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Abstract. The uncertainty of a calculated trajectory is de- of sampled air at a particular site (see evgrver et al,
pendent on the uncertainty in the atmospheric analysis. Us1999. Furthermore, it is an efficient way to couple indi-
ing the Ensemble Transform method (originally adapted forvidual measurements, on e.g. aerosol composition, with the
ensemble forecasting) we sample the analysis uncertainty igeneral characteristics of a source region. Although trajec-
order to create an ensemble of analyses where a trajectotypry calculations is a powerful tool in atmospheric research,
is started from each perturbed analysis. This method, callethe calculations contain errors that must be accounted for.
the Ensemble analysis method (EA), is compared to the Ini-To this end, humerous studies have investigated the impact
tial spread method (IS), where the trajectory receptor point ifrom e.g. spatial and temporal interpolation errors, calcula-
perturbed in the horizontal and vertical direction to create ation method errors and wind field analysis differences (see
set of trajectories used to estimate the trajectory uncertaintyStohl 1998 and references therein). One of the largest er-
The deviation growth is examined for one summer and onerors in trajectory calculations originate in differences in me-
winter month and for 15 different geographical locations. Weteorological data set$iarris et al.(2005 found, when com-
find up to a 40% increase in trajectory deviation in the mid- paring different contributions to trajectory uncertainty, that
latitudes using the EA method. A simple model for trajectory using different reanalysis data sets resulted in an uncertainty
deviation growth speed is set up and validated. It is showrof 30-40% of the average distance traveled. However, it was
that the EA method result in a faster error growth comparedalso concluded that no data set could be considered superior
to the IS method. In addition, two case studies are examinedo another despite that differences existed in the resulting tra-
to qualitatively illustrate how the flow dependent analysis un-jectories Harris et al, 2005.
certainty can impact the trajectory calculations. We find a To calculate trajectories information on the atmospheric
more irregular behavior for the EA trajectories compared tomotion is needed. In the case of forecast trajectories, infor-
the IS trajectories and a significantly increased uncertaintymation from a numerical weather prediction model is used.
in the trajectory origin. We conclude that by perturbing the Errors in such trajectory calculations will to a large extent be
analysis in agreement with the analysis uncertainties the errasubject to uncertainties in the predicted wind field. To calcu-
in backward trajectory calculations can be more consistentlylate backward trajectories, one can instead use atmospheric
estimated. analysis data, for instance the two widely used re-analysis
data sets: the ECMWF ERA-40 Reanalysis Data $4gt-(
pala et al. 2005 or the NCEP/NCAR Reanalysis Data Set
(Kalnay et al, 1996. Even if an analysis is the best estimate
of the true state of the atmosphere it still contains errors. One
dWidely used method to account for such errors is to calculate
to determine the origin or fate of air parcels in the atmo- many trajectpries, ea_ch with a perturbed_rece_ptor/emission
sphere. For example, the use of back trajectories is comPoint to obtain an estimate of the uncertainty in the area of

mon in atmospheric chemistry to determine source regioné")rlgln (Merrill et al., 1985. Hovyeve_r, this metho_d may n.ot
accurately sample the uncertainty in the analysis since it has

not been investigated whether an uncertainty in the atmo-
Correspondence toA. Engstbm spheric analysis can be represented using this approach.
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1 Introduction

Atmospheric trajectory calculations is a widely used metho
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The errors in meteorological analyses are partly due to obysis used in weather prediction to sample the analysis un-
servation errors and the fact that observations can includeertainty. The ensemble of analyses is created with the En-
local phenomena that are not representative for an entireemble Transform method that is used to perturb the analy-
grid box. In order to produce a best estimate of the atmo-sis from the ECMWF data assimilation system. The second
spheric state, numerical weather prediction centers use adnethod is the Initial spread method (I1S) where a set of trajec-
vanced data assimilation systems. In data assimilation, théories, each with an individual receptor point, is used to sam-
information from observations combined with a backgroundple uncertainties in the atmospheric flow. This is the most
(usually a short forecast valid at the time of the analysis) iscommon method used in atmospheric chemistry applications
used to obtain an analysis. However, both of these comsince it allows for a large number of trajectories to be com-
ponents contain uncertainties. Thus the resulting analysiputed from a high-resolution analysis and still accounting for
will not perfectly match the current atmosphere. Even if errors by perturbing the receptor point.
one knows that errors are present, it is difficult to estimate The use of the ECMWF ensemble prediction system to es-
the error amplitude and to simulate the corresponding errotimate forecast trajectory uncertainty was studie&daheele
structures. For instance, one known property of the analy-and Siegmun@2001) andStraume(2001) where a trajectory
sis uncertainty is the existence of spatial correlations of, andvas started from each member of the ensemi8¢&raume
correlations between, meteorological variables. The error iN2001) found that the ensemble spread is mainly important
one grid point is related to the error in adjacent grid points.for long trajectory calculations (more than 24 h) and may not
Furthermore, the structure of the correlations and the amplibe suitable for shorter estimates of trajectory uncertainties.
tude of the errors vary on a day-to-day basis due to the curHowever, bothScheele and Siegmur(@001) and Straume
rent flow situation. In data assimilation, this error correlation (2001 studied forecast trajectories based on the ensembles
is obtained using differences between forecasts of differentreated with the singular vector method. The singular vec-
length or with flow dependent covariance matrices obtainedtor method is aimed at finding structures that will grow most
from an ensemble of short forecasBaqnistey 2008. rapidly during a period of optimization. However, as men-

The effect of the analysis error on the forecast uncertaintytioned above, these structures might not necessarily resem-
is simulated in ensemble weather forecasting. Due to theble the expected properties of the analysis error. Therefore,
chaotic behavior of the atmosphere, small uncertainties in thén the case of backward trajectories where analysis data is
analysis will grow with increasing forecast length. In order used, other methods might be more appropriate.
to simulate these analysis uncertainties several methods are This paper is organized as follows. In Settve describe
proposed in the literature. These are e.g. singular vectorghe trajectory calculations and the two methods that we have
(Palmer 1993, breeding vectorsTpth and Kalnay1997,  used in this study. In Sec8 the results from two selected
Ensemble Transform methodVgi et al, 2008 or the En-  case studies are presented together with statistics for several
semble Transform Kalman fileMang and Bishop2003.  different regions. Finally, in Sect the conclusion are pre-
The common purpose of these methods is to add perturbasented.
tions to the estimated analysis. Another viable alternative
is to perform multiple analyses, ensemble data assimilation
(Houtekamer and Mitchell1998 Buizza et al. 2009. In 2 Methods
Magnusson et a2009 the properties of the singular vec-
tor method and the Ensemble Transform method were comJo investigate the difference between the two methods and to
pared. It was shown that the Ensemble Transform perturstudy how the analysis error impacts on the calculated back
bations are closer to the expected properties of the analysitajectory path, daily five-day back trajectories are calculated
error compared to singular vectors. The Ensemble Transfor for 15 different locations around the globe. The period
form method is a development of the breeding methiadi  selected in this study spans 29 subsequent days between July
and Kalnay 1997 and uses the previous ensemble to createand August 2005 and 25 subsequent days between December
new perturbations with the purpose to sample perturbatior2005 and January 2006. The start-point locations a?éS60
structures that have grown in the past due to a sensitive flovd®® S, ® N, 3C° N and 60 N for 120° W, O°E and 120E.
situation. The perturbations are expected to have a spatiddy selecting these regions we can compare the two methods
and multivariate structure that is similar to correlations in the subject to different meteorological conditions.
analysis error and have uncertainties that are dependent on We use a kinematic three-dimensional trajectory model
the current flow situation. available at the ECMWF where the trajectory path is deter-

In this study we will compare two different methods to mined by the full three-dimensional wind field (Pakberg,
generate a set of trajectories that can be used to estimate theersonal communication, 2009). An analysis field (resolu-
spatial uncertainty, due to analysis errors, in a calculated tration 1.125 x1.125 and 40 vertical levels) is provided every
jectory. The first method is the Ensemble analysis methods h and the wind field is interpolated linearly between each
(EA) where all trajectories are initiated at the same point,analysis. The provided analysis field is interpolated from the
but each trajectory path is calculated from a perturbed analeperational analysis which uses a resolution of Q3.5
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and 60 vertical levels. The trajectory calculation time step s
is 30 min. All trajectories are released at either the 850 hPa
or the 300 hPa level.

[m/s]

2.1 Ensemble analysis method (EA)

In order to simulate the day-to-day variations in the anal-
ysis uncertainty, we have adopted the Ensemble Transform
method from ensemble forecastirigighop and Toth1999 5
Wei et al, 2008. In ensemble forecasting, the aim isto sam- 4|
ple analysis uncertainty in order to simulate their impact on
the forecast. In this study, the aim is to simulate the im-
pact from the analysis uncertainties on backward trajectories.
One difference between the two purposes is that in ensemble 11 ]
forecasting, the dynamical model can simulate the develop- 4
ment of the perturbation properties (e.g. the amplitude rela-
tive to the forecast error and spatial correlations) during the
first hours of integration which is the case, for example, with gjg 1 |nitial ensemble standard deviation (black line), ensemble
singular vectors starting with a low initial perturbation am- standard deviation after 48 h (red, solid) and the RMS error of the
plitude (Magnusson et 812009. Since no forward integra-  ensemble-mean forecast at 48 h (red, dashed) for the zonal wind
tion of the model takes place for the trajectory calculations,speed duringa) the winter period an¢b) the summer period.
the above described difference is the rationale for using En-
semble Transform perturbations in the present study since
the Ensemble Transform initial perturbations are closer to thehe terminology Ensemble Transform method. The terminol-
expected properties of the analysis erfdiagnusson et al.  ogy Ensemble analysis method (EA) is used when referring
2009. to the trajectory calculations based on this ensemble of anal-
The Ensemble Transform perturbations are calculated byses.
orthonormalizing the ensemble of perturbations every six The amplitude of the analysis perturbations created with
hours (for more details on how the perturbations are obtainedhe Ensemble Transform method is a measure of the expected
seeWei et al, 2008 McLay et al, 2008. This procedure uncertainty in the analysis and forecast. If the ensemble stan-
is undertaken in order to sample fast growing error struc-dard deviation is large then it is likely that the unperturbed
tures. The Ensemble Transform method is a further developanalysis is an unreliable estimate of the true state of the at-
ment of the breeding techniqu&ath and Kalnay1997 and mosphere, or if it is small it is likely a reliable estimate.
yields perturbations orthonormal to the inverse analysis erroHowever, what is the desired ensemble standard deviation
norm. The procedure generates perturbation structures thaihat correspond to the true uncertainties? To verify whether
have spatial correlations dependent on the current flow situathe perturbation amplitude (in the mean) corresponds to the
tion and are normalized by the estimated analysis error. Theérue uncertainties in an analysis or forecast, one can com-
ability for breeding vectors (and also applicable for Ensem-pare the ensemble standard deviation and the RMS error of
ble Transform perturbations) to sample the flow dependenthe ensemble-mean forecast, averaged over time. These two
error is further discussed Borazza et al(2003. guantities should be equal if the ensemble samples the un-
Our data set consists of 20 perturbed analyses, obtainedertainties correctly in the mean (sBalmer et al.2006.
every 6 h. The ensemble of analyses is generated by addiniyp Fig. 1 the standard deviation of the analysis perturbations
perturbations to the original analysis, the same methodolfor the zonal wind as a mean for the two included periods is
ogy as in ensemble weather forecasting. By using a simplexshown (the meridional wind component behave very similar
transformation (described in e jlei et al, 2008, the mean  and is therefore not shown). The ensemble standard devia-
of all perturbed analyses equal to the unperturbed analysis iBon is lower in the tropical band compared with the extra-
obtained. Each perturbed analysis will be a realization of thetropics, mainly due to a lower variability in the wind field
analysis error. The differences between the perturbed analysver the tropics compared to the mid-latitudes. In order to
ses is for instance small changes in the magnitude and dire@stimate if the perturbation amplitude corresponds to the true
tion of the wind and differences in the temperature field (i.e.uncertainties for the winter period, we compare the ensem-
geopotential). The unperturbed analysis is used to calculate ble standard deviation (Fida, red, solid) and the RMS error
control trajectory. One additional trajectory is calculated for of the ensemble-mean forecast (Fig, red, dashed) after
each perturbed analysis. This means that for each receptdwo days. The reason for not comparing the two quantities
point 21 trajectories are calculated. Note that when referringat the initial time is because it is difficult to obtain indepen-
to the method used to create an ensemble of analyses we udgent estimates of the RMS error. The ensemble is somewhat
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Fig. 2. 12Z wind at 850 hPa (arrows) and the wind speed standard deviatiorih (msay shading) between the ensemble members for four
subsequent days included in the North Atlantic case st(a}y24th, (b) 23th, (c) 22th and(d) 21th of December, 2005. Markers show the
corresponding location of the EA method trajectories (red) and the IS method trajectories (green).

over-dispersive (i.e. the analysis error is somewhat overthe receptor point of the trajectory. The logical basis behind
estimated) in the northern extra-tropics and under-dispersivéhis method is to see how small uncertainties in the trajec-
(the error is somewhat under-estimated) in the tropics. Intory start point grow with time, thus giving an estimate of
the southern extra-tropics the two quantities agree well. Inthe uncertainty in the region of origin. This method to gen-
Fig. 1b the corresponding information is shown for the sum- erate a set of trajectories has been used in previous studies
mer period included in this study. We see that the ensembléo estimate such uncertaintidgérrill et al., 1985 Draxler,

is still under-dispersive in the tropics and over dispersive in2002. Using this approach we create a set of 26 trajectories
the northern-extra tropics. Independent of season the analywith a receptor point displaced by at mast® and 10 hPa

sis error appears slightly over-estimated in the northern extraielative to the control trajectory start point. This initializa-
tropics. The lower forecast error in the northern extra-tropicstion does introduce a latitude dependent bias. We have how-
could be explained by the fact the the Northern Hemisphereever accounted for this bias in an extra set of simulations and
is well observed in terms of meteorological observations, refound no significant difference in the presented result. The
ducing the uncertainty in the 48-hour forecast. The generatrajectories are evenly distributed within thd° box and the
characteristics of the analysis error is however similar dur-distribution is the same for all geographical locations. For
ing both the winter and summer period. We can also see thateference, we also create a set of trajectories only perturbed
the initial perturbations (Fig. 1a,b, black lines) are slightly in the horizontal plane. This set is not used in the case stud-
higher in the winter hemisphere of each period, reflecting theies in section 3. However, when considering the statistical
more dynamically active winter season. behavior of the EA and IS methods we show results from

both variations of the IS method.
2.2 Initial spread method (IS)

A widely used method to obtain an estimate of the uncer-
tainty in the calculated trajectory path is to slightly change
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3 Results if they end up in the high pressure system over western Eu-
rope. Thus, the result is three significantly different, but all
3.1 Case studies plausible, regions of origin that are not sampled by the IS

method. The more chaotic behavior of the EA trajectories
To qualitatively illustrate the evolution of the uncertainties can also be studied in the vertical displacement (not shown)
in the trajectory calculations, due to a high analysis uncerwhere the IS method trajectories are significantly more co-
tainty, we have selected two case studies. We compare trierent in their behavior. The trajectories originating from the
jectories calculated with the EA method and the IS method.same pressure level all follow the same general vertical path.
For the first case the trajectories are released aN60° E Both methods sample the error growth due to differences
(North Atlantic) and for the other case &M, 120° E (trop-  in the atmospheric flow. Once an error in the trajectory loca-
ics). Five-day backward trajectories are calculated using theion has been introduced, this error will grow due to differ-
two different methods. In total 21 trajectories are calculatedences in the atmospheric flow. However, the EA method adds
for the EA method and 26 trajectories for the IS method for an additional error due to the sampling of the analysis error.

each case study. This in turn results in a faster error growth. This illustrates
that with the IS method one initially mainly sample a slow-
3.1.1 North Atlantic case study growing error related to the position of the trajectories. The

error related to the uncertainty in the atmospheric analysis is
The North Atlantic is characterized by low-pressure systemsot sampled with this method.

and corresponding areas with strong wind speeds originating
from baroclinic instability. When calculating backward tra- 3.1.2 Tropical case study
jectories in such regions the location of, for instance, high
and low pressure systems could significantly change the cafhe Ensemble Transform method is mainly aimed at cap-
culated trajectory path. Furthermore, due to saddle pointsuring dynamically unstable parts of the analysis error, not
in the flow between troughs and ridges, small differencesobservation errors. In tropical regions the analysis error may
between trajectory locations can change which flow regimenot be dominated by dynamically growing error structures
they follow. If a trajectory enters the centre of a low-pressureand, as discussed in Secti@rl, the Ensemble Transform
system, fast changes in the vertical level can occur due to theerturbations generally underestimate the analysis error in
strong vertical wind speeds. the tropical region. Figur8 shows the 850 hPa level wind

In Fig. 2 the 850 hPa level wind and wind speed standardand wind speed standard deviation between the ensemble
deviation between the ensemble members (obtained with thexembers for four subsequent days over the Indo-Asian re-
Ensemble Transform method) are shown for four subsequergion. Compared to the North Atlantic case, there are smaller
days. In this case we examine trajectories released on thdifferences between the ensemble members when consider-
25th of December, 2005 at 68, 0° E just north of a high-  ing the wind speed. This is due to the smaller initial per-
pressure centre located over the British Isles. Two low presturbations in the tropical region. However, if the trajecto-
sure systems are located over Greenland and Scandinavities were to pass through a region where the analysis uncer-
The wind in the region is governed by a relatively weak west-tainty is increased due to dynamically growing error struc-
erly flow and the location of the receptor point represents aures, one would expect differences between the two meth-
saddle point in the flow. East of the receptor point the wind ods used, similar to the previous case study. Such regions are
direction shifts to more northerly winds and to the west thefor instance visible within, and near, the circulation patterns
winds are more southerly. The trajectory locations (exclud-found around 1®N and 10 S, which is probably related to
ing the first day of the five day period) are shown in Flg. equatorial wave activity. In this case we examine trajecto-
for the EA and IS method, respectively. The region shownries released on the 19th of December, 2005 #&,0L.20° E.
in Fig. 2 is characterized by a relatively high standard devi- The trajectory locations (excluding the first day of the five
ation in wind speed between the ensemble members. This iday period) are shown in Fi§. As expected, both methods
related to uncertainty in the position of two developing low initially display similar characteristics. However, in Figh
pressure systems, one over the Atlantic and one over the Nothe current flow situation increases the analysis uncertainty
wegian Sea. The main difference found between the EA andit the location of the trajectories. This results in a split be-
IS method is the more irregular behavior of the EA trajecto-tween the EA trajectories dividing them into two different
ries. For the first day, both methods place the trajectories irsource regions, one where the air originated from the east
the same area. However, after about two days the trajectosver the Indian Ocean and one where the air originated from
ries enter the circulation of the low-pressure systems. Thighe north, south of Taiwan. This is to some extent captured
results in a fast-growing difference between the EA trajec-with the IS method as two IS trajectories also indicate the
tories since the simulated analysis uncertainty determines ifndian Ocean source region.
the trajectories follow the circulation of the Norwegian Sea  Since analysis perturbations using the Ensemble Trans-
low pressure system or the Atlantic low pressure system oform method are generally small in the tropics (cf. Fig. 1),
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Fig. 3. 12Z wind at 850 hPa (arrows) and the wind speed standard deviationih (gsay shading) between the ensemble members for
four subsequent days included in the Tropical case st(@ly18, (b) 17th, (c) 16th and(d) 15th of December, 2005. Markers show the
corresponding location of the EA method trajectories (red) and the IS method trajectories (green).

Table 1. Estimates ofr (in 1/s) and8 at D =0 (in m/s) in Eq. (1) for deviations up to 400 km.

60S 30S ON 30N 60N
December 2005 « 7.6103 83103 7.4103 9.710°3 8.810°3
850 hPa B 0.65 0.36 0.33 0.49 0.66
July 2005 o« 93108 99103 77103 98103 831073
850 hPa B 0.77 0.38 0.30 0.41 0.65
December 2005 « 7.110% 65103 83103 6.8103 8.310°3
300 hPa B 0.91 0.64 0.58 0.66 1.13

using other methods, aimed at capturing the non-growingarea of origin is higher than using the IS method, albeit not
part of the analysis error (i.e. the effects of observational er-as high as in the mid-latitudes.

rors and the lack of observations) could improve the sam-

pling of the analysis uncertainties in tropical regions. Ad- 3.2 Statistics

ditional errors related to convective transport or turbulence, ) ] ) ]
which is not included in the trajectory model, could also add Even if the Ensemble Transform method is mainly aimed at

to the trajectory uncertainty in this region. However, the EA sampling flow-situations, where high analysis uncertainty re-

method does show that the two suggested source regions apsllts from dynamically growing error structures, statistics

equally plausible and that the uncertainty in the calculatec®f the main behavior of the trajectory spread is of inter-
est. In order to obtain statistics of the deviation between the
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Fig. 4. Trajectory mean deviation for the EA and the IS method as a function of the trajectory length for &% N, 0° N, 30° S and 60 S.
Calculated as the difference between one perturbed trajectory (either using the EA method or the IS method) and the unperturbed (control)
trajectory. The mean deviation is calculated as the mean of both the summer and winter period.

trajectories, the mean deviation for the summer and winteifrom zero deviation, as expected as there is no perturbation in
period trajectories released at 850 hPa is calculated. Statighe start point using the EA method. This is different to the IS
tics are obtained for 5 different latitude bands¥80 3C° N, method, which has an initial spread by definition. However,
0°N, 30 S, 60 S) expressed as the mean for the longitudeswe see that for all latitudes, the EA method obtains a larger
12 S, @ N and 120 N. The deviation is calculated as the deviation with time due to a faster growth of the spread. This
spherical distance at each time step between one perturbad most prominent for 60N and 60 S, where the mean devi-
trajectory (either using the EA method or the IS method) andation is increased with 40% after five days. We also see that
the unperturbed (control) trajectory. The mean deviation as dhe IS cluster perturbed in both the horizontal and vertical
function of trajectory time is plotted for 60N, 30° N, 0° N, direction obtains a larger deviation compared with the set of
30°S and 60S in Fig.4. We see that the EA method start trajectories only perturbed in the horizontal plane.
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8864 A. Engstdm and L. Magnusson: Trajectory uncertainties due to analysis errors

60N > 30N *

deviation speed [m/s]
deviation speed [m/s]

s
‘ ‘ ‘ ‘ N S ‘ ‘ ‘
0 200 400 600 800 1000 0 200 400 600 800 1000
mean deviation [km] mean deviation [km]
4 ! . . . 4 ! . .
ON 30S s ©
35 1 3.5F 4
¢}
L o®
7 3 7 3 IS
E >o E
o 2.5 o
3 + 3
% 2 DODO %
5 B s
3 5O B
> >
[0} ()
© ©
0 200 400 600 800 1000 0 200 400 600 800 1000
mean deviation [km] mean deviation [km]
4 ! . S s
60S > P
35
Oy
3 > v
7 >9
g
3 > EA method
o
o o |S method
kel .
3 + IS method (only horizontal spread)
>
S
0 200 400 600 800 1000

mean deviation [km]

Fig. 5. Trajectory mean deviation speed for the EA and the IS method as a function of the mean deviati6GriNoB&0N, 0° N, 30° S and
60° S. Calculated as the time derivative of the deviation shown in£&id@he mean deviation speed is calculated as the mean of both the
summer and winter period.

The shape of the evolution of the trajectory deviation ap-Lyapunov exponent of the system. The paramgteepre-
pears to be exponential for the IS method. This behaviorsents the effect of the uncertainty in the analysis and is also
could be related to chaotic advection which is discussed ira function of the distance. To verify this model the deviation
e.g.Bofetta et al(2000. We propose a simple model of the speed is plotted as a function of deviation (). Since one

deviation growth which is set up as deviation speed is obtained for each mid time step for each

trajectory, a large amount of data points are obtained. There-
ab —aD+p (1) fore the data is grouped in bins populated with 5000 data
dt ' points. For short deviations, the deviation speed is higher for

the EA trajectories, due to the effect of the perturbed anal-

where D is the deviation and D represents the dispersion rP/SiS- One can view this as a displacementgbin Eq. (1).

due to chaotic advection which is related to the Lagrangia
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The difference is approximately.®ms-1 (cf. Table1) and a set of trajectories have been compared. These are the Initial
is of the same order of magnitude as the analysis perturbaspread method (IS) and the Ensemble analysis method (EA).
tions (see Figl). As the deviation grows, the relative effect  To simulate analysis errors, the Ensemble Transform
of the EA method decreases and all methods have approxnethod from ensemble forecasting has been adopted. In en-
imately the same deviation speed for deviations larger tharsemble forecasting the aim is to simulate the effect of anal-
400km. For the IS method, the deviation speed increasegsis errors on forecast errors. In this study we simulate the
linearly, where the slope of the curve can be estimated as effect on backward trajectories. By perturbing the analysis
with the deviation distance for deviations up to 400 km. This with perturbations of the same order of magnitude as the
indicates that the model is a reasonable approximation of thanalysis uncertainties, we obtain (in our case) 20 equally
deviation growth. For larger deviations {000 km) the devi-  plausible atmospheric states that are used for the trajectory
ation speed saturates. This property of the deviation growttcalculations using the EA method. Each backward trajectory
is discussed iBofetta et al.(2000, and it can be viewed is using each one of these new states for each one of the lo-
as two different regimes. One early regime with exponentialcations. Every 6 hours a new set of perturbed analyses is
deviation growth (for deviations shorter than a certain lengthobtained and used in the calculations.
scale) and normal diffusion for larger deviations. The length The effect of performing trajectory calculations while
scale is dependent on the distance for which the wind fieldsampling the uncertainty in the atmospheric analysis has
is correlated. A typical approximation of this length scale been compared with the effect of running a set of trajecto-
would be the Rossby radius of deformation. If the trajecto-ries, each with a perturbed receptor point (IS method). By
ries are located in different cyclone systems and separatedtudying a number of cases, we find that a large difference
by a distance larger than the Rossby radius, the error growthetween the two methods appears under certain atmospheric
will be independent of the deviation. situations. This occurs when the trajectories pass an area
In Table1 the parameters, obtained by linear regression, where the current flow situation results in analysis uncertain-
andp at D =0 is presented for the winter and summer monthties. This is especially present in a saddle point of the flow,
separately, as well as for the trajectories released at 300 hPahere small changes in the flow situation could lead to large
We can see a small seasonal dependengewith slightly differences in the trajectory paths.
higher values in the winter hemispheres. This is probably We have also compared mean statistics calculated for 25
related to the seasonal change in the position of the stornsuccessive days during December 2005 and for 29 successive
tracks and the higher uncertainty in the atmospheric analysislays during July 2005 for five latitudes, 68, 30 S, @ N,
with more dynamic instability. This is also reflected in Fig. 1 30° N and 60 N, expressed as the average of 120 WEO
where the initial perturbations are higher in the winter hemi-and 120 E. For a short trajectory time length we see that the
spheres. At 300 hPa the effect pfis higher compared to deviation of the set of trajectories is larger due to the pertur-
the 850 hPa level. However, in addition to a higher analysisbations in the initial point (IS method). The set of trajectories
uncertainty, the wind speeds at 300 hPa is also higher. Thasing different analyses (EA method) start at the same point
resulting relative difference in mean deviation between theand therefore the initial spread is zero. But after a certain
EA and IS trajectories is therefore similar to the lower alti- time, the mean deviation becomes larger for the EA method.
tude cases. Note also that the highgs found for the mid-  To investigate the dynamics of the deviation growth in more
latitudes during both the summer and winter period. Thisdetail, the growth rate has been studied as a function of the
is probably related to that the Ensemble Transform methodleviation distance. We found a linear dependence between
generally underestimate the analysis error betweéiNathd  the growth rate of the deviation and the deviation itself for
30° S. The seasonal dependence can also be seen, to soramall deviations between trajectories for the IS method. This
extent, ina with the higher values found in the winter hemi- is expected due to chaotic advection and implies an exponen-
sphere of each period. This indicates a stronger influencdial growth of the deviation with time. For the EA method,
from chaotic advection in the winter hemispheres while thethe growth rate is much higher for small deviations compared
advection is more laminar in the summer hemispheres and ito the IS method. This effect is due to the perturbation added
the tropics. to the analysis. When the deviation becomes large, the effect
of the differences in the flow between the trajectory loca-
tions is more important than the analysis perturbations, and
4 Conclusions the growth rate becomes equal for both methods.
The fact that both methods have the same asymptotic prop-
The uncertainty in trajectory calculations due to errors in theerties in the error growth rate suggest that it should be pos-
atmospheric analysis is estimated by simulating uncertaintiesible to find an amplitude of the initial point disturbances
in the atmospheric flow. Errors in the analysis are unavoid-yielding the same dispersion for long trajectories as the
able and these errors vary from day to day and is dependerifA method. But that procedure has several disadvantages.
on the number of available atmospheric observations and ofrirstly, one overestimates the deviation for short trajecto-
the current flow situation. Two different methods to generateries. Secondly, but not less important, one will only sample
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