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2 HOFFMAN ET AL.: MOVING A SIMULATED HURRICANE

Abstract.�

Four-dimensional variational analysis (4d-VAR) is a data assimilation tech-

nique that has promise for calculating optimal perturbations for weather con-

trol. The Mesoscale Model 5 (MM5) 4d-VAR system is used to calculate “op-

timal” perturbations to shift the simulated forecast track of Hurricane Iniki
��������	

westward, during the six hours beginning 06 UTC 10 September 1992. The con-

trolled forecast closely matches the target. The perturbation of the initial con-

ditions are small, but concentrated in the lowest layer temperature field, in a pat-

tern consistent with enhanced heating west of the hurricane.
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1. Intr
�

oduction

Hoffman [2002] has discussed the possibility of controlling the global weather by introducing

a series of small, precisely calculated perturbations. In brief: If the earth’s atmosphere is

chaotic, it is extremely sensitive to small perturbations. Certainly most realistic numerical

weather prediction (NWP) models are very sensitive to initial conditions. It is therefore very

likely that the atmosphere is also extremely sensitive to small perturbations. It is our purpose

here to test a method to calculate “optimal” perturbations, and to estimate the magnitude of

such perturbations. As a specific application, we take Hurricane Iniki as a case of interest, and

determine a pertubation to shift its track westward. While the current work is very preliminary

in many aspects, the results are sensible and point the way for further work.

Hurricane Iniki at 06 UTC 10 September 1992 provides our initial state. Iniki made landfall on

Kauai at 0130 UTC 12 September 1992, with a central pressure of �������	
�� (Fig. 1). Maximum

sustained winds over land were estimated at 140 miles per hour with gusts as high as 175 miles

per hour. Six people lost their lives. Damage to property and vegetation was extensive [CPHC,

1992].

2. Mesoscale Model Simulations of Hurricane Iniki

The Mesoscale Model 5 (MM5) is used to simulate Hurricane Iniki. The MM5 is desribed

by Grell et al. [1994] and by Dudhia [1993]. In our experiments the MM5 computation grid

is a �
���������
� ��� horizontal mesh, and ten “sigma” layers in the vertical from the surface

to �����	
�� . The sigma coordinate system is a terrain following normalized pressure coordinate

system [Holton, 1992, section 10.3.1]. Simple parameterizations of surface fluxes, cumulus

convection, and radiative transfer are used. The observed sea surface temperature is increased

by ����� everywhere in our simulations. We find this is enough to maintain the hurricane when
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4 HOFFMAN ET AL.: MOVING A SIMULATED HURRICANE

using� the simple parameterizations. Only the simple parameterizations are currently available in

theMM5 four-dimensional variational analysis (4d-VAR) system. However,MM5 produces very

detailed and accurate simulations of hurricanes when increased resolution and better physical

parameterizations are used [e.g., Liu et al., 1999; Tenerelli and Chen, 2001].

Fig. 2 shows the (unperturbed and controlled) lowest layer winds and pressure relative to the

reference state at the initial time. With no perturbations, after a ��� forecast Iniki has travelled

NNW � � ��� 	
� and strengthened slightly. The best track, unperturbed forecast track, and

controlled forecast track are plotted in Fig. 3. The best track is the official description of Iniki

by the Central Pacific Hurricane Center (CPHC) based on all available information, collected

either in real-time or later. Comparing the best track and unperturbed forecast track we see that

the model simulation of Iniki over the first
��
 � moves faster and more to the north. Also the

forecasts do not strengthen as much as the real hurricane.

3. Methodology to Calculate Perturbations

Four-dimensional variational analysis (4d-VAR) is a data assimilation method which finds the

smallest perturbation at the start of each data assimilation period so that the controlled solution

best fits all the available data. 4d-VAR is used operationally at ECMWF and Météo France. This

demonstrates the practical control of realistic simulations of the atmosphere. Current 4d-VAR

practice finds the smallest global perturbation, as measured by the a priori or background error

covariances, but it should be possible to modify 4d-VAR to find the smallest local perturbation or

the smallest perturbation of a particular type. TheMM5 4d-VAR is described by Zou et al. [1997].

It has been applied recently to assimilate zenith delay observations from global positioning

system (GPS) satellites [De Pondeca and Zou, 2001], and to assimilate cloud-cleared brightness
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temperatures� fromgeostationary operational environmental satellite (GOES) sounders [Zouet al.,

2001].

The basic experiment reported here is simply a variation on 4d-VAR: Consider some initial

forecast of a hurricane. This is the unperturbed simulation � , from time 0 to � ( ��� ), with
corresponding states ���	
�� and ���
��� . From ������� we create a goal state ������� with the hurricane
positioned

���������
west of the position in ���
��� . We then use 4d-VAR to find an optimal

controlled simulation � . This simulation simultaneously minimizes the difference from the goal
(i.e., ���
���������
��� ) and the initial state (i.e., ��� 
��!�"��� 
�� ). In other words ��� 
��!�#�$� 
�� is the
minimal perturbation to get within ���
���%��������� of the goal.
In these preliminary experiments both the goal mismatch and the size of the initial perturbation

are measured with a simple quadratic norm:

&'()*+,- ./- 0 �123+40
56 *78 - 9!: � + 8 9;0 ��<=�>�?� + 8 9=0 �
<=�4@ 3ABC$D

(1)

Here E ranges over temperature and the eastward and northward wind components, F=GHI�G � range
over all the grid points, and < over 0 and � . Note that the other model variables—specific
humidity, vertical velocity, and pressure relative to the reference state—are not included in this

definition of
&
. For convenience in writting (1), we define ��� 
�� ( ���	
�� , i.e., the goal at < ( 


is to stay close to the unperturbed initial conditions. In (1), the model variables are pressure

weighted (or “coupled”) variables. For example, JKL=M is the coupled eastward wind component,
where JKL is the reference pressure difference between the bottom and top model boundaries.
Thus JNL depends only on the model surface topography. Below we present the components of&
for temperature at different times and levels as the square root of the terms in square brackets

in (1) for temperature, normalized by the number of grid points, and dimensionalized assuming
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��� � ����	
��

� , the value over the ocean. The components of � for vector winds are calculated

in the same way from the sum of the terms in square brackets in (1) for the wind components.

The scaling
� ��� depends only on variable and level. It is calculated as the maximum absolute

difference between ����	�� and ��������� for each variable at each level, with ��� taken to be 40minutes.

Fig. 4 shows the vertical profiles of the
� ��� , again dimensionalized assuming ��� � ����	
��
�� .

The scales are largest at levels 1, 3, and 9.

As a practical matter, when using the current version of MM5 4d-VAR, there are some dif-

ferences in how the grids are specified for the “observations”, denoted � ��	�� here, and for the

initial estimate of the solution, denoted 
 ��	�� here. As a result there are differences between the

solution and the goal (or observations) at � � 	 at the start of the minimization in our experi-

ments. Also, to create the goal state we did not simply move the entire grid since this would

have created discontinuities at the lateral boundaries. Instead we used a smoothly varying vector

field of displacements to adjust the unperturbed forecast. The methodology is analogous to the

feature calibration and alignment technique described by Hoffman and Grassotti [1996], except

that here the adjustment is found by fitting a number of prescribed displacement vectors.

4. Results

The MM5 4d-VAR system positions Hurricane Iniki in the controlled forecast at !�� ( � � " )

due west of the unperturbed forecast by just the right amount to match the target (Fig. 3). Note

that the difference in positions appears to grow exponentially over the !
� period. The MM5

4d-VAR system uses a general purpose minimizer that solves the minimization iteratively. We

required ten iterates. Fig. 5 shows the total objective function and the contributions to the

objective function at � � 	 and !#� , denoted ��$ and ��% , for each of iteration. Note that � , ��$ , and
��%
all seem to be approaching asymptotes at the end of this process. Because of the sensitivity
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of the� model atmosphere to changes in initial conditions, a large decrease in
���
requires only a

small increase in
���
.

Individual components of
�
for temperature and wind are plotted as rms differences as a

function of model layer in Fig. 6 and Fig. 7, before and after the minimization, and at ��� and

	
� . Note the large decrease (by a factor of � �
) in differences at 	
� after the minimization

in both wind and temperature. There are larger differences for temperature near the tropopause

(model layer 2), and for lowest layer temperature. At �
� , note the increase in wind differences

through much of the troposphere after the minimization, while temperature is little changed

except in the lowest layer. After the minimization there are approximately equal differences in

winds at both times, but this does not hold for temperature, where the perturbation at the initial

time is generally very small, except in the lowest model layer.

The lowest layer temperature and wind perturbations are plotted in Fig. 8. The temperature

perturbations correspond to a warming to the west of the hurricane (i.e., in the direction of the

target) and a slight cooling at the center of the hurricane and to the NE. It is as if the hurricane

is attracted to warmth. This is consistent with empirical and theoretical results that a warm sea

surface supplies a hurricane with sensible and latent heat energy.

5. Conclusions

The very preliminary study described here shows that 4d-VAR can be used to calculate “opti-

mal” perturbations to control the track of a hurricane in simulation. Clearly it will be a long time

before it is possible to control the track of a hurricane in reality. This goal requires overcoming

several complicating technical factors including:

D R A F T January 7, 2002, 3:21pm D R A F T
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� Solving for the optimal perturbation using a more realistic model is difficult due to the

number of degrees of freedom required to represent the atmosphere adequately, and the nonlinear

and sometimes discontinuous nature of the physics governing the atmosphere.

� The paucity and inaccuracy of observations of the atmosphere. Satellites provide a huge

volume of information. However this information is not always in the right place, accurate

enough, or of the right type.

� The controlmust be effected at significant time lags tominimize the size of the perturbations,

yet the system is inherently unpredictable at long lead times.

� The difficulty of effecting control. The control mechanisms do not yet exist. The ideal

perturbations, while small in amplitude, may be large in scale.

In addition there are a number of “side issues” in the political, economic, and legal realms. For

example, consider the ambiguous nature of the figure of merit: For inhabitants of New Orleans,

eliminating a hurricane threat to that city may take precedence over all else. Even so, farmers in

the Mid-West might suffer without the resulting rain. Therefore attempting to satisfy multiple

objectives will usually result in conflicts.

Further progress on some of the technical issues may be made by refining the 4d-VAR study

presented here. In future experiments, we would

� Use higher resolution, and a more accurate version of MM5.

� Examine the effect of different lead times on the size of the perturbations.

� At the target time, include only the energy of the mismatch in some region.

� Modify the control vector so that only certain types of “feasible” perturbations, continuous

in time, are allowed.
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W
�
e should also study the effect of model and perturbation error. The results of a series of

experiments with a refined 4d-VAR setup should allow accurate enough estimates of the required

perturbation to allow a top level system design and trade studies for a weather control system.

One possibility listed byHoffman [2002] is to use orbiting solar reflectors. The number and size

of these reflectors could be estimated based on the energies estimated by the 4d-VAR studies.

Acknowledgments. This work was supported by the NASA Institute for Advanced Concepts

(NIAC) through a grant from the Universities Space Research Association (USRA).

References

CPHC, Tropical cyclones report for the central pacific, Technical Memorandum

NWS-PR-38, Central Pacific Hurricane Center, NOAA, Washington, DC, 1992,

[http://205.156.54.206/pr/hnl/cphc/pages/hurrclimate.html].

De Pondeca, M. F. V., and X. Zou, A case study of the variational assimilation of GPS zenith

delay observations into a mesoscale model, J. Applied Meteorol., 40, 1559–1576, 2001.

Dudhia, J., A nonhydrostatic version of the Penn State-NCARmesoscalemodel: Validation tests

and simulation of an Atlantic cyclone and cold front, Mon. Weather Rev., 121, 1493–1513,

1993.

Grell, G.A., J. Dudhia, andD.R. Stauffer, A description of the fifth-generation Penn State/NCAR

mesoscale model (MM5), Technical Note 398+1A, NCAR, 1994.

Hoffman, R. N., Controlling the global weather, Bull. Am. Meteorol. Soc., 83, February, 2002.

Hoffman, R. N., and C. Grassotti, A technique for assimilating SSM/I observations of marine

atmospheric storms, J. Applied Meteorol., 35, 1177–1188, 1996.

Holton, J. R., An Introduction to Dynamic Meteorology, third ed., Academic, New York, 1992.

D R A F T January 7, 2002, 3:21pm D R A F T



10 HOFFMAN ET AL.: MOVING A SIMULATED HURRICANE

Liu, Y., D.-L. Zhang, andM. K. Yau, Amultiscale numerical study of Hurricane Andrew (1992).

Part II: Kinematics and inner-core structures,Mon. Weather Rev., 127 , 2597–2616, 1999.

Tenerelli, J. E., and S. S. Chen, High-resolution simulations of Hurricane Floyd usingMM5with

vortex-following mesh refinement, in 14th Conference on Numerical Weather Prediction, pp.

J52–J54, American Meteorological Society, Boston, MA, Fort Lauderdale, Florida, 2001.

Zou, X., F. Vandenberghe, M. Pondeca, and Y.-H. Kuo, Introduction to adjoint techniques and

the MM5 adjoint modeling system, Technical Note 435-STR, NCAR, Boulder, CO, 1997.

Zou, X., Q. Xiao, A. E. Lipton, and G. D. Modica, A numerical study of the effect of GOES

sounder cloud-cleared brightness temperatures on the prediction of Hurricane Felix, J. Applied

Meteorol., 40, 34–55, 2001.

D R A F T January 7, 2002, 3:21pm D R A F T



HOFFMAN ET AL.: MOVING A SIMULATED HURRICANE 11

FIGURE LEGENDS

Fig. 1: Hurricane Iniki makes landfall on Kauai. Image from the CPHC web page.

[http://205.156.54.206/pr/hnl/graphics/iniki.gif]

Fig. 2: Unperturbed and controlled initial conditions in the lowest model layer plotted in light and

heavy lines respectively. Winds plottedwith barbs in
�������

with each full barb corresponding

to
� 	 ��� ��� and pressure relative to the reference state in 
���
 . The wind barbs are plotted

at every other grid point.

Fig. 3: The best track, unperturbed forecast track, and controlled forecast tracks for Hurricane Iniki

are plotted as diamonds, triangles, and octagons, respectively, every six hours. The best

track starts at 18 UTC 9 September 1992, twelve hours before the forecast tracks.

Fig. 4: Profiles of scaling factors for temperature ( � ), eastward wind component ( � ) and northward
wind component ( � ) are plotted as solid, dotted, and dashed lines, respectively. Values
are calculated from the coupled variables, and then dimensionalized for this plot assuming

��� � ����	�
���
 . The horizontal scale is degrees Celsius for temperature and ������� for the
wind components.

Fig. 5: Cost function vs. iteration. The total cost function (in thousands) and the individual parts of

the cost function at � � 	 and ��
 are shown as solid, dotted, and dashed lines respectively.

Fig. 6: The rms difference profiles for temperature. The components of
�
are converted into rms

differences as described in the text. The rms differences after the minimization, at � � 	
and ��
 are drawn with heavy dotted and dashed lines respectively. The rms differences at

the start of the minimization are drawn with light lines.

Fig. 7: The rms difference profiles for vector winds. As in Fig. 6.
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Fig. 8: Lo
�
west layerwind and temperature optimal perturbation at the initial time. Wind differences

are plotted using the barb and thinning conventions of Fig. 2. The scale for temperature is

in degrees Celsius.
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FIGURES

Fig. 1: Hurricane Iniki makes landfall on Kauai. Image from the CPHC web page.
[http://205.156.54.206/pr/hnl/graphics/iniki.gif]
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Fig. 2: Unperturbed� and controlled initial conditions in the lowest model layer plotted in light and
heavy lines respectively. Winds plottedwith barbs in ������� with each full barb corresponding
to 	 
 ��� ��� and pressure relative to the reference state in ���
� . The wind barbs are plotted
at every other grid point.
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Fig. 3: The best track, unperturbed forecast track, and controlled forecast tracks for Hurricane
Iniki are plotted as diamonds, triangles, and octagons, respectively, every six hours. The
best track starts at 18 UTC 9 September 1992, twelve hours before the forecast tracks.

12

15

18

22
�

25
�

-162 -160 -158 -155 -153

Controlled Forecast
Unperturbed Forecast
Best Track

Track of Iniki

D R A F T January 7, 2002, 3:21pm D R A F T



16 HOFFMAN ET AL.: MOVING A SIMULATED HURRICANE

Fig. 4: Pr� ofiles of scaling factors for temperature ( � ), eastward wind component ( � ) and northward
wind component ( � ) are plotted as solid, dotted, and dashed lines, respectively. Values are
calculated from the coupled variables, and then dimensionalized for this plot assuming
���
�
	
��
������ . The horizontal scale is degrees Celsius for temperature and ��� ��� for the

wind components.
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Fig. 5: Cost function vs. iteration. The total cost function (in thousands) and the individual parts of
the cost function at �

�
� and ��� are shown as solid, dotted, and dashed lines respectively.
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Fig. 6: The� rms difference profiles for temperature. The components of
�
are converted into rms

differences as described in the text. The rms differences after the minimization, at � � �
and ��� are drawn with heavy dotted and dashed lines respectively. The rms differences at
the start of the minimization are drawn with light lines.
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Fig. 7: The rms difference profiles for vector winds. As in Fig. 6.
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Fig. 8: Lowest� layer wind and temperature optimal perturbation at the initial time. Wind differences
are plotted using the barb and thinning conventions of Fig. 2. The scale for temperature is
in degrees Celsius.
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