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Abstract

The primary focus of this study is in the deployment of additional radiosonde observations within targeting
regions with the aim of improving a forecast for a pre-de�ned veri�cation region and forecast range. Two
approaches two identifying targeting regions are evaluated. The �rst is undertaken by a forecaster using forecast
products and in the second, regions are identi�ed using the Ensemble Transform Filter Kalman Filter (ETKF).
The quality of the targeting guidance is determined in two ways. By running a series of Observation System
Experiments (OSEs), the Root Mean Square (RMS) error from each may be compared for a month-long trial
period. Secondly, RMS error from each OSE is calculated in the presence of high impact case studies. As a
secondary research aim, we undertake an evaluation of di�erent satellite data thinning strategies.

1 Introduction

Global Met centres have recognised the bene�t for some years of complementing the routine observing network
with a deployment of targeted observations in an attempt to improve the quality of Numerical Weather Prediction
(NWP) forecasts [19, 12, 16]. The location of these observations may be �xed, as in the case of requesting additional
radiosonde ascents, or mobile, for example the deployment of dropsondes from aircraft or remotely sensed satellite
observation data. Regardless of the location, each of these targeted observations are obtained from, or deployed
in, a pre-de�ned area or targeting region.

Results previously presented by Dumelow et al. [9], subsequently referred to as D2006, have demonstrated
the bene�t of deploying targeted radiosonde observations in Met O�ce NWP models. By running a series of
Observation System Experiments (OSEs), the bene�t was quanti�ed by determining the impact on the quality of
forecasts verifying within a pre-de�ned veri�cation area. The authors concluded that for maximum impact, the
location of the targeted observations were dependent on the geographical de�nition of the veri�cation area and the
target forecast range they sought to improve. Using the veri�cation region and target forecast range as parameters,
the study included the identi�cation of targeting regions within which to deploy radiosonde observations comprising
an optimal targeting network. The process of identifying the targeting regions is termed sensitive area prediction
and in D2006, the authors undertook a T+0 500 hPa �ow analysis to achieve this. They found that the optimal
targeting regions were typically located upstream of the veri�cation area and incorporation of these targeted
observations into NWP models in the presence of the routine network, resulted in the largest reduction in forecast
error when compared with other targeting strategies. The operational implementation of this deployment, based on
a T+0 �ow analysis, would be impractical in reality. This is because the data time of sensitive area prediction and
targeting were identical, in other words the lead time was zero. In addition, the overhead of manually performing
such an analysis would be costly in terms of human forecasting resource and possibly prone to error.

This study presents results from experiments undertaken to ful�l three speci�c research aims:

1. To evaluate the impact on NWP forecasts by deploying further con�gurations of targeted radiosondes based
on sensitive area predictions de�ned by forecasters. This will follow on from the work undertaken in D2006.

2. To determine the impact on NWP forecasts of the deployment of targeted radiosondes within sensitive
area predictions computed by statistical methods using an operationally realistic lead time. The process of
identifying the optimal adaptive network is know as observation targeting, the main elements of which are
summarised in Table 1 and their connectivity shown in Figure 1.

3. To investigate the impact on NWP forecasts of targeting satellite data compared with an operational baseline.

This report is set out as follows. The experimental design for all experiments is presented in Section 2. Results
from the experimental runs are given in Section 3 comprising, veri�cation of standard meteorological �elds and
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tropical cyclone impact studies. A discussion of the key results and conclusions can be found in Section 4 together
with recommendations for future work.

Sensitive area prediction Forecast verification

Targeting time

Verification timeInitial time

Lead time Target forecast range

TIME

Targeted observations

Figure 1: Main elements of the observation targeting paradigm (adapted from Doerenbecher et al. [7]).

Initial time The time at which the sensitive area prediction is generated.
Targeting time The time of deployment of the targeted observations.
Veri�cation time The time the target forecast is to be veri�ed.
Sensitive area prediction The method used to identify the targeting region.
Targeted observations Targeted observations are made at targeting time deployed in a

targeting region.
Forecast veri�cation The forecast is veri�ed within the veri�cation region where an

improvement in forecast impact is sought.
Targeting region The location of where the targeted observations are to be

deployed.
Target forecast range The forecast range to be improved, typically the length of time

between the targeting and veri�cation times.
Lead time The length of time between production of the sensitive area

prediction and the targeting time.

Table 1: Main elements of an observation targeting paradigm.

2 Experimental set-up

This section describes the methods used in the experiments to investigate the three broad research aims introduced
in Section 1. To investigate each candidate deployment strategy, we undertake a series of OSEs. Each OSE is
based on the Met O�ce's North American Crisis Area Mesoscale (CAM) model [11].
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Tropical cyclone Landfall Date
Hurricane Katrina 30oN/89oW 29 August 2005 12 UTC
Hurricane Ophelia 34oN/77oW 14 September 2005 00 UTC
Hurricane Rita 30oN/93oW 24 September 2005 12 UTC
Hurricane Otis 20oN/110oW 30 September 2005 12 UTC

Table 2: Tropical cyclones occurring during the period within the CAM domain.

2.1 OSE con�guration

The CAM is used to evaluate di�erent deployments of targeted observations. Its domain de�nition is shown in
Figure 2(a) together with the veri�cation area whose horizontal spatial coordinates bottom left and top right-hand
points are {35oN/98oW/45oN/85oW}. The veri�cation region is chosen such that radiosondes are available for
deployment upstream in any direction depending on the location of the sensitive areas. The CAM resolution is
based on a 17 km horizontal rotated grid with 38 vertical model levels and uses a 3D-variational assimilation
scheme. It generates forecasts in the ranges T+12, T+24, T+36 and T+48 at 00 and 12 UTC cycles of each
trial day. The CAM con�guration is di�erent to that used in D2006. At each cycle, all OSEs are initialised
from an identical observation and assimilation background valid at that time1. By doing this, the impact of each
deployment of targeted radiosonde observations is apparent and not masked by the evolving model background.
Boundary conditions for the regional model are obtained from the Met O�ce's Global model. The OSE trial period
spans 29 August 2005 12 UTC through to 1 October 2005 12 UTC and is made up of 66 forecast cycles. The period
includes the four tropical cyclones listed in Table 2. These tropical cyclones will be the subject of case studies for
which results are presented in Section 3.

A routine radiosonde network is constructed using the method de�ned in D2006. Radiosonde station locations
are subjectively selected from the existing North American network and thinned to an approximate resolution
of one per 10o latitude/longitude box. Targeted radiosonde observations may then be added by selecting from
those remaining stations in the existing North American network. No routine observations are deployed within the
veri�cation area. Throughout the trial period, all aircraft observations have been removed to improve the radiosonde
observation targeting signal. The impact of aircraft observations has been shown to lead to a positive e�ect on
the reduction of forecast error in regional models [8]. Re-running these experiments with the inclusion of these
observations may lead to a reduction in any subsequently reported positive impact. Figure 2(a) shows the locations
of radiosonde stations that are used routinely (red dots) and those that may be considered for observation targeting
(black crosses). At each cycle, the routine radiosonde network may be deployed (depending on the strategy used)
together with targeted radiosonde observations whose selection is dependant on the deployment strategy being
evaluated.

2.2 Evaluation of targeted radiosonde observations deployed within forecaster de-
�ned regions

We consider the following strategies to deploy targeted radiosonde observations and label them appropriately for
subsequent reference in this paper:

VER_ONLY In this con�guration a �xed deployment of targeted radiosonde observations are deployed within
the veri�cation area only at each cycle as shown in Figure 2(b). No routine radiosonde network is deployed.
The aim of the experiment is to demonstrate the limitations of a strategy that simply deploys within the
veri�cation area.

UPS_ONLY This strategy contains no deployment of the routine observing network. Targeted observations are
only deployed upstream of the veri�cation area in targeting regions based on the 500 hPa �ow analysis valid
at targeting time as described and undertaken in D2006. This experiment will demonstrate the utility of the
routine baseline observing network. Stations are selected with the aim of improving forecasts in the range of
36 hours.

BASE+T36 In this strategy a routine observation network is deployed together with 10 targeted observations at
each cycle. The deployment location of the targeted radiosondes is within regions based on a 500 hPa �ow

1The observation and assimilation background are taken from an operationally con�gured equivalent OSE labelled BASE+ALL,

run as a meta-control.
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analysis using a 36 hour forecast valid at the targeting time. Radiosonde stations are selected with the aim
of improving forecasts in the range of 36 hours.

We compare the impact of these deployment strategies with the OSEs de�ned originally in D2006. For completeness
they are described below:

BASE+UPS At each cycle routine radiosonde observations are deployed together with 10 targeted observation
in regions based on the 500 hPa �ow analysis valid at targeting time (T+0) described and undertaken in
D2006. Radiosonde stations are selected with the aim of improving forecasts in the range of 36 hours.

BASE This strategy comprises the routine network only . The location of the baseline network is shown in Figure
2(c).

BASE+ALL This deployment strategy contains all radiosonde observations used operationally. We run this
con�guration to provide an analysis for verifying case study forecasts presented later. It corresponds to all
of the radiosonde stations shown in Figure 2(a).

2.3 Generation of sensitive area predictions using the Ensemble Transform Kalman
Filter (ETKF)

We seek to quantify the impact on NWP forecasts of deploying additional targeted radiosonde observations within
regions computed using statistical methods. In this study the method considered is the Ensemble Transform
Kalman Filter (ETKF) �rst proposed by Bishop et al. [1, 15]. A complete description of the ETKF can be found
in Bovis (2008) [4] but a brief account of its capability follows. Preliminary results of its use have already been
previously presented [2].

The ETKF seeks a deployment of targeted observations in addition to a routine network that will minimise
the forecast error in a pre-de�ned veri�cation area and forecast range. It is based on the Kalman Filter [14]
and utilises an ensemble of forecasts to estimate model uncertainty within a probabilistic framework. In all our
experiments we use ECMWF's Ensemble Prediction System (EPS) [6] to initialise the ETKF and estimate the
analysis error covariance at targeting and veri�cation times. The ETKF utilises a novel data transformation
technique facilitating the identi�cation of optimal locations of the targeted observation in the presence of a large
combination of deployment possibilities.

The OSE con�guration used to evaluate each deployment is identical to that described in Section 2.2. At each
forecast cycle, the ETKF generates a model of sensitivity with respect to a deployment of targeted observations in
the presence of the routine network. In the ETKF this is called the signal variance. The signal variance is inter-
polated to the locations of all the candidate radiosonde locations available for targeting. Radiosonde observations
from the top-10 ranked radiosonde locations maximising the ETKF signal variance are automatically selected for
deployment. Figure 3 shows an example ETKF sensitive area prediction for deploying targeted observations on 29
August 2005 12 UTC.

We evaluate the following strategies for the deployment of targeted radiosonde observations in regions identi�ed
using the ETKF and label them appropriately for subsequent reference in this paper:

ETKF(24) In this approach the ETKF is used to create targeting guidance for each cycle during the trial period.
The lead time used is 24 hours and we seek to deploy targeted observations with the aim of improving 36
hour forecasts.

ETKF(48) This con�guration of the ETKF is identical to ETKF(24) except a longer lead time of 48 hours is
used.

We compare the impact from these targeting strategies with OSEs BASE+T36 and BASE+UPS de�ned in Section
2.2.

2.4 Experimental methods for the adaptive thinning of satellite data

In this section we describe experiments undertaken to evaluate the utility of targeting satellite data. Previous studies
have shown that increasing the observation density for satellite observations with uncorrelated error improves the
analysis accuracy [17]. We assess the utility of incorporating adaptively thinned Advanced Microwave Sounding
Unit (AMSU) radiance data obtained from satellites with that of an operational NWP baseline. To evaluate each
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Figure 2: (a) CAM domain with veri�cation area shown as a blue box (candidate surface stations for observation
targeting and routine surface network shown as black crosses and red circles respectively); (b) location of the 10
static radiosonde stations located within the veri�cation area; (c) the routine radiosonde network used in BASE
deployment strategy.
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Figure 3: Example sensitive area prediction generated using the ETKF for targeting on 29 August 2005 12 UTC
showing the ETKF signal variance (�lled coloured contour) and forecast Mean Sea Level Pressure (MSLP, black
contour) and 500 hPa geopotential height (Z500, red contour). Radiosonde stations selected for targeting are shown
as black crosses and the routine observing network shown in red.

AMSU data thinning strategy, we run an OSE based on the Met O�ce's CAM described in Section 2.2 utilising
a routine radiosonde observation network with no targetable radiosondes. Throughout the OSE trial period,
surface and satellite observations are assimilated as normal except that the thinning of AMSU data is undertaken
according to di�erent strategies. Preliminary results have already been presented [5, 3]. We de�ne the following
OSEs corresponding to di�erent AMSU data thinning strategies evaluated in this study:

D154 AMSU data thinning is undertaken globally at the resolution of one observation every 154 km. An example
swathe is shown in Figure 4(a). This acts as a baseline to quantify the impact of other AMSU data thinning
strategies.

D40 AMSU data is thinned globally but at the �ner resolution of one observation every 40 km. An example of
typical data is shown in Figure 4(b). This was the operational con�guration used in all Met O�ce local area
models at the outset of this study.

ETKF(24) In this strategy, AMSU data thinning is undertaken at two di�erent densities. Within regions max-
imising the signal variance generated by the ETKF, AMSU data thinning is carried out at a resolution of
one observation every 40 km, the e�ective maximum data usage. This results in a higher density of AMSU
observations occurring in these regions. Outside of these areas, a thinning resolution of one observation every
154 km is used. Thinning at the �ner resolution is undertaken within regions of an approximate size 2× 106

km. The ETKF is con�gured to run with a lead time of 24 hours and with the aim of improving 24 hour
forecasts in the previously de�ned veri�cation region. The adaptive thinning of AMSU data is performed for
every cycle during the trial period. An example of typical data is shown in Figure 4(c). From this �gure, it
can be seen that adaptively thinned AMSU data may occur within the veri�cation region.

3 Results

In this study we evaluate experimental impact in three di�erent ways. In Section 3.1 we assess the performance of
each deployment strategy over the whole trial period by computing the forecast Root Mean Square (RMS) error
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Figure 4: AMSU data thinned observation swathe examples; (a) globally at one observation every 154 km used in
D154; (b) globally at one observation every 40 km used in D40; (c) adaptive thinning at one observation every 154
km outside sensitive area prediction (shown as �lled coloured contour) and one observation every 40 km within
this area.
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for a selection of forecast �elds. This is followed in Section 3.2 by undertaking a series of case studies examining
the forecasting of tropical cyclones with tracks that pass through the veri�cation region.

3.1 Experimental results for forecast RMS error

To determine the impact of the di�erent deployment strategies, we verify the forecasts generated at each 00 and
12 UTC forecast cycle throughout the trial period against radiosonde observations deployed within the veri�cation
region. Key �elds considered in this study are geopotential height, temperature, wind speed and relative humidity at
500 hPa. Each of these �elds may be used to diagnose the modelling of synoptic weather conditions within the CAM.
Forecast RMS error is computed for a set of candidate forecast ranges {T + 0, T + 12, T + 24, T + 36, T + 48}. To
assess the performance of each strategy at di�erent heights in the atmosphere, we present forecast RMS error
results for di�erent pressure levels at the target forecast range of T+36 for targeted radiosonde experiments and
at T+24 for AMSU data thinning experiments.

Targeted radiosonde deployment strategies
Figures 5(a)-(d) show the mean forecast RMS error for each of the deployment strategies discussed in Section
2.2. From the veri�cation of 500 hPa geopotential height in Figure 5(a), we see that OSE VER_ONLY gives the
smallest mean forecast error up to T+24 but then BASE+T36 shows the largest impact beyond this forecast range.
This result highlights that at short forecast ranges, the upstream �ow is less important and that a good analysis
of the veri�cation region itself is more important. At T+48 there is little to separate the competing deployment
strategies. A broadly similar pattern is observed in the veri�cation of the other forecast �elds. This is shown in
Figures 5(b)-(d) but we observe that the performance of OSE VER_ONLY is superior only to T+12. From these
results we can see that OSEs that undertake the deployment of the routine and targeted observations generally
out-perform those that don't deploy both networks. For example, OSEs BASE+T36 and BASE+UPS out-perform
OSEs VER_ONLY, BASE and UPS_ONLY beyond the T+12 forecast range. Di�erences in forecast error between
each approach at di�erent levels for the target 36-hour forecast range are harder to identify. This is illustrated by
the results for forecast geopotential height and wind speed shown in Figures 6(a) and (c) respectively. Discernible
di�erences do exist for forecast temperature as shown in Figure 6(b). Here we see the smallest forecast error in
OSE VER_ONLY up to 700hPa and above this pressure level, OSE BASE+T36 gives the smallest forecast RMS
error. A similar trend can be observed for relative humidity scores shown in Figure 6(d). Better representation
of the boundary layer temperature and humidity at this time in OSE VER_ONLY may be as a result of frequent
inversions resulting in poor modelling of the veri�cation region at lower levels compared with other OSEs. Above
400 hPa, OSE BASE+UPS gives the smallest RMS error for temperature and relative humidity shown in Figures
6(b) and (d). From Figures 6(a)-(d), we see that the utility of OSE VER_ONLY decreases with height.

The performance of targeted radiosonde deployment strategies in ETKF targeting regions
We now evaluate the utility of the ETKF in identifying targeting regions. We compute the mean forecast RMS error
for the forecast �elds presented in the previous section at the same forecast ranges. We compare the OSEs utilising
ETKF targeting guidance, ETKF(24) and ETKF(48), with OSEs based on a 500hPa �ow analysis, BASE+UPS
and BASE+T36. Both ETKF approaches aim to improve 36 hour forecasts. At T+36 the results in Figures 7(a)-(d)
highlight that at least one ETKF-based OSE out-performs those based on the 500hPa �ow analysis for each forecast
�eld with the exception of 500 hPa temperature when equal performance is observed. From the mean forecast RMS
error results for these �elds presented in Figures 7(a)-(d), it is apparent that the relative merit of OSE ETKF(24)
over OSE ETKF(48) is dependent on forecast range and forecast �eld under consideration. Figures 8(a)-(d) show
results for each forecast �eld verifying at di�erent pressure levels for 36-hour forecasts. There is little to distinguish
the di�erent approaches for the veri�cation of forecast geopotential height and wind speed shown in Figures 8(a)
and (c). For temperature and relative humidity, Figures 8(b) and (d) respectively, we see a reduced forecast RMS
error from one of the ETKF OSEs below 500 hPa. Above this height forecast RMS error for both OSEs utilising
ETKF targeting guidance are inferior to OSE targeting from 500hPa �ow analysis for forecast relative humidity.
Results presented in this �gure for temperatures above 500 hPa are inconclusive.

AMSU data thinning strategies
We �nally present an assessment of the utility of the adaptive thinning of AMSU data used in OSE ETKF(24)
compared with the static global thinning controls, OSEs D154 and D40. For each OSE, Figures 9(a)-(d) show
the mean forecast RMS error for the veri�cation of the four key forecast �elds at di�erent forecast ranges. From

9



17
18

19
20

21
22

Mean fc Height (metres) at 500.0 hPa: Sonde Obs

Forecast Range

M
ea

n 
FC

−O
bs

 R
M

S 
Er

ro
r

0 12 24 36 48

ver_only
ups_only
base + T36
base + ups
base

1.
2

1.
3

1.
4

1.
5

1.
6

1.
7

Mean fc Temperature (Kelvin) at 500.0 hPa: Sonde Obs

Forecast Range

M
ea

n 
FC

−O
bs

 R
M

S 
Er

ro
r

0 12 24 36 48

ver_only
ups_only
base + T36
base + ups
base

(a) (b)

4.
5

5.
0

5.
5

6.
0

6.
5

Mean fc Wind (m/s) at 500.0 hPa: Sonde Obs

Forecast Range

M
ea

n 
FC

−O
bs

 R
M

S 
Er

ro
r

0 12 24 36 48

ver_only
ups_only
base + T36
base + ups
base

20
22

24
26

28

Mean fc Relative Humidity (%) at 500.0 hPa: Sonde Obs

Forecast Range

M
ea

n 
FC

−O
bs

 R
M

S 
Er

ro
r

0 12 24 36 48

ver_only
ups_only
base + T36
base + ups
base

(c) (d)

Figure 5: Targeted radiosonde deployment strategies: mean forecast - analysis RMS error veri�ed using radiosonde
observations within the veri�cation region for di�erent forecast ranges: (a) geopotential height at 500 hPa; (b)
temperature at 500 hPa; (c) wind speed at 500 hPa and (d) relative humidity at 500 hPa.
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Figure 6: Targeted radiosonde deployment strategies: mean T+36 forecast - observation RMS error veri�ed using
radiosonde observations within the veri�cation region at di�erent pressure levels: (a) geopotential height; (b)
temperature; (c) wind speed and (d) relative humidity.
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Figure 7: ETKF based sensitive area prediction radiosonde deployment strategies: mean forecast - analysis RMS
error veri�ed using radiosonde observations within the veri�cation region for di�erent forecast ranges: (a) geopo-
tential height at 500 hPa; (b) temperature at 500 hPa; (c) wind speed at 500 hPa and (d) relative humidity at 500
hPa.
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Figure 8: ETKF based sensitive area prediction radiosonde deployment strategies: mean T+36 forecast - observa-
tion RMS error veri�ed using radiosonde observations within the veri�cation region at di�erent pressure levels: (a)
geopotential height; (b) temperature; (c) wind speed and (d) relative humidity.

13



18
19

20
21

22

Mean fc Height (metres) at 500.0 hPa: Sonde Obs

Forecast Range

M
ea

n 
FC

−O
bs

 R
M

S 
Er

ro
r

0 12 24 36 48

D154
D40
ETKF(24)

1.
45

1.
50

1.
55

1.
60

1.
65

1.
70

Mean fc Temperature (Kelvin) at 500.0 hPa: Sonde Obs

Forecast Range

M
ea

n 
FC

−O
bs

 R
M

S 
Er

ro
r

0 12 24 36 48

D154
D40
ETKF(24)

(a) (b)

5.
4

5.
6

5.
8

6.
0

6.
2

6.
4

6.
6

Mean fc Wind (m/s) at 500.0 hPa: Sonde Obs

Forecast Range

M
ea

n 
FC

−O
bs

 R
M

S 
Er

ro
r

0 12 24 36 48

D154
D40
ETKF(24)

24
25

26
27

28
29

Mean fc Relative Humidity (%) at 500.0 hPa: Sonde Obs

Forecast Range

M
ea

n 
FC

−O
bs

 R
M

S 
Er

ro
r

0 12 24 36 48

D154
D40
ETKF(24)

(c) (d)

Figure 9: AMSU data thinning strategies: mean forecast - analysis RMS error veri�ed using radiosonde observations
within the veri�cation region for di�erent forecast ranges: (a) geopotential height at 500 hPa; (b) temperature at
500 hPa; (c) wind speed at 500 hPa and (d) relative humidity at 500 hPa.

these �gures, we can see that for each forecast �eld at the target 24-hour forecast range, the current operational
global setting, OSE D40, is inferior to all other approaches. The horizontal correlation of observation errors in this
OSE directly leads to the poorer performance. This result has prompted changes to current Met O�ce operational
regional models. The performance of the AMSU data thinning approach OSE D154 and OSE ETKF(24), appear
broadly similar for all �elds with the exception of relative humidity shown in Figure 9(d). For this �eld at 24-hour
forecast ranges, OSE ETKF(24) exceeds the performance of D40 and D154. When viewing the results of the
mean T+24 forecasts at all pressure levels in Figures 10(a)-(d), there is little discernible di�erence in impact for
geopotential height or mean wind speed at all levels. For T+24 temperature, OSE ETKF(24) RMS forecast error
scores are marginally inferior to OSE D154. D154 exhibits a smaller forecast RMS error than D40 at all pressure
levels. For relative humidity, a smaller forecast RMS error is seen at 500 hPa for ETKF(24), but a larger forecast
error is apparent at 250 hPa. With little noticeable di�erence overall in the performance of OSEs ETKF(24) and
D154, we conclude that adaptive thinning at 40 km within a targeted region re�ects the balance of a positive
impact of a targeting strategy with the negative impact associated with increased horizontal error correlation.

3.2 Case studies

In this section we present results from the evaluation of each deployment strategy of additional radiosonde obser-
vations in the presence of tropical cyclones as they pass through the veri�cation region. We discount hurricanes
Ophelia and Otis whose forecast trajectories are shown in Figures 11(a) and (b) as they do not cross the veri�cation
region. By contrast, the tracks of hurricanes Katrina and Rita (Figures 11(c) and (d)) do cross the veri�cation
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Figure 10: AMSU data thinning strategies: mean T+24 forecast - observation RMS error veri�ed using radiosonde
observations within the veri�cation region at di�erent pressure levels: (a) geopotential height; (b) temperature; (c)
wind speed and (d) relative humidity.
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region and are discussed below.
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Figure 11: Forecast trajectory probability (coloured contour), veri�cation area (blue box), ECMWF ensemble
member trajectory (blue lines), ECMWF operational trajectory (black line) and observed position (digits) for
hurricanes: (a) Ophelia on 15 September 2005 12 UTC; (b) Otis on 29 September 2005 12 UTC; (c) Katrina on 29
August 2005 12 UTC and (d) Rita on 24 September 2005 12 UTC.

Hurricane Katrina case
Hurricane Katrina was one of the most expensive and deadly hurricanes on record in the United States [10]. During
a 12-hour period between 00 UTC and 12 UTC on 28 August 2005, the maximum sustained winds increased from
100 to 145 kt. Katrina made landfall in the southern states as a category 3 hurricane on August 29 2005. Figures
12(a) and (b) show the analysed synoptic track of Katrina as it enters the veri�cation region on 30 August 2005
12 UTC and leaves, heading north-east 12-hours later on 31 August 2005 00 UTC. In these �gures, the synoptic
track of Katrina is shown in red using the analysed position from OSE BASE+ALL used in this study and marked
as the black track from the equivalent OSE used in D2006. The location of Katrina in both OSEs is broadly
similar although it is slightly later in leaving the veri�cation area on 31 August 2005 00 UTC when modelled by
OSE BASE+ALL used in this study (Figure 12(b)). These di�erences are a consequence of the meta-control OSE
con�guration used in this study di�ering from that used in D2006. In this study model backgrounds used at the
start of each assimilation cycle are identical.

For the period Katrina was active during the trial, Figure 12(c) shows the veri�cation time-series of T+24
forecast RMS error 500 hPa wind speed veri�ed using radiosonde observations deployed within the veri�cation
region for each deployment strategy. We are unable to verify at the target 36-hour forecast range because of
the proximity to the start of the OSE trial period. In this �gure the dates that Katrina enters and leaves the
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veri�cation region are shown with vertical dashed lines. The �rst available 24-hour forecast that can be veri�ed is
at the same time Katrina enters the veri�cation region on 30 August 2005 12 UTC. From Figure 12(c) it can be
seen that OSE ETKF(48) with a 48-hour lead time, has the smallest forecast RMS error. OSE ETKF(24) has a
slightly larger forecast error. The improvement seen in the OSE ETKF(48) utilising the longer lead time have been
seen in previous studies [4] and shown to be a result of the spread of ensemble perturbations used by the ETKF
thereby better capturing the model uncertainty. Both OSEs targeting in ETKF de�ned regions out-perform OSEs
BASE+UPS and BASE+T36 that deploy additional observations on the basis of a 500 hPa �ow analysis when
Katrina enters the veri�cation region. At 31 August 2005 00 UTC on leaving the veri�cation region, the converse
is true and OSEs BASE+UPS and BASE+T36 appear to out-perform the ETKF OSEs.
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Figure 12: Analysed position of hurricane Katrina showing synoptic location from BASE+ALL from D2006 (black
contour) and BASE+ALL OSE used in this study (red contour). Veri�cation region shown as blue box, analyses
times: (a) 30 August 2005 00 UTC & 12 UTC; (b) 31 August 2005 00 UTC & 12 UTC; (c) time-series of T+24
forecast 500 hPa wind speed for the period surrounding Katrina entering and leaving the veri�cation region for
each experiment.

Table 3 shows the integrated forecast RMS error for T+24 Mean Sea Level Pressure (MSLP) and 500 hPa tem-
perature (T500) verifying in the veri�cation region on 30 August 12 UTC for each OSE. Veri�cation is undertaken
for each OSE with a common verifying analysis (BASE+ALL). We see a larger RMS error for T+24 forecast MSLP
in OSE BASE+T36 = 0.758 compared with OSE ETKF(24) = 0.631. This improvement in RMS error is again
greater in the ETKF con�guration with the longer lead time, OSE ETKF(48) = 0.514 for the same forecast �eld.
For the veri�cation of T+24 T500, the forecast RMS error obtained for OSE BASE+T36 = 0.386 but the shorter
lead time ETKF con�guration performs more poorly ETKF(24) = 0.414.
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OSE MSLP T500
BASE+T36 0.758 0.386
ETKF(24) 0.631 0.414
ETKF(48) 0.514 0.378

Table 3: Veri�cation of T+24 forecast Mean Sea Level Pressure (MSLP) and 500 hPa temperature (T500) for
hurricane Katrina case verifying 30 August 2005 12 UTC. Figures quoted are forecast RMS error.

Hurricane Rita case
Hurricane Rita was an intense hurricane active between 18 - 26 September 2005. It was notable in that it had
the fourth lowest central pressure of 895 hPa ever recorded in the Atlantic basin [10]. During its tropical storm
phase (19 - 20 September 2005) rapid intensi�cation occurred such that the cyclone attained a category 5 status
with 154 kt winds before weakening to category 3 prior to landfall on 23 September 2005 [13, 10]. In Figures
13(a)-(c), we plot the analysed synoptic track of the hurricane as it makes landfall and crosses the veri�cation
region. Analysed locations using BASE+ALL from D2006 are shown in black contours and BASE+ALL used in
this study shown as red contours. As with the Katrina case, we see a di�erence between the synoptic location of
Rita. In the BASE+ALL OSE used in D2006, Rita enters the veri�cation region on 25 September 2005 12 UTC.
In the BASE+ALL OSE used in this study, it enters the veri�cation region 12 hours later on 26 September 2005
00 UTC as shown in Figure 13(b). The di�erences in these two runs are highlighted for continuity between this
study and D2006 and again can be attributed to the use of a common background in this study.

For the period Rita was active during the trial, Figure 13(d) shows the veri�cation time-series of T+36 forecast
RMS error for 500 hPa wind speeds veri�ed using deployed radiosonde observations within the veri�cation region
for each strategy. This �gure also shows the period of time when Rita enters and leaves the veri�cation region,
delineated with a vertical dashed line. Rita enters the veri�cation region on 26 September 2005 00 UTC and during
the following 24-hour both ETKF-based strategies exhibit a smaller forecast RMS error for 500 hPa wind speed
compared with BASE+UPS and BASE+T36. By contrast, the BASE+UPS case appears to have the largest RMS
error for this �eld at this time.
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OSE MSLP T500
BASE+T36 0.717 0.850
ETKF(24) 0.760 0.794
ETKF(48) 0.683 0.806

Table 4: Veri�cation of T+36 forecast Mean Sea Level Pressure (MSLP) and 500 hPa temperature (T500) for
hurricane Rita case verifying 25 September 2005 12 UTC. Figures quoted are forecast RMS error.
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Figure 13: Analysed position of hurricane Rita showing synoptic location from BASE+ALL from D2006 (black
contour) and BASE+ALL OSE used in this study (red contour). Veri�cation region shown as blue box, analyses
times: (a) 24 September 2005 00 UTC & 12 UTC; (b) 25 September 2005 00 UTC & 12 UTC; (c) 26 September
2005 00 UTC & 12 UTC; (d) time-series of T+36 forecast 500 hPa wind speed for the period surrounding Rita
entering and leaving the veri�cation region for each experiment.

Table 4 shows the integrated forecast RMS error for T+36 MSLP and T500 verifying in the veri�cation region
on 25 September 12 UTC for each OSE. Veri�cation is undertaken for each OSE with a common verifying analysis
(BASE+ALL). From these results we see the forecast RMS error for T+36 MSLP for OSE BASE+T36 = 0.717
and for OSE ETKF(24) = 0.760. An improvement in forecast RMS error is found in the ETKF con�guration with
the longer lead time with OSE ETKF(48) = 0.683. For T+36 T500, forecast RMS error for OSE BASE+T36 =
0.850 and ETKF(24) = 0.794 for the shorter lead time. For the Rita case, forecast T500 forecast RMS error is
larger when targeting using the ETKF with a longer lead time, OSE and ETKF(48) = 0.806.

In the absence of a diagnostic tool to estimate individual observation impact on short range forecast error,
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we seek to explain di�erences in forecast error by qualitatively assessing the location of targeted observation with
respect to the underlying 500 hPa �ow. For the Katrina case, the underlying mid-level �ow is from an area north-
west of the veri�cation region shown in Figures 14(a)-(c). Accurate modelling of this air mass (shown as a red
dashed ellipse) as it engages with the remnants of Katrina (shown as a black dashed ellipse) entering from the
south may be one possible explanation for di�erences in forecast error observed. For the best performing OSE
ETKF(48) shown in Figures 14(c), three observations have been targeted in this area together with four in a region
just ahead of Katrina to the south of the veri�cation area. OSEs ETKF(24) and BASE+T36 have fewer targeted
observations deployed in the airmass upstream of the veri�cation region shown in Figures 14(b) and (a). Adopting
a similar hypothesis that accurate modelling of the air mass upstream of the veri�cation region that engages with
the remnants of Rita in Figures 14(d)-(f) (shown as a black dashed ellipse), may also explain di�erences in forecast
error for this case. For OSE ETKF(48) shown in Figure 14(f), no targeted observations were deployed around
Rita directly south of the veri�cation region although the upstream air mass was well sampled. By contrast, OSE
ETKF(24) shown in Figure 14(e) deploys �ve observations in the vicinity of Rita and �ve upstream although
none are further west than 110oW of longitude. The observations deployed in BASE+T36 in Figure 14(d) are
broadly similar but include additional observation deployment west than 110oW of longitude. These di�erences in
observation deployment account for di�erences in the performance seen for each OSE.

4 Discussion, conclusions and future work

4.1 Discussion and conclusions

In this study we have evaluated di�erent deployment strategies of radiosonde observations and undertaken thinning
of AMSU data during one a month long trial period running OSEs based on a regional NWP model. We have
evaluated the performance of each OSE by examining a selection of forecast �elds at the appropriate forecast ranges
and where appropriate evaluating the deployment strategy in the presence of tropical cyclones. From these results
we draw the following conclusions:

• The mean forecast RMS errors for �elds geopotential height, temperature and wind speed at 500 hPa, are
smaller at the target forecast range (T+36) for deployment strategies that include a routine network (OSEs
BASE+T36 and BASE+UPS).

• When a routine and targeted radiosonde network is deployed, the T+36 mean forecast RMS errors for
forecast �elds 500 hPa geopotential height, temperature and wind speed are smaller when targeting additional
observations in regions identi�ed with the ETKF (OSEs (ETKF(24) and ETKF(48)) compared with regions
based on a 500 hPa �ow analysis(OSEs BASE+UPS and BASE+T36).

• We have shown that the global thinning of AMSU satellite data at a distance of one observation every 40 km
(OSE D40) leads to an increased forecast error compared with larger distances (OSE D154).

• By considering the hurricane Katrina case study, we have shown that the T+24 forecast RMS vector error for
500 hPa wind speeds2, is smaller prior to Katrina's entry to the veri�cation region, when targeted observations
are deployed in regions identi�ed using the ETKF (OSEs ETKF(24) and ETKF(48)) compared with a those
using a 500hPa �ow analysis (OSEs BASE+T36 and BASE+UPS). This result is complemented with positive
results for 500 hPa temperature and MSLP.

• By considering hurricane Rita at forecast time of entry into the veri�cation region, we also see an improvement
in wind speeds by deploying targeted observations using the ETKF (OSEs ETKF(24) and ETKF(48)).

The performance of each OSE can be assessed in terms of an overall forecast skill score. Forecast skill refers to the
relative accuracy of a set of forecasts with respect to some set of standard reference forecast [20]. This is compiled
from the complete set of forecast �elds veri�ed against surface and sonde observations deployed in the veri�cation
region at all forecast ranges for each cycle of the OSE period. The larger the skill score, the better the performance
of the OSE. A visualisation of the computed skill score for each OSE is shown in Figure 15, the best performing
OSE lying on the right of the line and poorest performing OSE on the left. From these results we can draw the
following conclusions:

• The best performing deployment strategies make use of the routine radiosonde network complimented with
a deployment of targeted radiosondes (red and yellow markers).

2Termed the 'steering �ow', this forecast �eld is important in determining the track of the tropical cyclone by a forecaster.
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Figure 14: Katrina case ETKF targeting guidance at 29 August 2005 00 UTC targeting guidance for (a) BASE+T36,
(b) ETKF(24), (c) ETKF(48). Rita case ETKF targeting guidance at 25 September 2005 00UTC targeting guidance
for (d) BASE+T36, (e) ETKF(24) and (f) ETKF(48). The 500 hPa mid-level �ow area upstream of the veri�cation
region is shown by a red dashed ellipse. Remnants of each tropical cyclone are delineated by a dashed black ellipse.
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Figure 15: Overall skill scores obtained from each OSE. Evaluation of radiosonde deployments (circular markers)
and AMSU data thinning (triangular markers). Colour coding indicates radiosonde deployment strategy grouping:
no routine network (blue); routine network only (green); routine and targeted observation network deployed in
regions identi�ed using a 500 hPa �ow analysis (red); routine and targeted observations deployed in regions identi�ed
in ETKF targeting guidance (yellow).

• Strategies utilising a deployment of either the routine network (green markers) or targeted network (blue
markers) only, are inferior to the deployment of both routine and targeted radiosonde networks (yellow
and red markers). This observation and the previous reinforces the observation made by D2006 that a
comprehensive radiosonde network is invaluable in de�ning the initial conditions for NWP.

• Rather surprisingly, the utility of deploying targeted radiosonde observations in regions identi�ed using a
T+36 �ow analysis (OSE BASE+T36) is greater than that of a deployment bases on a more up-to-date T+0
500 hPa �ow analysis (OSE BASE+UPS). It is important to bear in mind that the overall skill score is
computed from RMS scores at all forecast ranges and we discuss this result further below.

• Running the ETKF to generate generate targeting guidance using the longer lead time of 48 hours (OSE
ETKF(48)), leads to a larger overall skill score than that of the shorter lead time of 24 hours (OSE ETKF(24)).

• The impact, in terms of overall skill score, from the deployment of targeted radiosonde observation within
regions identi�ed using a T+36 500 hPa �ow analysis is greater than deployment in areas identi�ed by the
best performing ETKF con�guration.

• The adaptive thinning of AMSU data within areas identi�ed using the ETKF (OSE ETKF(24)) leads to a
larger overall skill score than simply thinning globally at one observation every 40 km (OSE D40) or 154 km
(OSE D154).

• The impact of attempting to optimise the thinning strategy of AMSU data has a much smaller impact
compared with the deployment of an additional targeted radiosonde network.

Although the skill score gives an overall evaluation of each deployment strategy, in an observation targeting
paradigm we are primarily interested in improving a forecast at the target range, in this study 36-hours. Table
5 shows the number of improved �elds forecast as a percentage at each forecast range for OSEs BASE+T36,
ETKF(48) and ETKF(24). These OSEs correspond to those with the best overall skill score shown in Figure
15. We de�ne an improved �eld as one with a smaller forecast RMS error compared with the corresponding OSE
BASE+UPS used as a baseline. We make the following conclusions:

• At the target forecast range of T+36, both ETKF approaches (ETKF(24), ETKF(48)) have a larger percent-
age of forecast �elds improved than OSE BASE+T36.

• Deployment using the T+36 500 hPa �ow analysis (OSE BASE+T36) leads to improved shorter-range fore-
casts 12-24 hours in range compared with other OSEs evaluated.

• Deploying an targeted network using ETKF targeting guidance with a shorter lead time (OSE ETKF(24)
leads to a greater percentage of improved �elds compared with using a longer lead time (OSE ETKF(48)) at
the target forecast range.
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Deployment strategy T+12 T+24 T+36 T+48
BASE+T36 90% 85% 60% 50%
ETKF(48) 75% 75% 70% 55%
ETKF(24) 75% 75% 75% 45%

Table 5: Percentage number of forecast �elds with a reduced forecast RMS error compared to corresponding �elds
in OSE BASE+UPS used as a baseline.

4.2 Future work

We have presented results from the deployment of di�erent con�gurations of supplemental radiosonde observations
and assessed the impact of each by running a series of OSEs. Results presented highlight the utility of a supplemental
radiosonde observing network and the need to identify the optimal deployment locations.

Targeted observational data used in this study has been made available by constructing a reduced routine
network. In order that algorithms can be fully tested and re�ned, more targeted radiosonde observation �eld data
is required. By collaborating with forecasting sta�, a �eld campaign would facilitate the construction of a data set
to further demonstrate the bene�ts of observation targeting. Such campaigns are already underway, for example
the Greenland Flow Distortion Experiment (GFDex) [18].

The methodology adopted in this study may be used to evaluate other types of targetable observational data.
For example future research may include evaluation of the adaptive thinning of aircraft data using the framework
described in this study.

With the launch of new satellite instrumentation, an exponential growth in the amount of satellite data available
for NWP is expected. Intelligent thinning of satellite data may play an important role in improving target forecasts.
Although the impact of this approach described in this report is small compared to that o�ered by targeted
radiosonde observations, a large amount of data is easily manipulated and made available for processing.

Improvements in modelling the physical dynamics of the atmosphere coupled with increases in horizontal and
vertical resolution of NWP will undoubtedly lead to improvements in forecasts. The deployment of adaptive
observational networks and ingestion into regional NWP models will allow forecasters to better utilise these im-
provements.
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