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1. INTRODUCTION

The primary purpose of operational synoptic surveil-
lance missions is to deploy targeted GPS dropwindson-
des in the environment of a tropical cyclone, to improve
1-3 day forecasts of the cyclone’s track and intensity.
These subjectively-selected targeted observations have
improved numerical NCEP GFS (Global Forecasting Sys-
tem) track forecasts by a percentage comparable to that
achieved in the last 30 years due to advances in numer-
ical modeling (Aberson 2001). However, it is expected
that an objective strategy for targeting may be expected
to improve tropical cyclone track and intensity forecast
skill even further, since it would be able to identify the
most sensitive regions in which observations are most
likely to reduce forecast errors. Several such strategies
have been devised and implemented for improvement of
mid-latitude weather forecasts. The Ensemble Transform
Kalman Filter (ETKF, Bishop et al. 2001, Majumdar et al.
2002) is presently used in National Weather Service op-
erations to identify locations for aircraft to be deployed in
order to improve winter weather forecasts (Winter Storm
Reconnaissance: WSR). The purpose of the work de-
scribed in this conference paper is to adapt and extend
the ETKF for use in synoptic surveillance missions in the
environment of tropical cyclones.

2. THEORY

The ETKF (Bishop et al. 2001) assumes that observed
data are assimilated using ensemble-based error statis-
tics at the targeted observing time
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. It solves the

Kalman Filter error statistics equations
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for all feasible deployments of targeted observations.
� 	 �

represents the analysis error covariance matrix associ-
ated with routine observations at time
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, and

� 	� is the
corresponding estimate associated with routine observa-
tions plus the ' th feasible deployment of targeted obser-
vations. � � and � � are the observation operator and er-
ror covariance matrix associated with the ' th deployment,
respectively. The propagator ! maps perturbations at
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to perturbations at the later forecast verification time

� � ,
and $ is the covariance matrix of model errors accrued
between the respective times.

� �� is the forecast error
covariance matrix valid at the verification time that one�
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would obtain if all the above quantities were estimated
accurately.

The reduction in forecast error variance produced by
the targeted observations is then rapidly calculated via a
series of matrix transformations, via the signal variance
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The signal variance is equal to the reduction in forecast
error variance, only if error covariance information as-
sumed by the ETKF and the operational data assimilation
scheme are perfect, linear dynamics are obeyed, and the
leading forecast error structures project onto the ensem-
ble perturbations. While these conditions never hold in
practice, the ETKF has demonstrated the ability to pre-
dict the reduction in forecast error variance due to the
targeted observations (Majumdar et al., 2001, 2002).

While the ETKF targeting strategy is reaching matu-
rity for mid-latitude targeting, there is considerable room
for improvement in its formulation for tropical cyclones.
Attention is being focused on the following issues:

(i) The number of available operational ensemble
forecasts is limited, compared with the dimension of the
model state space. This rank-deficiency leads to the
ETKF specifying spurious error statistics in the

� 	 � and( �� matrices, which can result in the selection of an incor-
rect deployment region of targeted observations. A major
challenge in our research is to mitigate this problem.

(ii) The choice of relevant variables and levels to
be used in tropical applications of the ETKF is unclear.
The operational formulation in WSR uses horizontal wind
components and temperature (u,v,T) at 3 levels (850mb,
500mb and 250mb) as the observed and verification vari-
ables in the prediction of signal variance. For tropical cy-
clone prediction, a more appropriate verification variable
would be the location and/or the intensity of the cyclone.

3. PRELIMINARY RESULTS

Work is ongoing to redevelop the ETKF strategy for
tropical cyclones. Hurricanes Claudette, Danny, Erika,
Fabian, Isabel and Tropical Storm Odette are being inves-
tigated retrospectively, since targeted observations (se-
lected subjectively based on ensemble variance) were
collected for these storms. Fig.1 shows a basic ETKF
targeting summary map of signal variance (see Majum-
dar et al. 2002 for more details), in which the aim is to
improve a forecast of Hurricane Isabel, by taking targeted
observations 3 days prior to its anticipated landfall. Based
on the 2.5 + resolution ECMWF ensemble, the ETKF sug-
gests that extra observations should be collected in the
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environment of the storm, with a particular emphasis on
the north-east (right rear) quadrant. This map is based on
the same version of the ETKF that is used during WSR;
adjustments will be made for tropical cyclones by (i) im-
proving routine analysis error covariance specification in
the ETKF, (ii) including both NCEP and ECMWF ensem-
bles at 1 degree resolution, and (iii) including a new ver-
ification norm. The new results will be presented at the
conference.

FIG. 1: ETKF summary map of predicted signal vari-
ance (reduction in forecast error variance) localized in a
selected verification region, as a function of the targeted
observing location. Darker shading indicates a more fa-
vorable area for targeted observations to be taken, to im-
prove a 3-day forecast between

� 	
=00Z 16 Sep 2003 and���

=00Z 19 Sep 2003. Results are computed using 50
ECMWF ensemble members at 2.5 + resolution, initialized
60h prior to the targeted observing time

� 	
. The loca-

tion of Isabel’s actual position at 00Z 16 Sep is shown by
the hurricane symbol. The 60-h ECMWF ensemble mean
sea level pressure forecast valid at the same time is also
shown, as is the circular forecast verification area at time� �

in which the signal variance is localized.

4. CONCLUSIONS AND FUTURE WORK

ETKF summary maps of signal variance, such as that
shown in Fig.1, have been computed at coarse resolu-
tion for several tropical cyclone cases in 2003. In addition
to identifying areas in the immediate environment of the
cyclone, several maps have indicated that middle-upper
level troughs that are poised to interact with the cyclone
are also suitable for targeting. Attention is presently be-
ing focused on assessing the credibility of these targets,
and on devising techniques to ameliorate long-distance
correlations that may be spurious.

After further improvements have been made (more

ensemble members at higher resolution, a more appro-
priate verification “norm” etc) the ETKF will also be tested
quantitatively using tropical cyclone cases from the 2004
season. Using similar methods to those described in
Majumdar et al. (2001), the ability of the ETKF to pre-
dict signal variance (and hence the reduction in forecast
error variance) will be evaluated. This will involve us-
ing two sets of NCEP GFS analysis-forecast cycles: the
“operational” cycle which assimilates all routine and tar-
geted observations, and the “control” in which only the
targeted observations are neglected. The difference be-
tween these two cycles is known as the “signal”. If a
linear, increasing relationship is obtained between the
ETKF predictions of signal variance and the variance of
NCEP GFS signal realizations, then the ETKF will have
demonstrated promise in distinguishing between good
and poor locations for targeting. In addition to the statisti-
cal tests, the propagation of the signal variance with time
will be assessed dynamically along with the actual sig-
nal propagation evaluated using the parallel NCEP GFS
analysis-forecast cycles.

It is expected that the ETKF will provide an improve-
ment over the present subjective method of taking tar-
geted observations in areas near the tropical cyclone
where the ensemble variance is relatively high. This is be-
cause the ETKF summary maps often represent a mod-
ulation of this variance, tuned to the forecast system of
interest. The degree of improvement that the ETKF may
provide will remain unknown until the aforementioned is-
sues are tackled. If the new, extended ETKF passes the
qualitative and quantitative tests mentioned above, the
transition will be made for its use as the targeting strat-
egy for future operational synoptic surveillance missions.

Acknowledgements

Funding for this research via the NOAA Joint Hurricane
Testbed (JHT) initiative is gratefully acknowledged.

References

Aberson, S. D., 2001: The ensemble of tropical cy-
clone track forecasting models in the North Atlantic Basin
(1976-2000). Bull. Amer. Met. Soc., 82, 1895-1904.
Bishop, C. H., B. J. Etherton and S. J. Majumdar, 2001:
Adaptive Sampling with the Ensemble Transform Kalman
Filter Part I : Theoretical Aspects. Mon. Wea. Rev., 129,
420-436.
Majumdar, S. J., C. H. Bishop, B. J. Etherton and Z.
Toth, 2002: Adaptive Sampling with the Ensemble Trans-
form Kalman Filter Part II : Field Program Implementation.
Mon. Wea. Rev., 130, 1356-1369.
Majumdar, S.J., C.H.Bishop, B.J.Etherton, I.Szunyogh
and Z.Toth, 2001: Can an Ensemble Transform Kalman
Filter predict the reduction in forecast error variance pro-
duced by targeted observations? Quart. J. Roy. Meteor.
Soc., 127, 2803-2820.


