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Coupled EnKF-3DVar/4DVar Data 
Assimilation Schematic

Zhang and Zhang (2012), Poterjoy and Zhang (2014)
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Deterministic Track and Intensity Forecasts
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Multi-Scale Features of a Developing Vortex at 200 meters
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• Vorticity anomalies 
converge towards 
the center. 

• Large number of 
CVAs within the 
cluster scale 
vorticity anomaly. 

• Convective and 
cluster scale 
vortices are greater 
in magnitude than 
the system scale 
vortex. 

La
tit

ud
e

Longitude

 a) 

ï76.5 ï76 ï75.5 ï75

13.5

14

14.5

15

Longitude

 c) 

ï76.5 ï76 ï75.5 ï75

13.5

14

14.5

15

Longitude

 c) 

ï84 ï83.5 ï83 ï82.5

16.5

17

17.5

18

Longitude

 b) 

ï84 ï83.5 ï83 ï82.5

16.5

17

17.5

18

Longitude

 b) 

ï76.5 ï76 ï75.5 ï75

13.5

14

14.5

15

Longitude

 d) 

ï76 ï75.5

14

14.5

Longitude

 d) 

ï83.5 ï83

17

17.5

La
tit

ud
e

Longitude

 a) 

ï84 ï83.5 ï83 ï82.5

16.5

17

17.5

18

Longitude

 

 
 a) 

ï76 ï75.5 ï75

14

14.5

15

ï32  ï24  ï16  ï8  0  8  16  24  32

2

2
4

Longitude

 

 
 c) 

ï76 ï75.5 ï75

14

14.5

15

ï8  ï6  ï4  ï2  0  2  4  6  8

Longitude

 

 
 a) 

ï76 ï75.5 ï75

14

14.5

15

ï32  ï24  ï16  ï8  0  8  16  24  32

Longitude

 

 
 a) 

ï76 ï75.5 ï75

14

14.5

15

ï32  ï24  ï16  ï8  0  8  16  24  32

Longitude

 

 
 a) 

ï76 ï75.5 ï75

14

14.5

15

ï32  ï24  ï16  ï8  0  8  16  24  32

2

2

4

Longitude

 

 
 c) 

ï76 ï75.5 ï75

14

14.5

15

ï8  ï6  ï4  ï2  0  2  4  6  8

2

2

4

Longitude

 

 
 c) 

ï76 ï75.5 ï75

14

14.5

15

ï8  ï6  ï4  ï2  0  2  4  6  8

2

2

4

Longitude

 

 
 c) 

ï76 ï75.5 ï75

14

14.5

15

ï8  ï6  ï4  ï2  0  2  4  6  8

Hurricane Karl

TS Matthew

225 km 90 km

mailto:areyes@cimh.edu.bb


CIMH-E4DVAR Experiment

Caribbean Institute for Meteorology and Hydrology                                                       Ashford Reyes     areyes@cimh.edu.bb

mailto:areyes@cimh.edu.bb


Caribbean Institute for Meteorology and Hydrology                                                       Ashford Reyes     areyes@cimh.edu.bb

Hurricane Maria 2017Hurricane Maria

• Formed at 12.2 N, 51.7 
W on September 16th 
at 18Z.   

• Maria was a category 5 
hurricane. 

• Minimum central 
pressure of 908 hPa.  

• Maximum sustained 
winds of 150 knots.
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Results Cont’d Results Cont’dIntroduction Experimental Design Cont’d

Dynamics and Predictability of  Hurricane Maria’s Rapid Intensification Evaluated 
through a Coupled EnKF and 4DVar Data Assimilation Method

Ashford D. Reyes, Nicola Alexander and Shanice Whitehall
Caribbean Institute for Meteorology and Hydrology

• The rapid intensification of Hurricane Maria (2017) prior
too its impact on the island of dominica are examined
and compared using a coupled ensemble Kalman filter
and four-dimension variational data assimilation method
(E4DVar) to assimilate conventional and field campaign
observations.

• This research makes use of automatic weather station
(AWS) observations collected from countries in the
Eastern Caribbean prior too and during the passage of
Hurricane Maria.

• Analysis techniques comprising of 2D spectral
decomposition and vorticity budgets are performed and
the results are presented in this research.

Summary and Conclusions

Figure 1. Top - Satellite imagery of hurricane Maria prior too its’ impact on the island of
Dominica. Below – Photo of the impact of Hurricane Maria on September 19th 2017.

Figure 3. Time evolution of the integrated power spectra at the three scale ranges initialized 
at 12 UTC 16 September for Hurricane Maria for (a) relative vorticity and (b) divergence. 

Figure 2. (a) 950-mb and (b) 500-mb relative vorticity, (c) 950-500-mb tilt and (d) vertical
shear, (e) 950-500-mb column relative humidity and (f) 950-500-mb mean cape are plotted
every three hours for Maria. The gray dashed line indicates the time of genesis, while the
black dashed line indicates the time of impact over Dominica as a category 5 hurricane.

Figure 4. Evolution of the vorticity anomalies at z = 200 m centered on Maria every 6 h
from 06 UTC 18 Sept. to 00 UTC 19 Sept. Color shadings represent vorticity of the
anomalies with the horizontal scales larger than 50 km but smaller than 150 km (every
2x10-5 s-1). Contours represent vorticity of the anomalies with the horizontal scales larger
than 150 km (every 2x10-5 s-1).

Figure 5. Perturbation of virtual potential temperature (K) profiles with relative humidity (%)
overlay averaged over 300-km. (b) Maximum reflectivity profiles with vertical velocity overlay
averaged over 90-km. Relative vorticity profiles with divergence overlay averaged over 90-
km.

Figure 6. Time-height mean vorticity tendency (shaded every 2x10-8 s-1) induced by (a)
advective flux term (contour every 0.04x10-8 s-1) and (b) non-advective flux term (contour every
2x10-8 s-1).

Figure 7. (a-d) Azimuthally averaged diabatic heating (shaded every 0.5×10−3 Ks−1 ) with
tagential wind overlay (contoured with black and red lines at 10 ms−1 and 2 ms−1 interval
respectively) forecasts profiles for Hurricane Maria. (e-f) Azimuthally averaged vertical wind
(contoured every 0.2 ms−1 ) with radial wind (shaded). Forecasts are initialized on 12 UTC 16
September.

Figure 8. Deterministic (first row) track and (second row) intensity forecasts for No data
assimilation (left column) and E4DVar data assimilation (right column) of hurricane Maria
experiments.
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• 80% of the increment comes from the ensemble
perturbations during the hybrid minimization.

• Assimilation performed on 13.5-km grid spacing with
35 vertical levels together with a 4.5-km and 1.5-km
two-way nested forecast.

• Experiments were initialized from GFS/GDAS analysis
and cycled every 6 hours.

• 4DVar uses ensemble mean first guess and ensemble
perturbations.

• Maria initialized on Sept 16th 12Z and cycled through
Sept 18th 00Z with deterministic forecasts until Sept
25th 12Z.

Experimental Design 

• 80% of the increment comes from the ensemble
perturbations during the hybrid minimization.

• 30 ensemble members.

• Localization of 900 km in the horizontal & 15 levels in
the vertical.

• Relaxation coefficient of 0.8.
• Two way coupling between EnKF and 4DVar.

§ 4DVar uses ensemble mean first guess and ensemble
perturbations.

§ EnKF update the ensemble members.
§ Hybrid 4DVar analysis replaces the EnKF analysis.

Results
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Hurricane Maria Simulation at CIMH

Results Cont’d Results Cont’dIntroduction Experimental Design Cont’d

Dynamics and Predictability of  Hurricane Maria’s Rapid Intensification Evaluated 
through a Coupled EnKF and 4DVar Data Assimilation Method

Ashford D. Reyes, Nicola Alexander and Shanice Whitehall
Caribbean Institute for Meteorology and Hydrology

• The rapid intensification of Hurricane Maria (2017) prior
too its impact on the island of dominica are examined
and compared using a coupled ensemble Kalman filter
and four-dimension variational data assimilation method
(E4DVar) to assimilate conventional and field campaign
observations.

• This research makes use of automatic weather station
(AWS) observations collected from countries in the
Eastern Caribbean prior too and during the passage of
Hurricane Maria.

• Analysis techniques comprising of 2D spectral
decomposition and vorticity budgets are performed and
the results are presented in this research.

Summary and Conclusions

Figure 1. Top - Satellite imagery of hurricane Maria prior too its’ impact on the island of
Dominica. Below – Photo of the impact of Hurricane Maria on September 19th 2017.

Figure 3. Time evolution of the integrated power spectra at the three scale ranges initialized 
at 12 UTC 16 September for Hurricane Maria for (a) relative vorticity and (b) divergence. 

Figure 2. (a) 950-mb and (b) 500-mb relative vorticity, (c) 950-500-mb tilt and (d) vertical
shear, (e) 950-500-mb column relative humidity and (f) 950-500-mb mean cape are plotted
every three hours for Maria. The gray dashed line indicates the time of genesis, while the
black dashed line indicates the time of impact over Dominica as a category 5 hurricane.

Figure 4. Evolution of the vorticity anomalies at z = 200 m centered on Maria every 6 h
from 06 UTC 18 Sept. to 00 UTC 19 Sept. Color shadings represent vorticity of the
anomalies with the horizontal scales larger than 50 km but smaller than 150 km (every
2x10-5 s-1). Contours represent vorticity of the anomalies with the horizontal scales larger
than 150 km (every 2x10-5 s-1).

Figure 5. Perturbation of virtual potential temperature (K) profiles with relative humidity (%)
overlay averaged over 300-km. (b) Maximum reflectivity profiles with vertical velocity overlay
averaged over 90-km. Relative vorticity profiles with divergence overlay averaged over 90-
km.

Figure 6. Time-height mean vorticity tendency (shaded every 2x10-8 s-1) induced by (a)
advective flux term (contour every 0.04x10-8 s-1) and (b) non-advective flux term (contour every
2x10-8 s-1).

Figure 7. (a-d) Azimuthally averaged diabatic heating (shaded every 0.5×10−3 Ks−1 ) with
tagential wind overlay (contoured with black and red lines at 10 ms−1 and 2 ms−1 interval
respectively) forecasts profiles for Hurricane Maria. (e-f) Azimuthally averaged vertical wind
(contoured every 0.2 ms−1 ) with radial wind (shaded). Forecasts are initialized on 12 UTC 16
September.

Figure 8. Deterministic (first row) track and (second row) intensity forecasts for No data
assimilation (left column) and E4DVar data assimilation (right column) of hurricane Maria
experiments.

Acknowledgements

• E4DVar analyses are able to capture multi-scale features
of the rapid intensification accurately, such as the
evolving thermodynamic and kinematic structure of
Maria.

• E4DVar improved the predictability of rapid
intensification.

• 2D spectral decomposition showed that the convective
and meso scales contributed significantly to the vorticity
and divergence of the rapid intensification than the
larger scales.

• Convergence and merger of the meso-vortices produced
a stronger vorticity in the larger scale.

• I would like to mention the Caribbean Centre for Climate and Environmental
Simulations managed by the CIMH for the computing resources.

• A special thanks to the late Professor Fuqing Zhang and his entire research
team for allowing me the opportunity to use the PSU-EnKF code.

Caribbean Institute for Meteorology and Hydrology                                                       Ashford Reyes     areyes@cimh.edu.bb

  90°W   85°W   80°W   75°W   70°W   65°W   60°W   55°W   50°W 

  10°N 
  12°N 
  14°N 
  16°N 
  18°N 
  20°N 

  22°N 

  24°N 

  26°N 

  28°N 
  30°N 

x

17 Sept. 19 Sept. 21 Sept. 23 Sept. 25 Sept.
10
20
30
40
50
60
70
80

M
ax

 w
in

d 
sp

ee
d 

(m
 s

-1
)

x

Analysis time
12 UTC 16 Sept.

  90°W   85°W   80°W   75°W   70°W   65°W   60°W   55°W   50°W 

  10°N 
  12°N 
  14°N 
  16°N 
  18°N 
  20°N 

  22°N 

  24°N 

  26°N 

  28°N 
  30°N 

x

17 Sept. 19 Sept. 21 Sept. 23 Sept. 25 Sept.
10
20
30
40
50
60
70
80

M
ax

 w
in

d 
sp

ee
d 

(m
 s

-1
)

x

Analysis time
12 UTC 16 Sept.

Deterministic Track and Intensity Forecasts

NoDA E4DVar

42-hr forecast 
06 UTC 18 Sept.

48-hr forecast 
12 UTC 18 Sept.

54-hr forecast 
18 UTC 18 Sept.

60-hr forecast 
00 UTC 19 Sept.

D
ia

b
at

ic
 H

e
at

in
g

R
a

d
ia

l V
e

lo
c

it
y

Radius (km)

H
ei

gh
t (

km
)

 

 

0 60 120 180 240 300

3

6

9

12

15

18

2

4

6

8

10

12

14

16

18

20

Radius (km)

H
ei

gh
t (

km
)

 

 

0 60 120 180 240 300

3

6

9

12

15

18

2

4

6

8

10

12

14

16

18

20

Radius (km)

H
ei

gh
t (

km
)

 

 

0 60 120 180 240 300

3

6

9

12

15

18

2

4

6

8

10

12

14

16

18

20

Radius (km)

H
ei

gh
t (

km
)

 

 

0 60 120 180 240 300

3

6

9

12

15

18

2

4

6

8

10

12

14

16

18

20

Radius (km)

H
ei

gh
t (

km
)

 

 

0 60 120 180 240 300

3

6

9

12

15

18

ï5

ï4

ï3

ï2

ï1

0

1

2

3

4

5

Radius (km)

H
ei

gh
t (

km
)

 

 

0 60 120 180 240 300

3

6

9

12

15

18

ï5

ï4

ï3

ï2

ï1

0

1

2

3

4

5

Radius (km)

H
ei

gh
t (

km
)

 

 

0 60 120 180 240 300

3

6

9

12

15

18

ï5

ï4

ï3

ï2

ï1

0

1

2

3

4

5

Radius (km)

H
ei

gh
t (

km
)

 

 

0 60 120 180 240 300

3

6

9

12

15

18

ï5

ï4

ï3

ï2

ï1

0

1

2

3

4

5

a)

e) f) g) h)

d)c)b)

• 80% of the increment comes from the ensemble
perturbations during the hybrid minimization.

• Assimilation performed on 13.5-km grid spacing with
35 vertical levels together with a 4.5-km and 1.5-km
two-way nested forecast.

• Experiments were initialized from GFS/GDAS analysis
and cycled every 6 hours.

• 4DVar uses ensemble mean first guess and ensemble
perturbations.

• Maria initialized on Sept 16th 12Z and cycled through
Sept 18th 00Z with deterministic forecasts until Sept
25th 12Z.

Experimental Design 

• 80% of the increment comes from the ensemble
perturbations during the hybrid minimization.

• 30 ensemble members.

• Localization of 900 km in the horizontal & 15 levels in
the vertical.

• Relaxation coefficient of 0.8.
• Two way coupling between EnKF and 4DVar.

§ 4DVar uses ensemble mean first guess and ensemble
perturbations.

§ EnKF update the ensemble members.
§ Hybrid 4DVar analysis replaces the EnKF analysis.

Results
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Temperature with RH 
overlay 90-km. 

• Reflectivity with vertical 
velocity overlay 90-km. 

• Relative vorticity with 
divergence overlay 90-km. 
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Hurricane Maria Simulation at CIMH

Results Cont’d Results Cont’dIntroduction Experimental Design Cont’d

Dynamics and Predictability of  Hurricane Maria’s Rapid Intensification Evaluated 
through a Coupled EnKF and 4DVar Data Assimilation Method

Ashford D. Reyes, Nicola Alexander and Shanice Whitehall
Caribbean Institute for Meteorology and Hydrology

• The rapid intensification of Hurricane Maria (2017) prior
too its impact on the island of dominica are examined
and compared using a coupled ensemble Kalman filter
and four-dimension variational data assimilation method
(E4DVar) to assimilate conventional and field campaign
observations.

• This research makes use of automatic weather station
(AWS) observations collected from countries in the
Eastern Caribbean prior too and during the passage of
Hurricane Maria.

• Analysis techniques comprising of 2D spectral
decomposition and vorticity budgets are performed and
the results are presented in this research.

Summary and Conclusions

Figure 1. Top - Satellite imagery of hurricane Maria prior too its’ impact on the island of
Dominica. Below – Photo of the impact of Hurricane Maria on September 19th 2017.

Figure 3. Time evolution of the integrated power spectra at the three scale ranges initialized 
at 12 UTC 16 September for Hurricane Maria for (a) relative vorticity and (b) divergence. 

Figure 2. (a) 950-mb and (b) 500-mb relative vorticity, (c) 950-500-mb tilt and (d) vertical
shear, (e) 950-500-mb column relative humidity and (f) 950-500-mb mean cape are plotted
every three hours for Maria. The gray dashed line indicates the time of genesis, while the
black dashed line indicates the time of impact over Dominica as a category 5 hurricane.

Figure 4. Evolution of the vorticity anomalies at z = 200 m centered on Maria every 6 h
from 06 UTC 18 Sept. to 00 UTC 19 Sept. Color shadings represent vorticity of the
anomalies with the horizontal scales larger than 50 km but smaller than 150 km (every
2x10-5 s-1). Contours represent vorticity of the anomalies with the horizontal scales larger
than 150 km (every 2x10-5 s-1).

Figure 5. Perturbation of virtual potential temperature (K) profiles with relative humidity (%)
overlay averaged over 300-km. (b) Maximum reflectivity profiles with vertical velocity overlay
averaged over 90-km. Relative vorticity profiles with divergence overlay averaged over 90-
km.

Figure 6. Time-height mean vorticity tendency (shaded every 2x10-8 s-1) induced by (a)
advective flux term (contour every 0.04x10-8 s-1) and (b) non-advective flux term (contour every
2x10-8 s-1).

Figure 7. (a-d) Azimuthally averaged diabatic heating (shaded every 0.5×10−3 Ks−1 ) with
tagential wind overlay (contoured with black and red lines at 10 ms−1 and 2 ms−1 interval
respectively) forecasts profiles for Hurricane Maria. (e-f) Azimuthally averaged vertical wind
(contoured every 0.2 ms−1 ) with radial wind (shaded). Forecasts are initialized on 12 UTC 16
September.

Figure 8. Deterministic (first row) track and (second row) intensity forecasts for No data
assimilation (left column) and E4DVar data assimilation (right column) of hurricane Maria
experiments.
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• 80% of the increment comes from the ensemble
perturbations during the hybrid minimization.

• Assimilation performed on 13.5-km grid spacing with
35 vertical levels together with a 4.5-km and 1.5-km
two-way nested forecast.

• Experiments were initialized from GFS/GDAS analysis
and cycled every 6 hours.

• 4DVar uses ensemble mean first guess and ensemble
perturbations.

• Maria initialized on Sept 16th 12Z and cycled through
Sept 18th 00Z with deterministic forecasts until Sept
25th 12Z.

Experimental Design 

• 80% of the increment comes from the ensemble
perturbations during the hybrid minimization.

• 30 ensemble members.

• Localization of 900 km in the horizontal & 15 levels in
the vertical.

• Relaxation coefficient of 0.8.
• Two way coupling between EnKF and 4DVar.

§ 4DVar uses ensemble mean first guess and ensemble
perturbations.

§ EnKF update the ensemble members.
§ Hybrid 4DVar analysis replaces the EnKF analysis.

Results
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• Analysis are averaged over 12 
hours prior to impact over 
Dominica. 

• Less than 50-km represents 
cloud-scale

• 50 to 150-km represents 
mesoscale  

• Greater than 150-km 
represents the system scale. 

• The smaller scales make a 
greater contribution to the 
power of vorticity and 
divergence in a developing 
disturbance.
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Data Assimilation System

• 60 ensemble members 

• Localization of 90 km in the horizontal & 15 levels in the vertical 

• Relaxation coefficient of 0.8 

• Two way coupling between EnKF and 3DVar 
‣ 3DVar uses ensemble  mean first guess and ensemble 

perturbations 
‣ EnKF update the ensemble members 
‣ Hybrid 3DVar analysis replaces the EnKF analysis 

• 80% of the increment comes from the ensemble perturbations 
during the hybrid minimization.
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Model Setup

• Three domains with two-way nesting at 12-km, 4-km and 1.33-
km grid spacing. 

• 35 vertical levels together with a model top of 50 hPa. 

• Explicit cumulus parameterization. 

• Assimilation performed on 12-km domain.
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EUREC4A-CIMH Domain
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Experimental Design

• Experiments were initialized from GFS/GDAS analysis and 
cycled every 6 hours. 

‣ Assimilate satellite observations and routine ground base 
observations. 

‣ Dropsondes and Rawinsonde ship observations. (Radar 
observations assimilation will be added in the future) 

‣ Validate simulations against some Rawinsonde observations 
from ships
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Expected Outcomes

• Improve model simulations at CIMH and by extent the region. 

• Lead to improve predictability of severe weather. 

• Improve our understanding of cumulus convection and how it 
drives the climate system of the region.
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