though resumed a westward
track after ridging built to the north of the storm.

With a solid area of intense convection, it rapidly
intensified to attain severe cyclonic status early on
June 3, and with good outflow, the JTWC upgraded it
to the equivalent of a Category 1 tropical cyclone. As
the storm tracked under an upper-level ridge axis,
outflow increased further, and combined with a local
increase in ocean heat content, Gonu rapidly
deepened and developed a well-defined eye in the
center of convection.

Late on June 3, the storm was classified as Very
Severe Cyclonic Storm Gonu, upon which it became
the most intense cyclone on record in the Arabian
Sea. With low amounts of vertical wind shear and
favorable upper-air outflow, Gonu strengthened
further to attain peak 1-min sustained winds of 130
knots and gusts to 160 knots while located about



285 km east-southeast of Masirah Island on the coast
of Oman. It was upgraded to be a Super Cyclonic
Storm Gonu late on June 4, with sustained winds
reaching 120 knots and an estimated pressure of
920 hPa.

After maintaining peak winds for about 9 hours,
Gonu was downgraded to very severe cyclonic storm
status early on June 5. Its eye became cloud-filled
and ragged, and the cyclone gradually weakened as it
continued tracking northwestward over cooler water
temperatures and through drier air. Due to land
interaction with Oman, the inner core of deep
convection rapidly weakened, and over a period of
24 hours the intensity decreased by 40 knots and
continued to gradually decrease as Gonu interacted
with land. Gonu maintained a well-defined low-level
structure with a weak eye. After emerging into the
Gulf of Oman, the cyclone intensified slightly. But
the increasing wind shear and entrainment of dry air
from the Arabian Peninsula continued to remove
deep convection from its eastern semicircle.

On June 6, the cyclone turned to the north-
northwest as an approaching shortwave trough,
created a weakness in the ridge, and later that day the
JTWC downgraded Gonu to tropical storm status and
to cyclonic storm status early on June 7.

4. Experiments results.
4.1. Assimilation experiments

The different experiments were mutually
compared in term of cyclone track, minimum
pressure and maximum wind. The actual reference is
based on a set of observed data relative to cyclone
Gonu and provided by both the Indian
Meteorological Department (IMD) and the US navy
Joint Typhoon Warning Center (JTWC). As it could
be seen on figure 5, the analyzed cyclone track is
quite different in each assimilation experiment. As it
was expected, the best estimated track is given by the
GFS cold start assimilation experiment. The
estimated location error standard deviation is about
45 km which corresponds almost to the resolution of
the GSI analyses (0.5 degrees). This means that GSI
analyses miss the exact track of about one grid point.
ITS3 is almost comparable to GFS especially during
the maturity phase of the cyclone. This experiment
seems to be the best among all the other WRF warm
cycling assimilations. The multiple external outer
loops technique applying different calibration
coefficients to the structure functions proved again its
superiority (Ajjaji et al., 2007, Guo et al., 2006).
CNTRL, NOERFAC, NOFGAT and NOGPS gave
similar track locations especially during the cyclone
initiation phase. But the performance of CNTRL,

which is applying error factors, including GPS data
and using FGAT technique with only one outer loop,
still close to ITS3 performance with respect to the
cyclone track positions. NOQSCAT is very far from
the reference especially when Gonu was close to
Oman coasts. The location estimation error standard
deviation is more than 150 km for this latter
experiment. This is denoting an obvious beneficial
impact of KNMI QuickSCAT data.
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Figure 4 Minimum pressure locations (Cyclone track)
estimated by the different assimilations. Reference track
given in black color, GFS in red, CNTRL in blue,
NOERFAC in green, NOQSCAT in purple, NOGPS in light
blue and ITS3 in orange. The isolines in the background
represent the pressure field analyzed by ITS3 on 05 June at
12:00 UTC.

Figure 6b is showing the minimum analyzed
pressure in every experiment. Here, we can notice a
clear limitation of the GFS analyses in quantifying
accurately the minimum pressure in the cyclone eye.
GFS cold start experiment extremely underestimated
the minimum pressure: the deepest analyzed pressure
is as low as 995 hPa, while all the WRF warm FGAT
cycling assimilations estimated the minimum
pressure around 955 hPa. CNTRL and NOGPS lead
to the same results which are denoting a
disappointing weak impact of GPS data in the context
of this study, whereas one can notice the important
improvement succeeded by NOERFAC and
NOQSCAT when compared to CNTRL. The use of
QuickSCAT data and the tuning of observations
errors contributed to a deepening of about 10 hPa.

All the WRF warm cycling assimilations, except
ITS3, present an abnormal -characteristic when
compared to the actual references: the movement of
the cyclone is delayed of about 12 hours. UAE WRF
forecast component is known to systematically show



this behavior. Multiple eyeball verifications
confirmed that UAE WRF forecasts for advective
large scale systems are usually delayed of about 6 to
12 hours. In the context of this study, the first guess
progressively delays the cyclonic intensity. The
successive analyses relaying eventually more on the
background didn’t succeed in correcting this
behavior. ITS3 which is applying three outer loops
with different background errors statistics tuning
factors, allowed the ingestion of more observations
progressively. In the first outer loop background error
variances are increased by a factor of 1.75 to rely
more on the observations, then this factor become
progressively smaller in the subsequent outer loops to
fit more and more the previously updated first guess.
As a result, one can notice the clear improvement
contributed by ITS3 with respect to all the other

-t I O I I O

140 — o o .

135~ — GFs ]

130~ =—— CNTRL o (a) —
o 125 NOERFAC o —
X 120~ NOFGAT —
= 15~ NOGPS o ]
@ 110~ = NOQSCAT .
L 1051 ITs3 o n
@ 100 |~ O REF —
2 o5 —
S 9| o o —
- 85— o —
g 8o o —
> 751 —
S 70 S
& 65 o pam
E 60 —
E XL
x
T 451 o o
= a0 o

| N

nnnnnnnnnnnnnnnnnnnnnnnnnn

©

©

5}
T

f
]
:
¢

©

©

=)
T

©

o<}

o
T
—~
=3
~

980

975

970

Analyzed pressure (hPa)

965 — GFs

960

@
T

z

o}

Pe}

{7}

g

3

95!

©
@
o
T
5
a
4

010
0112 -

Assimilation period

Figure 5 Minimum pressure at the centre of the cyclone (b)
and maximum wind speed (a) estimated by the different
assimilation experiments.

The wind analyses show that the maximum wind
speeds were reasonably estimated by all the WRF
warm assimilations except NOFGAT which remain
similar to the GFS cold start experiment giving

maximum winds around values not exceeding 35
knots. NOGPS shows a very small impact of GPS
data, but NOQSCAT and NOERFAC show a loose of
about 10 knots if QuickSCAT data were not
assimilated or observation errors were not tuned.
ITS3 corrects the temporal delayed locations of the
maximum wind occurence of about 12 hours and thus
could be considered as the most realistic assimilation.

4.2. Forecast experiments

Figure 7 is showing 66 hours forecast range of
the cyclone track initiated on 04 June at 0000 UTC.
At that time, almost all the analyses were showing
the centre of the cyclone 20 to 50 km away from the
actual position. If we take into account the spatial and
temporal dimensions, ITS3 and GFS analyses were
the closest to the reference state. These two analyses
lead to the best track forecasts. CNTRL took an
excellent trend during the first 48 hours, but oriented
the track easterly during the last 18 hours forecast.
NOERFAC and NOQSCAT missed clearly the track
prediction. NOERFAC oriented the track wrongly
strait to United Arab Emirates. NOGPS and
NOFGAT (not shown) were imitating respectively
almost exactly the behavior of CNTRL and GFS.
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Figure 6 Gonu Cyclone track forecasts issued from 04
June at 00:00 UTC. Reference track given in black color,
GFS in red, CNTRL in blue, NOERFAC in green,
NOQSCAT in purple, NOGPS in light blue and ITS3 in
orange. The isolines in the background correspond to the
pressure field analyzed by ITS3 on 04 June at 0000 UTC.

In term of minimum predicted pressure and
maximum predicted wind speed (Fig 8b and 8a), GFS
and NOFGAT were not successful. The extreme
minimum pressure and maximum wind speed
predicted by GFS were respectively around 985 hPa
and 35 knots, far away from the actual 920 hPa and
135 knots given by the reference and recorded on 05



June at 00:00 UTC. ITS3 predicted respectively 935
hPa and 90 knots as absolute extreme values on 05
June 12:00 UTC (12 hours after the maximum
cyclone activity). It gave also a relative maximum
wind value of 85 knots on 04 June at 12:00 UTC. The
remaining forecast experiments delayed the
maximum activitv of about 24 hours. but nredicted
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Figure 7 Minimum pressure at the centre of the cyclone
(bottom panel) and maximum wind speed (top panel)
predicted by the different forecast experiments.

5. Discussion and conclusion.

This study aimed first to document the Gonu
cyclone event which succeeded unusually in affecting
the north western part of the Arabian Peninsula, and
second, to test the capabilities of UAE WRFVAR
system in assimilating and simulating such event.

The conducted experiments quantified the impact
of certain variational techniques like First Guess at
Appropriate Time, Multiple outer loops and the
adaptive tuning of observation errors, as well as the
impact of some observational data like GPS and
QuickSCAT which have the reputation of enhancing
the quality of assimilating super cyclonic events.

The experiments lead to the following
deductions:

- Warm WREF cycling is far better than the cold start
mode. It provided, in the context of our experiments,
deeper cyclone central pressure and higher
accompanying wind intensity.

- FGAT technique is very efficient in following
accurately the rapid evolution of cyclones
characteristics. It assimilated in a satisfactory way
METAR, QuickSCAT and GeoAMV data. The
Degree of Freedom for Signal (DFS) (Fig 9), which
measures the sensitivity of the analysis to the
assimilated types of observations, is showing an
important contribution of METAR and GeoAMV
data.

- The technique of multiple outer loops with a
progressive  adjustment of background and
observation errors is an excellent ingredient which
extracts, in an optimal way, the information from the
different sources. It leads to more consistent analyses
and more accurate track forecast. But each extra outer
loop is equivalent to one analysis run in term of
execution time.

- GPS refractivities didn’t impact significantly the
analyses and the subsequent forecasts unlike
QuickSCAT data which contributed in much
improved analyses and forecasts quality. GPS data
failure is likely due to their reduced density both in
space and time, and eventually also, to their
misplacement with respect to the actual cyclone
positions.
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Figure 8 Degree of Freedom for Signal (DFS) obtained for
the assimilated observational data in the context of the
conducted experiments.

UAE WRF/WRFVAR simulated successfully the
super cyclone Gonu. The tunings made during this
case study are included in the U.A.E. operational
suite. This study was also an opportunity to document
the Gonu event. It could be extended to the
assessment of the prospected new techniques and
type of observation in the future WRFVAR releases
such as Ensemble Transform Kalman Filter
technique, digital filters as a weak constraint, and raw
radiances assimilation.



6. Acknowledgment.

This work was supported by the United Arab
Emirates Air Force and Air Defense and the United
Nations Development Programme. The authors are
grateful for NCAR WRFVAR team and for the
KNMI Scaterrometer project which provided the
QuickSCAT data and the related support.

7. References.

Ajjaji, R., Al-Katheri, A. A., 2007: Automatic two-
way nested WRF Middle-East numerical forecast
application. WRF Users' Workshop June 14 - 18,
2007. Boulder, CO.

Barker D. M., Y.-R. Guo, W. Huang, H. Huang, S.
Rizvi, Q. Xiao, and M.-S. Lee, 2005: WRF-VAR
A Unified 4/4D-Var Data Assimilation system
for WRF. Preprints. 6th WRF/MMS Users
Workshop. NCAR. Boulder, CO.

Courtier, P., J.-N. Thépaut and A. Hollingsworth,
1994 : A strategy for operational implementation
of 4D-Var using an incremental approach. Q.
J.R. Meteorol. Soc., 120, 1367-1387

Chapnik. B., G. Desroziers, F.Rabier and
O.Talagrand. 2004, Properties and first
applications of an error statistic tuning method in
variationnal assimilation. Quart. J. Roy. Meteor.
Soc., 130, no. 601, pp. 2253-2275

Desroziers, G. and S., Ivanov. 2001, Diagnosis and
adaptive tuning of information error parameters
in a variational assimilation. Quart. J. Roy.
Meteor. Soc., 127, 1433-1452

Gu JF, Xiao QN, Kuo YH, et al. Assimilation and
simulation of typhoon Rusa (2002) using the
WRF system. Advances in Atmospheric
Sciences, 2005, Vol 22 (3), 415-427

Guo, Y.-R., H. Kusaka, D. M. Barker, Y.-H. Kuo,
and A. Crook, 2005: Impact of Ground-based
GPS PW and MM5-3Dvar Background Error
Statistics on Forecast of a Convective Case.
SOLA, Vol. 1, 073-076, doi: 10.2151/sola.

Guo, Y.-R., H.-C. Lin, X. X. Ma, X.-Y. Huang, C.T.
Terng, and Y.-H. Kuo, 2006: Impact of WRF-
Var (3Dvar) Background Error Statistics on
Typhoon analysis and Forecast. WRF users
workshop, Boulder, Colorado, 19-22 June 2006.

Kain, J.S., and J.M. Fritsch, 1993: Convective
parameterization for mesoscale models: The
Kain-Fritsch scheme. The Representation of
Cumulus in numerical models, Meteor. Monogr.,
46, Amer. Meteor., Soc., 165-177.

Lee M.-S., D. M. Barker, W. Huang, and Y.-H. Kuo,
2004: First Guess at Appropriate Time (FGAT)
with WRF 3DVAR. Preprints. 5th WRF/MMS5
Users Workshop. NCAR. Boulder, CO.

Skamarock, W. C., J. B. Klemp, J. Dudhia, D. O.
Gill, D. M. Barker, W. Wang, and J.G. Powers,
2005: A Description of the Advanced Research
WREF Version 2. NCAR/TN-468+STR, 88 pp.

Wee, T-K., and Y.-H. Kuo, 2004: Impact of a digital
filter as a weak constraint in MM5 4DVAR: An
observing system simulation experiment. Mon.
Wea. Rev., 132, 543-559.

Wu, W.-S., R. J. Purser, and D. F. Parrish, Zou, X.,
and Q. Xiao, 2000: Studies on the Initialization
and Simulation of a Mature Hurricane Using a
Variational Bogus Data Assimilation Scheme. J.
Atnos. Sci., 57, 836-860.

Parrish, D. F., and J. Derber, 1992: The National
Meteorological Center’s spectral statistical
interpolation analysis system. Mon. Wea. Rev.,
120, 1747-1763

Veerse, F., and J.-N. Thépaut, 1998: Multiple-
truncation incremental approach for four-
dimensional  variational data assimilation.
Q.J.R.Meteorol. Soc., 124, pp 1889-1908.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


