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Abstract

Forecasts of atmospheric composition in the Ex-UTLS (extratropical upper tro-
posphere — lower stratosphere) are highly sensitive to uncertainties in the source
regions of air masses. This study investigates the reliability of calculated source
regions and their effects on trace gas distributions in this region. For this pur-
pose, an ensemble-based probabilistic retroplume approach is developed to track
source regions of air masses. This approach provides the ability to account for
both, (i) the contribution of different source regions to an air mass by adjoint
diffusion and (ii) the uncertainty of theses source regions with respect to fore-
cast dynamics. Probabilistic retroplume calculations are applied to an air mass
in the vicinity of a weak saddle-point in the Ex-UTLS in order to investigate its
effect on source regions. The results indicate high sensitivity of source regions
to uncertainties in atmospheric transport revealed by perturbed meteorological
forecasts. Additionally considering the sources of surrounding air masses leads
to even larger spread of source regions. Spreading over large parts of Europe and
altitudes between 8 and 14 km within two days, probable source regions com-
prise completely opposite transport-directions. This large uncertainty of source

regions show significant effect on atmospheric composition in the vicinity of the
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saddle-point on a short timescale. Evaluating the effect of meteorological uncer-
tainties on local distributions of trace gases, ozone concentrations range from 50
to 350 ppbv at the same location. Probabilistic retroplume calculations suggest
a clear connection between these concentrations and related source regions.
Keywords: adjoint sensitivity analysis, source region, uncertainty estimation,

atmospheric transport, atmospheric composition, dynamic instability, UTLS

1. Introduction

Trace gas distributions in extratropical upper troposphere - lower strato-
sphere (Ez-UTLS) height levels are dominated by large gradients between strato-
spheric and tropospheric air masses. This highly variable composition intro-
duces major uncertainties in distributions of atmospheric trace gases caused by
tropopause dynamics (see eg. [I] for a theoretical overview).

Observational studies based on airborne measurements of tropopause dy-
namics were published as early as [2], and many others, where downward move-
ment induced by identified tropopause folding events was given special attention.
[3] showed that even small discrepancies in the strength of isentropic mixing can
induce large errors in the atmospheric composition of this area. As atmospheric
chemical composition has a strong impact on the radiative transfer, the knowl-
edge of trace gas distributions like ozone or water vapor is crucial for the local
radiation budget (e.g. []). The radiative effect of trace gases is also influenc-
ing the local dynamics by thermal effects. This leads to a direct interaction of
chemical, thermal and dynamical aspects [5]. In addition, the processes involved
cover a large range of spatial and temporal scales, which makes observations as
well as modeling of the Ex-UTLS especially challenging.

From a remote sensing perspective, different types of satellites with nadir-
and limb-scanning instruments have been launched to remotely sense distribu-
tions of atmospheric trace gases on an operational basis (e.g. [0, [7]). However,
these instruments are not able to resolve small-scale gradients appearing along

air mass boundaries around the tropopause. By performing tomographic obser-
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vations, the airborne limb-imaging sensor GLORIA (Gimballed Limb Observer
for Radiance Imaging of the Atmosphere, [4]) has demonstrated its ability to
resolve these structures in all three dimensions (e.g. [8,[9]).

Although novel measurement techniques are able to provide observations of
the Ex-UTLS with adequate resolution, their spatial and temporal coverage is
limited (e.g. []). Advanced spatio-temporal data assimilation techniques are
able to exploit observations for analyzing dynamically or chemically consistent
fields. Among many other algorithms, 4-dimensional variational data assimila-
tion (4D-var) is an advanced technique which is widely used in meteorological
and chemical forecast systems (e.g. [10, 11, 12 13]). As a spatio-temporal
smoother, 4D-var is able to propagate signals forward and backward in time.
This ensures temporal consistency while forcing the model result towards the
observations.

Even using advanced assimilation techniques, the model results highly rely
on background fields and related uncertainties (e.g. [14]). For initializing ozone
fields in the Ex-UTLS, a useful approach exploits conservative dynamical prop-
erties of air masses of stratospheric origin. Already [I5] observed a high correla-
tion between potential vorticity (PV) and ozone mixing ratios along isentropes
in the UTLS. This correlation between a dynamical tracer like PV and an atmo-
spheric gas is not obvious due to different sources and sinks [16]. Nevertheless,
practice shows that PV performs well in identifying air masses at the UTLS
(e.g. [T 17, AR I9, 20]). Furthermore, [21] and [22] demonstrated the potential
of combining PV fields with tracer observations to gain an approximation of the
chemical state in this region.

However, PV-based initialization of ozone fields makes the chemical forecasts
increasingly sensitive to dynamics. Considering the high gradients of PV (and
ozone) at the tropopause most notably at the polar vortex edge, local concen-
tration estimates are highly dependent on the air mass forecast. Depending on
their source regions, air masses originating from stratospheric or tropospheric
regions induce significantly different trace gas distributions. This makes fore-

casts of ozone fields in the Ex-UTLS highly dependent on transport processes
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during the days before. Thus, slight uncertainties in calculated source regions
of an air mass may lead to huge differences in local ozone distributions. These
uncertainties become especially significant at dynamical instabilities as they
appear around the tropopause (e.g. [23]).

Usually, the source locations of an air mass are approximated by backward-
trajectories. Due to its low computational effort, this approach is widely used
for various applications (e.g. [24] 25| 26] 27, 28]). However, tracking the source
region of an air mass by a single trajectory does not account for (i) the con-
tribution of different source regions to an air mass and (ii) the uncertainty of
theses source regions with respect to simulated dynamics. The sensitivities to
uncertain dynamical forecasts are aggravated by critical flow patterns [29]. Even
under highly idealized conditions of two dimensional flow fields with multiple
vortices, efficient mixing from different regions can be demonstrated theoreti-
cally (e.g. [30, BIL [32]). In case of four vortices systems, the behavior can even
be chaotic (e.g. [33], 34]).

In some studies, processes which are related to deformation and wind shear
are simulated by backward-trajectories started from slightly displaced locations
(e.g. [35, 136]). Other approaches include the use of stochastic simulations for
unresolved turbulence or multi-model ensembles with different wind fields and
trajectory algorithms (e.g. [36]). Nevertheless, [37] adjudicates that the physical
representation of atmospheric diffusion still remains disregarded which limits its
application for example in atmospheric emergency scenarios. Possibly for this
reason, [23] could not specify the mixing process of observed tropospheric and
stratospheric air in the vicinity of a saddle-point.

As an alternative, adjoint formulations of tangent linear models provide the
opportunity to transport signals backward in time. These adjoint model for-
mulations are commonly implemented into spatio-temporal data assimilation
systems for adjoint source identification (e.g. [38]). The physical description of
atmospheric transformations like advection and diffusion renders this approach
suitable for analyzing dynamical and chemical processes in the atmosphere (e.g.

[39]). Besides this, the adjoint model can be used for estimations of atmospheric
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source regions. By taking into account adjoint diffusion processes, these retro-
plume (or backward plume) calculations provide information on the contribution
of different source regions. However, retroplume calculations are sensitive to un-
certainties in atmospheric dynamics as well as model description and numerics
(e.g. [26]).

This study investigates uncertainties of calculated source regions includ-
ing the confluence and mixing of different airmasses in the Ex-UTLS using a
probabilistic retroplume algorithm. Based on this, related effects on simulated
ozone distributions in the local surrounding are investigated. Section |2| gives
an overview about the EURAD-IM modeling system including the implemented
retroplume algorithm as well as the simulation setup for this case study. The
uncertainty analysis of source regions by probabilistic retroplume calculations
and its effect on ozone distributions are presented in section [3} Finally, section

concludes this study with a discussion of the results including an outlook.

2. Modeling System

The model description in section 23] gives the current configuration of the
system as well as new implementations for this study. Section gives an

overview of the model setup and the selected case study.

2.1. Model Description

The EURAD-IM (EURopean Air pollution Dispersion — Inverse Model) model
combines a state-of-the-art chemistry transport model (CTM, section with
four-dimensional variational data assimilation (4D-var, section . Driving
meteorological fields are simulated by the numerical weather prediction model
WRF-ARW (Advanced Research WREF, e.g. [40]). In this study, meteorological
initial- and boundary conditions for WRF are taken from global simulations
from NOAAs global forecast system (GFS).

New implementations for this study, namely flow-dependent background er-
ror correlations and retroplume calculations are described in section and

.1.3] respectively.
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2.1.1. Chemistry Transport Model

The Eulerian multiscale CTM EURAD provides prognostic calculations of a
large number of reactive trace gases and aerosols taking into account dynamical
as well as chemical effects [41]. In its general form, the prognostic equation for

the concentration ¢; of a chemical compound [ can be written as:

% = MZ(C) + E; — Dl(cl) (1)

Where E; and D; are the source and sink terms of each species ¢;, respectively.
The nonlinear model operator M;(c) consists of dynamical and chemical con-
versions, where ¢ denotes the vector of all trace gases ¢;. Its implementation
is based on symmetric operator splitting to account for the interaction of the

different processes:
11 1 1 11 1 1
M= [D? T2 T2 D] C [D: T.* 7,2 D] (2)

Here, horizontal (h) and vertical (v) components of the nonlinear diffusion (D)
and advection (7°) operators are treated sequentially. The upper index % de-
notes a half model time step At. The chemistry module C applies a 2nd or-
der Rosenbrock scheme with internal adaptive time stepping. The gas-phases
chemistry module implemented in EURAD is based on the RACM mechanism
including more than 70 chemical species and 230 reactions [42]. Additionally,

modal aerosol dynamics are considered by the MADE aerosol module [43].

2.1.2. Chemical Data Assimilation

In the chemical data assimilation system EURAD-IM, the spatio-temporal
four-dimensional variational data assimilation algorithm (4D-var) is implemented
in a preconditioned formulation. According to [44], the costfunction J(¥y) and

its gradient Vg, J(0y) with respect to initial conditions are given by:

J@) = e s 3 [(HMoBE ) - @) R (H(Mos(B ) -
=0
Vi J(T) = @0+ Z [B% M7, H' R~ (H(MO,Z-(B% i) — *)}
=0

)

(3)
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where the optimization variable t := B3 (fo - fg) and ci; =vyi—H (Mo,i(fg))
include the model and observation increment, respectively. The nonlinear model

operator My ; represents the EURAD CTM as described in above, where MoT,i

is the adjoint of its tangent linearizion. H is the possibly nonlinear observation

operator, B and R are the error covariances for model background and obser-

vations, respectively. Iterative minimization of the preconditioned costfunction

(Eq. ) is performed by the limited-memory BFGS (L-BFGS, e.g. [45]) algo-

rithm. For a more detailed description of the EURAD-IM assimilation system,

see [11].

In EURAD-IM, spatial background error covariances are implemented using
a diffusion approach correlating uncertainties of neighboring locations, where
the suitable selected diffusion coefficient x controls the amount of diffusion via
a defined correlation length. As in most numerical weather prediction systems,
the horizontal correlations are assumed to be isotropic and homogeneous [46]
by defining a constant coefficient x. However, [47] showed that a circular signal
in the Ex-UTLS tends to evolve to an elliptic structure given by the leading
Lyapunov vectors.

According to this, anisotropic background error correlations at tropopause
and lower stratospheric heights were implemented into EURAD-IM for this
study. Following the approach of [48], an anisotropic coordinate stretching
tensor S is multiplied to the constant diffusion coefficient £. Within this tensor,
stretching is achieved by local stretching factors s rotated towards the shear

direction a:

K, = R-S=F&- {T§TT}
cos(a)  sin(a) Sstre 1 0 cos(a) —sin(a)
—sin(a) cos(a) 0 Sstre sin(a)  cos(a)

The implementation of Eq. creates elliptic stretching and compression of

the background error covariances.
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2.1.3. Retroplume Algorithm

The 4D-var data assimilation algorithm in EURAD-IM includes the adjoint
formulation of the linearized prognostic model M7, ; (compare section .
Its task is to propagate information backward in time taking into account the
complete set of linearized atmospheric and chemical processes. Besides using the
adjoint model in the context of data assimilation, it is modified to investigate
the evolution of an air mass backward in time. For this purpose, chemical
conversions are switched-off in order to track the evolution of a passive tracer
(e.g. [39]). The remaining elements are the tangent linear advection (T) and

diffusion (D) operators, split into horizontal (h) and vertical (v) components:

W=
[

M = [(Dh%)T (Tw?)" (T,

i )" (0.4)"] [(@.5)" (T,
(5)

This retroplume operator lf\v/IZTz 41 for a single time step can be used to cal-
culate source regions of an air mass at a chosen location. Let vy (ix) be a unit
input-signal at the location of the air mass (g, yr, zx) and zero elsewhere. For

each selected air mass k € [1, Ni], the source region is calculated by applying

the input-signal 7 (i) to the retroplume operator MlTZ . at time step ix:
N T : T T :
Ye(i) = Mi,ik Ye(in) = (Mi,i+1 O---0 Mu—l,u) Ve (ix) (6)
The resulting signal (7)) of a past time step ¢ < iy gives the location and
relative importance of source regions for the chosen airparcel. In other words,
vk (7) provides the distribution of air masses at time step ¢, which will contribute

to the air mass at location (xg, Yk, zx) at a later time step g > i.

2.2. Simulation Setup

The simulations in this study are performed in four steps. Firstly, mete-
orological forecasts are performed by the numerical weather prediction model
WRF-ARW. Secondly, chemical forecasts are performed by the chemical trans-
port model EURAD. Thirdly, high-resolution remote sensing observations are

assimilated into the chemical data assimilation system EURAD-IM providing an

)" (1) (D42)"]



190

195

200

205

210

215

chemical analysis for validation. Finally, probabilistic source areas of selected
air masses are simulated by an ensemble of retroplume calculations.

For all simulation steps, both model domains are set up with identical grid
points, except an embedding 1 grid point extension of the meteorological grid.
The horizontal grid applies an Arakawa-C grid stencil. The domain encompasses
the European continent and eastern North Atlantic with a uniform horizontal
resolution of 15 km, applying a Lambert conformal projection. With central
tangent point at 54.0°N and 12.5° FE, the horizontal dimension of the domain in
WREF is 287 x 347, which reduces to 286 x 346 for EURAD-IM. The vertical
model layers are defined by terrain-following o-coordinates, where 33 o-levels
are defined in both models, ranging from the surface up to 70 hPa. With the
study focus placed on the tropopause height levels, the mid tropospheric vertical
resolution of 1500 m was refined down to 600 m in the Ex-UTLS. While the
time step for WRF is 30 seconds, a larger time step of 300 seconds was selected
for EURAD-IM for computational reasons.

An introduction to the case study is given in section [2.2.1] The setup of
the meteorological ensemble is described in section 2.2.2] and the EURAD-IM
model setup is given in section [2.2.3] The performance of both, meteorological
and chemical ensemble forecasts are evaluated against an analysis as described

below.

2.2.1. Selection of Case Study

Saddle-points are a famous example of large-scale dynamical instabilities in
the upper troposphere. The flow deformation induced by converging and di-
verging branches creates highly complex motions and trace gas distributions
[23]. Due to large local gradients in the UTLS, high-resolution observations
around saddle-points are required for validation purposes. On 26.09.2012, air-
borne observations from the GLORIA instrument provide three-dimensional
trace gas distributions at a saddle-point in the Ex-UTLS [49]. These observa-
tions provides an unprecedented basis for validating model results and related

uncertainties.
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Figure 1: Geopotential height at 500 hPa on 26.09.2012 at 12 UTC from meteorological
analysis (coded by colors). Tangent points of GLORIA ozone retrievals are indicated in gray
colors (coded by altitude). Small black crosses at the hexagonal observation indicate analyzed
target points. The hexagonal flight path is scratched as black hexagonal in the lower right

inlet.

The synoptic situation on this day was dominated by a trough over north-
western Europe causing a meridional circulation over the North Atlantic and
Europe. As shown in Figure[l] the trough’s axis is orientated on the southwest-
northeast direction reaching from the Norwegian coast until north-western Spain.
The pressure minimum in the trough’s center originates from a cut-off system
which is partly reconnected to the polar vortex. Nevertheless, a closed circula-
tion around the center above the British Islands is still present at this time. In
case of closed circulations, a hyperbolic- or saddle-point is located at its edge to
the polar vortex where converging- and diverging flow pattern coexist (compare
[23)).

Available GLORIA observations cover the trough’s boundary (above north-
western Germany ), its center (above the British Islands) as well as its connection
to the polar vortex (between Iceland and Norway). At the latter, the airplane
flew an hexagonal flight pattern allowing three-dimensional tomographic obser-
vations between 8 and 14 km altitude above the coast of Norway (see [49]). The
location of this hexagonal observation, which was observed between 11:30 and

13:00 UTC, is expected to be close to the saddle-point inducing highly variable

10
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trace gas distributions around the tropopause.

2.2.2. Setup of Meteorological Ensemble

In order to investigate dynamically-induced uncertainties of source regions,
a meteorological ensemble is used to provide probabilistic dynamical forecasts.
Probabilistic forecasts from the operational global GFS ensemble (GEFS, e.g.
[50]) provided by NCEP are used to drive an ensemble of WRF simulations
via initial- and boundary conditions. The WRF simulations were initialized
on 24.09.2012 - two days before the day of interest - at 00 UTC to allow the
perturbations to evolve in time.

From this meteorological ensemble, a subset of four members is selected for
the uncertainty analysis (section . Besides the WRF forecast based on the
GEFS control run (= member 1), forecasts driven by GEFS member p03 (=
member 2), p09 (= member 3) and pl0 (= member 4) are selected for this case
study. The selection is made upon the largest variations in the Ex-UTLS at the
day of interest.

The probabilistic meteorological forecasts are validated by a WRF simulation
based on the daily GFS analysis. Three single-day-forecasts are performed by
WREF, each driven by the latest GF'S analysis at 00 UTC. These daily forecasts
were stringed together to give a meteorological analysis for this three days. It
should be noted, that reinitialization of WRF by the daily GFS analysis may
result in inconsistencies between dynamical fields and ozone. More specifically,
we argue that these discontinuities are less detrimental for the analysis than
the grown-up forecast error of a single 3-day simulation. Consequently, the
difference in ozone because of reinitialization are assumed to be smaller than
the errors in ozone due to grown-up dynamical forecast errors. Hence, for the
purpose of this study, it is an efficient way in producing a meteorological analysis

which sufficiently approximates the true state.

11
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2.2.3. Setup of EURAD-IM

Meteorological and chemical forecasts for this study were performed starting
two days before the day of interest. Thus, the simulation period is 24.09.2012,
00 UTC until 26.09.2012, 16 UTC for the probabilistic forecast of both models.
The chemical ensemble is created by a set of forecast of EURAD-IM each driven
by a different member of the meteorological ensemble (see section [2.2.2)).

For validation of the uncertainties in atmospheric composition on 26.09.2012,
the chemical forecast for this day is driven by the meteorological analysis. Ad-
ditionally, high-resolution ozone-retrievals from GLORIA are assimilated to im-
prove the chemical analysis with respect to the observations. The assimilation-
window from 06 to 16 UTC on 26.09.2012 was chosen to cover all available
GLORIA observations.

Focusing on upper tropospheric ozone distributions, the aerosol dynamics
within EURAD-IM are switched-off for this study to reduce the computational
costs. The use of retroplume calculations for the approximation of source re-
gions is highly sensitive to spurious oscillations in the advection algorithm. The
Walcek advection scheme [51] is selected because of its high monotonicity during
the retroplume calculations.

Although the EURAD-IM model system covers atmospheric processes up
to the stratosphere, it is mostly used for lower tropospheric applications (e.g.
[11]). Therefore, some modifications are undertaken to improve its representa-
tion around the tropopause. For this study, the top of the model is lifted from
100 hPa to 50 hPa. Additionally, the number of vertical layers is increased in
order to ensure a vertical resolution of about 250 m around the tropopause.

Furthermore, fields of potential vorticity (PV) are used for ozone initializa-
tion and anisotropic background error correlations (BEC). Assuming PV to be
approximately a conservative tracer for the times scales of this study, similar
PV values can be related to homogeneous air masses in the UTLS (e.g. [I52]).
Thus, horizontal gradients of PV are used as indicator of air mass boundaries

and consequently decreased spatial correlations of chemical composition. Fol-

12
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lowing the approach of [48], horizontal gradients of PV are used for direction
(o) and amount (Ss¢e) of stretching in the BECM (compare section .
Although the general correlation between PV and ozone is well known since
decades, the concrete factor for relating ozone to PV has to be approximated
for each specific situation (e.g. [53]). For this study, a correlation factor of

40 B8 b;’ is used to initialize ozone fields as well as update ozone boundaries during

the simulation in the upper troposphere. The high correlation between ozone
and PV is only valid for stratospheric conditions, loosing validity below the
dynamical tropopause. Thus, PV-based initialization of ozone and anisotropic

BEC are only applied to model layers above 6 km altitude.

3. Uncertainty Analysis

This section provides an uncertainty analysis of the upper tropospheric state
in presence of a weak saddle-point inside the polar vortex on 26.09.2012. The
analysis includes the uncertainty in the location of the saddle-point in section
the uncertainty of source regions of air masses at the saddle-point in sec-
tion [3.2] and the uncertainty of local chemical distributions in section [3:3] For
each step, the probabilistic forecasts based on the meteorological ensemble are

validated by the analysis as describes in section |2.2

3.1. Uncertainty of Saddle-point

The first step is the evaluation of the meteorological ensemble with respect to
upper tropospheric state. Figure [2[shows the ensemble forecasts of geopotential
height at 200 hPa on 26.09.2012 at 12 UTC. The large-scale trough over north-
west Europe is predicted by all members with little differences in its position
and extension. The location of the minimum geopotential height is forecast
above the North Sea roughly between Denmark and England. The isolines
of geopotential height in Figure [2] give an rough indication on the horizontal
circulation at the selected time.

In case of closed circulation patterns, saddle-points occur where an isoline

just separates into two disjoint isohypses. On 26.09.2012, the flow around the

13



a) member 1 b) member 2

Figure 2: Geopotential height at 200 hPa on 26.09.2012 at 12 UTC. Each subplot shows the
forecast of one ensemble member initialized on 24.09.2012 at 00 UTC. Geopotential heights
are coded by color (contour) and gray isolines. Target points are given by small black crosses

and the position of the saddle-point is indicated by the letter S.
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Figure 3: Analysis of geopotential height at 200 hPa on 26.09.2012 at 12 UTC. Geopotential
heights are coded by color (contour) and gray isolines. Target points are given by small black

crosses and the position of the saddle-point is indicated by the letter S.

trough is separated from the polar vortex forming a weak saddle-like shape of
geopotential height. Although the trough appears to be forecast accurately by
the ensemble, the location of the saddle-point differs significantly. Its location
at 200 hPa varies from the coast of Norway (member 3) to close to Stockholm
(member 2). Thus, forecasting the exact location of a saddle-point is considered
to be highly sensitive to perturbations in the large-scale dynamics.

The uncertainty indicated by the meteorological ensemble is validated by the
meteorological analysis. The analysis of geopotential height in 200 hPa is given
in Figure[3] As indicated by the small ensemble-spread, the analyzed extension
of the trough over western Europe was sufficiently well predicted by forecasts.
Compared to the ensemble forecasts, the trough’s axis is slightly shifted to the
west in the analysis. Thus, the analyzed saddle-point is located west of Norway

above the North Sea.

3.2. Uncertainty of Source Regions

The effect of large-scale meteorological uncertainties on source regions of air
masses in the vicinity of a weak saddle-point is analyzed. The region of interest
is an air volume of about 300 km diameter in 10 to 12 km altitude above the

Norwegian coast, which was observed by GLORIA from different directions

15
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Table 1: Target points (TP) of retroplume calculations on 26.09.2012 at 12 UTC

TP center west east south north below above
latitude | 63.4°N  63.4°N  63.4°N  62.4°N 64.4°N  63.4°N 63.4°N
longitude 8.8°E 6.8°E  10.8°E  8.8°E 8.8°E 8.8°E 8.8°E
altitude | 11.0 km 11.0km 11.0km 11.0km 11.0km 10.0 km 12.0 km

(hexagonal observation). The size of the air volume lies within the uncertainty
of the saddle-point indicated by the ensemble. In order to analyze source regions
of this region, ensemble-based probabilistic retroplume calculations of selected
air masses are performed. In addition to the center of the hexagonal observation,
source regions of six surrounding air masses are calculated as shown in Table
(denoted as target points, TP).

In terms of the investigation of source regions, dynamical instabilities refer to
diverging airmasses backward in time which equals converging motions forward
in time. Thus, stable and unstable manifolds at a saddle-point as described by

[23] has to be exchanged from an inverse viewpoint.

8.2.1. Horizontal Source Regions

Uncertainties in the location of the saddle-point influence horizontal flow
patterns at the region of interest. Figure |4 shows the probabilistic temporal
evolution of the air mass in the center of the hexagonal observation (TP center).
During the last hours, the air mass was transported from eastern to northern
directions to the TP, depending on the dynamics forecast by each member.
Member 2 predicts a source area transported from the north with an increasing
westerly component 48 hours before the time of interest. Within the last 24
hours prior to the time of interest, member 1, 3 and 4 predict slow advection
from eastern directions. At approximately 24 hours before, the air mass forecast
by member 4 converges from western to southern directions leading to a complex
sickle-like shape of the source area 36 hours before. Following member 3, the
source area stays east of the TP even 48 hours before. Member 1 predicts an

elongated shape of the air mass with a significant contribution of air originating

16
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Figure 4: Probabilistic source areas of the air mass at TP center (center of the hexagonal ob-
servation, compare Table on 26.09.2012 at 12 UTC (black cross). The relative contributions
of source areas of each member are indicated by color intensity. Each color gives the distri-
bution of the vertically integrated signal at different times according to the legend. Black
numbers attached to the signal 48 hours before (blue contours) indicate the corresponding

member number.

from the north. Comparing the source areas predicted by the four members
48 hours before the time of interest, the probabilistic retroplumes demonstrate
high uncertainties in the history of the air mass.

As local dynamics may differ significantly within small distance around
saddle-points, Figure [5| shows probabilistic source areas for surrounding TPs
(compare Table . The probabilistic retroplumes indicate a wide range of hor-
izontal source areas 48 hours before the time of interest. Potential source areas
are scattered over large parts of north-western Europe within two days. How-
ever, source areas of the different members show similar distributions for TPs
center, east, south and below as well as for TPs west, north and above.

For member 2, the south-eastern position of the saddle-point results in north-
western to northern source areas for all considered TPs. For the other members,
the saddle-point is located close to region of interest. Highly variable flow around

the weak saddle-point has direct influence on the history of the air mass given

17



Figure 5: Probabilistic source areas of the surrounding TPs on 26.09.2012 at 12 UTC: (a)
TP west, (b) TP east, (c) TP south, (d) TP north, (¢) TP below, (f) TP above (black cross,
compare Table . Plotting conventions as in Figure@

18
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Figure 6: Probabilistic source areas of the air mass at the trough boundary (50.8°N, 4.8°E,
11.0 km a.s.l.) on 26.09.2012 at 06 UTC (black cross). Plotting conventions as in Figure [4]

by diverging source areas.

Taking the surrounding TPs into account, the region of interest may be in-
fluenced by air masses originating from large parts of western Europe within 48
hours. Potential source areas range from north-east of Iceland and the Norwe-
gian North Cape in the north over central Sweden and southern Finland in the
east to the Alps in the south. This states an even higher uncertainty of source
areas of the region of interest compared to the central air mass - indicating com-
plex distributions of trace gases in this region. For TPs west, north and above,
probabilistic retroplumes predict slightly less spread of source areas restricted
to northern to eastern source directions.

Thus, possible source regions of the airmasses within the hexagonal obser-
vation comprise highly diverse or even opposite transport directions. This large
uncertainty is caused by the saddle-point as dynamical instability. In contrast,
the ensemble of source regions for a TP at the trough’s boundary is shown in
Figure [l Not being influenced by any dynamical instability, the air mass was
transported along the trough’s boundary with a high overlap of the source areas

even 48 hours before.
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Figure 7: Probabilistic source altitudes at the hexagonal observation from 26.09.2012 at 12
UTC. Shown source altitudes correspond to the southern TP (62.4°N, 8.8°E, 11.0 km a.s.l.) of
member 2 (a, in x-direction) and member 3 (b, in y-direction). The temporal evolution of the
horizontally integrated source signals are colored by contribution (dark = largest contribution).

Colors same as in Figure

8.2.2. Vertical Source Regions

In addition to the horizontal source areas of air masses, their vertical origin
also have significant impact on chemical composition. Especially at tropopause
height levels, trace gases may differ significantly according to their source alti-
tudes. As an example, Figure [7] shows source altitudes of two members from
the TP south. This TP appears to have the most diverging source signals in
the vertical direction 48 hours before the time of interest. The north-easterly
source region of member 2 was lifted from 9 to 10 km height towards 11 km
during the last 12 hours - presumably by orographically enforced uplift at the
Norwegian coast. Going back to the time span from 36 to 48 hours, source
altitudes of 8 to 10 km - with some minor contributions reaching down to 7 km
height - are analyzed. These low source altitudes of this member indicate uplift
of tropospheric air within the anti-cyclonic flow over Norway.

Upward motion of the air mass is also forecast by member 3 during its
advection from south-east during the last 24 hours. However, between 24 and
48 hours before the time of interest, the air mass sinks downwards from higher

altitudes. With increasing elongation of the air mass, shearing processes induce
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differences in source altitudes. 48 hours before the time of interest, the air mass
spreads over altitudes between 10 and 14 km. The highest altitudes can be
found over the Alps and may therefore be influenced by orographic effects. A
minor source region of member 3 originating from the Atlantic ocean can be
found in 10 to 11 km height.

The probabilistic vertical source altitudes can be classified according to the
horizontal sources described in section |3.2.1} For most TPs and members, the
major contribution of the air mass originates from altitudes between 10 and 12
km at 48 hours before. Northern source areas are mainly related to comparably
low altitudes below 10 km (e.g. TP south - member 2). Going towards eastern
source areas, source altitudes increase to heights of 10 to 13 km east of the TP
(e.g. TP center - member 3 / TP west - member 4). South-western source areas
have average altitudes around 11 km with maximum source altitudes of 13 to 14
km induced by downward motions at the Alps and Norwegian mountains (e.g.

TP south - member 3 / TP east - member 3).

8.2.3. Validation of Source Regions

Source regions based on the meteorological analysis for TPs center and north
are given in Figure [8| According to the analyzed source areas, the air mass at
TP center was transported along the ridge of the trough (compare section .
During the last 24 hours, the air mass was advected from the south to the TP.
The cyclonic flow around the trough induces increasing eastward (approx. 36
hours before) and southward advection (approx. 48 hours before) of the air
mass. This results in a source area located above the Atlantic Ocean 48 hours
before which is highly elongated in the direction of the flow. During this time
period, the source area stays narrow in cross-flow direction indicating limited
mixing across the boundaries of the trough.

The horizontal stretching of the air mass is connected to vertical shearing
processes (Figure ) Starting 24 hours before the time of interest, lower parts
of the air mass (between 10 and 11 km height) observe higher wind speeds and

are faster transported along the trough. Source areas of these lower parts reach
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Figure 8: Analysis of source regions on 26.09.2012 at 12 UTC of TP center (a,b) and north

(c,d) in horizontal (a,c) and vertical (b,d) direction (b: y-direction , d: x-direction). Plotting

conventions as in Figure[]
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latitudes of 64°N within 48 hours, while higher parts can be found between
52°N and 60°N at this time. The southern edge of the air mass reaches up to
14 km altitude 48 hours before.

The air mass at TP north was advected from south-eastern direction towards
the TP. While not directly transported along the trough’s edge, this air mass
observes lower wind speeds and spreads towards larger source areas. Source
regions 48 hours before are located at altitudes of 10 to 12 km above the North
Sea. Locations east, south, above and below have similar source regions as the
central TP with larger contributions from lower altitudes for TP below. The
source region of TP west is located between the sources of TPs center and
north (not shown).

Comparing the analyzed source region to the probabilistic forecasts, the
horizontal source area of TP center was not predicted by the ensemble. Prob-
abilistic source areas 48 hours before the time of interest are located in more
easterly regions spread over north-western Europe. Only a small part of the
southern air mass of member 3 was transported over the Atlantic ocean at this
time (compare Figure ) Its location and elongation along the trough’s border
fits well the analyzed source area of TP center. However, the low contribution
to the probabilistic source signal indicates low probability of an source area over
the Atlantic ocean 48 hours before. The analyzed source region of TP north was
not predicted by the ensemble at this location. But retroplumes of TPs east
and below indicate contributions of similar source areas over the North Sea.

The differences in source areas between the probabilistic forecasts and the
analysis can be explained by large-scale dynamics (compare section . The
region of interest is located close to the weak saddle-point predicted by the
meteorological ensemble (except member 2). In the analysis, the position of
the trough is shifted westward compared to the ensemble forecasts. Therefore,
the region of interest is located on the frontside of the trough, influenced by
transport from southern to south-western directions. In this case, the region is
not directly influenced by the saddle-point during the 48 hours considered, as

indicated by the ensemble forecast.
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Figure 9: Regional horizontal ozone-distributions of ensemble on 26.09.2012 at 12 UTC. Each
subplot shows the forecast of one ensemble member. Ozone mixing ratios are coded by color
(contour). TPs are indicated by small crosses, colored according to the source area classifica-

tion (white: north-west, magenta: north, purple: east, black: south).

8.8. Uncertainty of Chemical Fields

In this section, the effect of highly uncertain source regions to local ozone
distributions is evaluated. Probabilistic horizontal- and vertical distributions of
ozone are described in section The validation of the probabilistic forecast

with meteorological and chemical analysis is provided in section |3.3.2

3.3.1. Probabilistic Chemical Fields

The ensemble variability of horizontal ozone concentrations in the surround-
ing of the TPs is shown in Figure [J] All ensemble members indicate a filament
with concentrations below 150 ppbv orientated in south-western to north-eastern

direction. Position and extension of the filament differs between the members.
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Figure 10: Ensemble of vertical cross sections at hexagonal observation on 26.09.2012 at
12 UTC in y-directions. Each subplot shows the ozone forecast of one ensemble member.
Ozone mixing ratios are coded by color (contour). TPs are indicated by small crosses, colored
according to the source area classification (white: north-west, magenta: north, purple: east,

black: south).

It is most pronounced for member 2 where it covers large parts of the displayed
area including all TPs. For the other members, the filament is much thinner
and shifted towards north-west. Instead, these members predict medium ozone
concentrations between 100 and 400 ppbv at the region of interest. Addition-
ally, comparably high concentrations of about 400 ppbv are forecast by these
members in the south-eastern part.

Looking at the vertical cross sections in Figure the local mixing of differ-
ent air masses becomes visible. The ensemble forecasts show complex structures
of tropopause folding with highly varying ozone concentrations in the target re-
gion. For member 2, tropospheric ozone concentrations below 100 ppbv extend

up to 12 km height. However for the other members 1, 3 and 4, vertical exchange
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Table 2: Ensemble statistics of ozone concentrations at TPs (26.09.2012 12 UTC, compare
Table and at the trough’s boundary (50.8°N, 4.8°E, 11.0 km a.s.1.,26.09.2012 06 UTC,
compare section |3.2.1)). The ensemble of ozone concentrations, their mean p and standard

deviation o are given in ppbv. The relative uncertainty is given by o/u.

mem 1 mem 2 mem 3 mem 4 n o o/u
center 213.99 52.81 342.85 289.59 | 224.81 126.27 56.2%
west 158.29  82.76  236.00 309.84 | 196.72 97.98 49.8%
east 280.09  47.72  299.28 308.79 | 233.97 124.74 53.3%
south 134.57  19.33  233.53 315.64 | 175.77 127.89 72.8%
north 173.11  79.81 27571 271.28 | 199.98 93.06 46.5%
trough boundary | 333.16 361.22 350.87 365.39 | 352.66 14.36  4.0%

processes are influencing the whole region of the TPs down to 7 km. For these
members, enhanced tropopause folding processes can be found in the southern
part (left hand side in Figure. Consequently, significant downward transport
of stratospheric air in this region leads to high ozone concentrations of about
400 ppbv. While for member 1 and 4, the TPs are not directly effected by this
air mass, its extension for member 3 reaches close to the TP south. Therefore,
the retroplume calculations of TP south for member 3 (compare section

shows contributions of source altitudes up to 14 km height 48 hours before.

In the following, the local ozone concentrations and the source regions ana-
lyzed above are comprised. It is expected that specific concentrations are caused
by common source areas - irrespective of the TP and member. Figure[lL1|shows
the source areas for all members and all TPs in 11 km altitude, color coded
by the local ozone concentrations at the TP. The concentrations are listed in
in Table Assuming conservative transport of ozone, the following general

patterns are found:

A Tropospheric air mass: very low concentrations (< 100 ppbv, dark blue
colors) are induced by uplift within anti-cyclonic rotated air mass from

north-west (TPs center, west, east, south, north, below: member 2)
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Figure 11: Probabilistic source areas of five air masses (center, west, east, south, north,
compare Table on 26.09.2012 at 12 UTC (black crosses). For each member and TP, the
vertically integrated retroplume signals 48 hours before are indicated by isolines. The isolines
are colored according to the forecasted ozone concentration at the TPs on 26.09.2012 at 12

UTC (compare Figure E[)

B Mainly tropospheric air mass: low concentrations (100 to 200 ppbv, light
blue colors) are induced by northern source areas (TPs west, north, above:
member 1 / TP above: member 2)

C Mainly stratospheric air mass: medium concentrations (200 to 300 ppbv,
green colors) are induced by slow transport from the east (TPs center,
east, south, below: member 1 / TPs west, north, above: member 3 + 4)

D Stratospheric air mass: high concentrations (> 300 ppbv, yellow colors)
are induced by advection from southern to south-western directions con-
nected to downward motion from higher altitudes (TPs center, east, south,

below: member 3 + 4)

Note that the concentration intervals given for each class A-D are rough esti-
mations for concentrations at the TPs in 11 km height.

Member 2 predicts very low concentrations (below 50 ppbv) for TPs center,
east, south and below. Related air masses were transported anticyclonic towards

the TPs connected to uplifting motions from altitudes between 8 and 11 km. In
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contrast, northern source areas are related to source altitudes of about 11 km
and slightly higher ozone concentrations of 50 to 100 ppbv.

For TP center, member 1 predicts concentrations around 200 ppbv which
are induced by a northern to north-eastern source area. Thus, this TP shows
intermediate properties between tropospheric and stratospheric air masses.

In two cases, the relation of source area and resulting ozone concentrations
differs from the classification provided above. For member 1 and 3, a thin
filament of lower concentrations is forecasted at TP south (compare Figure E[)
The small-scale uplift of this filaments may not have been captured by the
linearized retroplume operator. Instead, the calculated source regions are likely
representative for the surrounding air masses connected to higher concentrations
(200-300 ppbv for member 1 / >300 ppbv for member 3). Therefore, the two

cases are classified according to the surrounding air masses.

Finally, the effect of highly uncertain atmospheric transport on local distri-
butions of trace gases may be quantified by ensemble statistics. Although an
ensemble of four members does not provide a sufficient sample size, the statis-
tics in Table [2] give some indication on concentration uncertainties. As example
for the hexagonal observation, the ensemble of ozone concentrations at TP cen-
ter indicates a mean concentration of 224.81 ppbv with a standard deviation of
126.27 ppbv. From this, the relative uncertainty at the TP can be approximated
to be 56.2% which is comparable to the surrounding TPs ranging from 46.5%
(TP north) to 72.8% (TP south). This huge uncertainty of ozone concentrations
arises from the confluence of air from even opposite directions in the vicinity of
a saddle-point (compare Figure . In contrast, the relative uncertainty at the
exemplary TP at the trough’s boundary is with 4.0% one order of magnitude

smaller.

3.8.2. Validation of Chemical Fields
This section evaluates probabilistic ozone forecasts with respect to distri-

butions based on meteorological and chemical analyses. The local ozone dis-
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Figure 12: Forecast based on meteorological analysis (a,b) and chemical analysis using GLO-
RIA observations (c,d) of ozone distributions at hexagonal observation on 26.09.2012 at 12
UTC in horizontal (a,c) and vertical (b,d) direction. Ozone mixing ratios are coded by color
for model (contour) and GLORIA observations (gray framed boxes). Locations of source

region calculations are indicated by small black crosses.
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tribution forecast by the meteorological analysis is given in Figure [I2h,b. The
westerly shifted position of the trough induces shifted ozone filaments compared
to the probabilistic forecasts. The air mass of low concentrations is located at
the north-western edge where concentrations do not drop below 100 ppbv. High
concentrations above 300 ppbv are predicted in the south-eastern half of the area
shown. Maximum values of 400 to 450 ppbv are found within a filament in the
middle of the shown area including TP center. The south-north aligned vertical
cross section (Figure ) shows a small vertical extension of about 1 km of this
filament around 11 km height. Somewhat lower concentrations of roughly 300
ppbv are predicted for TPs east, south and above. The differing source area of
TP north (compare section induce medium ozone concentrations of 200
ppbv. Lower concentrations TP below are caused by larger contributions from
tropospheric source altitudes down to 9 km.

In addition to the validation by the meteorological analysis, available high-
resolution observations from GLORIA are assimilated into the modeling system.
Assimilating observed ozone concentrations provides the optimal estimation of
ozone distributions in the region of interest. The assimilation-based chemical
analysis shown in Figure [I2k,d serves as reference for validating forecast ozone
distributions.

In general, forecast ozone fields based on the meteorological analysis agree
well with observed concentrations. Thus, only slight improvements of the model
in 11 km are induced by the assimilation. The high concentrations within the
filament around 11 km were reduced down to 300 ppbv at TP center according
to the observations. In the vertical, most obvious analysis increments can be
found in altitudes between 12 and 14 km where the analysis shows filaments
with concentrations around 400 ppbv (Figure [12d). The high concentrations
within these filaments indicate local downward transport of stratospheric air
by tropopause folding processes. However, this process cannot be confirmed by
retroplume calculations because the dynamics are not affected by the assimila-

tion.
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4. Conclusions

In this study, uncertainties of source areas of airmasses in the flow-regime
of a saddle-point were investigated. Containing converging and diverging flow
branches, a saddle-point can be seen a crosspoint of stable and unstable mani-
folds, changing characteristics forward and backward in time. Based on this, the
consequences for chemical composition of the local surrounding are investigated.

A retroplume algorithm was implemented into the chemical data assimilation
system EURAD-IM to track source regions of air masses. By combining this
algorithm with an meteorological ensemble, probabilistic retroplumes are able
to account for both, (i) the contribution of different source regions to an air
mass by adjoint diffusion and (ii) the uncertainty of theses source regions with
respect to forecast dynamics.

The probabilistic retroplume algorithm was applied to an air volume in the
vicinity of a weak saddle-point in the Ex-UTLS. Unlike at the ridge of the polar
vortex, resulting source regions show fast diverging source directions covering
large parts of Europe as well as altitudes between 8 and 14 km within two
days. The huge ensemble spread states a high uncertainty pointing-out low
analyzability of source regions in this case.

The large uncertainty of source regions show significant effect on chemical
distributions. Depending on the predicted location of the saddle-point, ozone
distributions within the air volume of interest become highly variable. Local
concentrations range from about 50 up to 350 ppbv at the same location indi-
cating a relative uncertainty of more than 50%. Probabilistic retroplume cal-
culations suggest a clear connection between these concentrations and related
source regions.

In addition to the considered meteorological uncertainties, other error sources
may impact the presented results. On the one hand, potential errors in the retro-
plume calculation may originate from the linear character of the adjoint model
operator. On the other hand, chemical distributions are sensitive to the initial

ozone fields which was approximated by correlation to PV. For this case study,
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other uncertainties may be neglectable compared to the huge ensemble spread
of source regions and chemical distributions.

Nevertheless, the probabilistic retroplume approach shows good performance
in approximating uncertainties around the Ex-UTLS. Although the analyzed
state was not precisely predicted by any member, the large ensemble spread indi-
cates low analyzability of source regions inducing low predictability of chemical
composition. A comparison to a location at the boundary of the trough indicates
that these large uncertainties in source regions and thus chemical distributions
are caused by the dynamical instability at the saddle-point.

Concerning the developed probabilistic retroplume algorithm, two major
conclusions are found: (i) The extension and elongation of predicted source re-
gions demonstrates the importance to account for adjoint diffusion in retroplume
calculations. (ii) The large spread of source regions within two days states high
uncertainty in the history of air masses in the vicinity of even a weak saddle-
point. Hence, in case of dynamical instabilities, a deterministic view of a single
source location of airmasses is not appropriate in a strict sense.

These findings indicate the benefit of probabilistic retroplumes for investi-
gating the effect of atmospheric transport and related uncertainties. Using a
larger ensemble size and more cases offers the ability of a general quantification
of uncertainties induced by saddle-points in the Ex-UTLS. Furthermore, the
approach can be applied to other dynamical instabilities to investigate their
impact on chemical distributions. For example, the importance of turbulent
processes in the planetary boundary layer motivates the use of probabilistic

retroplumes for uncertainty investigation close to the surface.
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