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Abstract. On a research flight on 10 July 2008, the Ger-

man research aircraft Falcon sampled an air mass with un-

usually high carbon monoxide (CO), peroxyacetyl nitrate

(PAN) and water vapour (H2O) mixing ratios in the Arc-

tic lowermost stratosphere. The air mass was encountered

twice at an altitude of 11.3 km, ∼800m above the dynam-

ical tropopause. In-situ measurements of ozone, NO, and

NOy indicate that this layer was a mixed air mass containing

both air from the troposphere and stratosphere. Backward

trajectory and Lagrangian particle dispersion model analy-

sis suggest that the Falcon sampled the top of a polluted

air mass originating from the coastal regions of East Asia.

The anthropogenic pollution plume experienced strong up-

lift in a warm conveyor belt (WCB) located over the Rus-

sian east-coast. Subsequently the Asian air mass was trans-

ported across the North Pole into the sampling area, elevat-

ing the local tropopause by up to ∼3 km. Mixing with sur-

rounding Arctic stratospheric air most likely took place dur-

ing the horizontal transport when the tropospheric streamer

was stretched into long and narrow filaments. The mecha-

nism illustrated in this study possibly presents an important

pathway to transport pollution into the polar tropopause re-

gion.

Correspondence to: A. Roiger

(anke.roiger@dlr.de)

1 Introduction

Although located thousands of kilometres from major indus-

trial regions, the Arctic troposphere is polluted by the im-

port of anthropogenic emissions (e.g. Law and Stohl, 2007).

Pollution enters the Arctic mainly during winter and spring

by long-range transport (LRT) from the industrial regions

of North America, Europe and Asia. Models even sug-

gest a year-round import from the northern mid-latitudes,

with source regions varying with season (Eckhardt et al.,

2003; Klonecki et al., 2003; Stohl, 2006; Shindell et al.,

2008). However, large uncertainties remain regarding the

transport pathways, and the relative contributions of differ-

ent source regions. One objective of the POLARCAT project

(http://www.polarcat.no) was to combine both aircraft and

satellite observations with models in order to study the role

of long-range poleward transport of trace gases and aerosols

on climate change in the Arctic.

Depending on the source region, anthropogenic emissions

may reach the Arctic through several transport patterns. Ac-

cording to Stohl (2006), pollution from Asia and North

America enters the Arctic mainly at higher altitudes, as rel-

atively warm and moist mid-latitude air masses ascend over

colder, denser arctic air masses; followed by descent within

the Arctic or transport back to lower latitudes. The neces-

sary up-lift of industrial emissions from the boundary layer

to the middle and upper troposphere efficiently takes place

within so-called warm conveyor belts (WCBs) (e.g. Stohl
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and Trickl, 1999; Stohl, 2001; Cooper et al., 2002, 2004;

Stohl et al., 2003). WCBs are defined as strongly ascend-

ing moist airstreams in extratropical cyclones that, on short

time-scales of 1 or 2 days, rise from the boundary layer to

the upper troposphere (e.g. Wernli and Davies, 1997; Eck-

hardt et al., 2004). The ascent is accompanied by an increase

of potential temperature due to latent heat release from water

vapour condensation, cloud formation, and a loss of mois-

ture by precipitation. WCBs frequently entrain polluted air

masses from the industrialized eastern seaboards of North

America and Asia (Stohl et al., 2001; Wernli and Bourqui,

2002), with Asian WCBs experiencing stronger ascent (Wild

and Akimoto, 2001; Stohl et al., 2002).

The export of Asian pollution is of great concern, since

anthropogenic emissions in Asia have increased rapidly in

recent years (e.g. Akimoto et al., 2003; Richter et al., 2005;

Zhang et al., 2009). Measurements performed in the source

region of Asian WCBs show extremely high mixing ratios

of pollutants. In North East China, CO values of up to

1185 nmolmol−1 were measured in the warm sector ahead

of a cold front, originating from the North China Plain (Ding

et al., 2009). For similar meteorological conditions within

developing WCBs, the CO mixing ratios are found to be

about a factor of five higher in China as compared to the US

(Dickerson et al., 2007). After up-lift within the WCB, the

polluted Asian air masses are transported globally, predom-

inantly by the westerly winds. Numerous airborne observa-

tions of Asian plumes have been conducted above the North

American continent (e.g. Jaffe et al., 1999, 2003; Jaeglé et

al., 2003; Hudman et al., 2004), and even above Europe

(Stohl et al., 2007; Fiedler et al., 2009).

During LRT, the chemical composition of the polluted air

masses is altered through chemical transformation (Jacob

et al., 2003; Hudman et al., 2004; Singh et al., 2009) and

mixing with surrounding air (Trickl et al., 2003; Stohl et

al., 2007). Mixing processes may take place in the vicin-

ity of fronts (Esler et al., 2003) or in the WCB outflow

region (Cooper et al., 2002; Mari et al., 2004). Mixing

with stratospheric air may also occur in the mid- and up-

per troposphere (Parrish et al., 2000; Brioude et al., 2007;

Stohl et al., 2007). In the extra-tropical UTLS (upper tro-

posphere/lowermost stratosphere) region, large-scale stirring

and inter-mingling of air masses leads to the formation of a

mixing layer, and can be quantified using tracer relationships

(Fischer et al., 2000; Zahn et al., 2000; Hoor et al., 2002,

2004; Pan et al., 2004, 2007; Kunz et al., 2009). Exchange

across the extratropical tropopause plays an important role

for the trace gas composition in the lowermost stratosphere,

affecting both local chemistry and the radiative budget. It

is therefore notable that Lagrangian transport climatologies

show a potential forWCB trajectories to reach the tropopause

region (Stohl, 2001; Wernli and Bourqui, 2002). A few per-

cent of these trajectories even enter the lowermost strato-

sphere, not only within active WCBs, but also a few days

after the WCBs decay (Eckhardt et al., 2004). Since some

of the WCBs reach polar latitudes, it is conceivable that an-

thropogenic pollution can be transported into the polar low-

ermost stratosphere within a few days after emission. This

transport pathway has not yet been verified by observations,

however, measurements show in general relatively high CO

mixing ratios of 100 nmolmol−1 and more in the polar low-

ermost stratosphere (Cooper et al., 2005; Tilmes et al., 2010).

In the present paper we demonstrate that Asian pollution

can reach the Arctic tropopause region within a few days

after emission. To the best of our knowledge, our study

presents the first in-situ observation of a distinct Asian pol-

lution plume recently transported into the Arctic lowermost

stratosphere. The anthropogenic emissions were up-lifted

within a warm conveyer belt over eastern Russia, transported

across the Arctic and probed by the Falcon above northern

Greenland, where it was already mixed with stratospheric air.

The aim of this paper is to present in-situ trace gas observa-

tions, to analyze the origin of the encountered air mass, and

to discuss its lifting process and transport history.

The present paper is organized as follows: Sect. 2 de-

scribes the methods used in the analysis. A detailed descrip-

tion of the case study is given in Sect. 3, beginning with a

presentation of the meteorological situation at the time of

our measurements (Sect. 3.1) and a discussion of the in-situ

observations (Sect. 3.2). Subsequently, the source region of

the encountered air mass is identified by using a Lagrangian

particle dispersion model and a backward trajectory model

(Sect. 3.3). The analysis of the meteorological situation in

the source region (Sect. 3.4) as well as during transport to

Greenland (Sect. 3.5) is followed by a discussion of tracer

correlations (Sect. 3.6.1) and mixing processes that have oc-

curred during the cross-polar transport (Sect. 3.6.2). Sec-

tion 4 provides the summary and conclusions.

2 Data and model descriptions

2.1 Chemical measurements

The data presented in this paper were measured on 10 July

2008, on a flight with the DLR (Deutsches Zentrum für

Luft- und Raumfahrt) Falcon research aircraft above northern

Greenland. The flight was conducted within the framework

of the GRACE campaign (GreenlandAerosol andChemistry

Experiment), a sub-project of the POLARCAT (Polar Study

using Aircraft, Remote Sensing, Surface Measurements and

Models, of Climate, Chemistry, Aerosols, and Transport)

initiative. GRACE was conducted in summer 2008 (30 June–

18 July) and aimed to study the influence of both boreal for-

est fire and anthropogenic emissions on the composition of

the troposphere and lowermost stratosphere in the summer-

time Arctic. During GRACE, the Falcon was based in

Kangerlussuaq, Greenland (67.01◦ N, 50.7◦W). A total of 16

local flights were performed, covering latitudes from 57◦ N

to 81.5◦ N, longitudes from 66◦W to 16◦ E and altitudes up
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to 11.8 km. The Falcon was equipped with instruments to

measure trace gases, aerosol microphysical properties as well

as meteorological parameters. The present study focuses on

the trace gas measurements. CO was detected by vacuum-

UV fluorescence (Gerbig et al., 1999; accuracy ±5%, detec-

tion limit 2 nmolmol−1), ozone by UV absorption (TEI49C;

±5%, 1 nmolmol−1) and CO2 via an infra-red absorption

technique (Li-COR 7000; ±5%, 5 nmolmol−1). NO and the

sum of oxidized nitrogen compounds, NOy, were measured

with a chemiluminescence detector (Ziereis et al., 2000;

±10/15%, 10/15 pmolmol−1). NOy species (NOy =NO,

NO2, NO3, N2O5, HNO3, PAN. . . ) hereby were first con-

verted to NO at the surface of a gold converter by adding CO

as reducing agent, and then detected as NO. Peroxyacetyl

nitrate (PAN) measurements were performed with a Chemi-

cal Ionisation – Ion Trap Mass Spectrometer (Roiger et al.,

2011; ±10%, 25 pmolmol−1), and the H2O data shown in

the present paper were obtained by a Lyman-alpha hygrome-

ter (Zöger et al., 1999; ±6%, 0.1 µmolmol−1).

2.2 FLEXPART simulations

For the analysis of all GRACE flights, the FLEXPARTmodel

was used in order to attribute anthropogenic and biomass

burning pollution sources to the in-situ observations. FLEX-

PART is a Lagrangian particle dispersion model (Stohl et al.,

2005, and references herein). For this study, it was driven

with meteorological analyses from the European Centre

for Medium-Range Weather Forecasting (ECMWF) with a

0.5◦×0.5◦ resolution. FLEXPART includes a sub-grid scale

convective transport scheme. Stochastic fluctuations are ob-

tained by solving Langevin equations (Stohl and Thomson,

1999) and are superimposed on the grid-scale winds to rep-

resent transport by turbulent eddies. For CO, NO2 and SO2,

the EDGAR (Emissions Database for Global Atmospheric

Research) version 3.2 emission inventory for the year 2000

(fast track) on a 1◦×1◦ grid was used outside North America

and Europe. Over Europe, the EMEP (European Monitoring

and Evaluation Programme) emission inventory for the year

2005 with a resolution of 0.5◦×0.5◦ was used and over most

of North America, the inventory of Frost et al. (2006) for

the year 1999. While such a merged emission data set con-

tains methodological inconsistencies with regard to how the

emissions have been derived, for the purpose of our study the

higher resolution and more recent information offered by the

regional inventories compared to the EDGAR data set more

than outweigh that disadvantage. Previous experience with

the 1995 EDGAR inventory has shown that Asian CO emis-

sions are underestimated (probably by a factor of 2 or more),

while American CO emissions may be overestimated. For

the input of biomass burning emissions, hot spot locations

are obtained daily from measurements made with MODIS

onboard the Aqua and Terra satellites and are compared to a

land-use inventory with 1-km resolution. The emissions are

estimated assuming an area burned of 180 ha per fire detec-

tion. They depend on a parameterization based on biomass

available for burning, the fraction actually burned, and emis-

sion factors, all dependent on land-use. Fire emissions were

only distributed within the lowest 150m of the boundary

layer and fires burned for 24 h (Stohl et al., 2007). All pollu-

tion tracers underlie passive transport without involving re-

moval processes. After a life-time of 20 days, the tracers

are removed under the assumption that they become incorpo-

rated into the so-called atmospheric background (Sodemann

et al., 2011).

The present study also uses FLEXPART backward simula-

tions. These were started along the flight track every time the

Falcon moved by 0.15 degrees in either longitude or latitude,

or whenever the altitude changed by 10 hPa. For each release

60 000 particles were followed backward in time for 20 days.

The model output of such backward simulations consists of

fields of emission sensitivities which can be multiplied with

emission fields to yield maps of source contributions for pas-

sive tracers (Stohl et al., 2003). When spatially integrated,

tracer mixing ratios are obtained, allowing to construct tracer

time series along the flight path. We consider CO, NO2 and

SO2 separately for both anthropogenic and biomass burning

pollution from Asia, North America and Europe. Further in-

formation is given by the fraction of particles remaining in

the stratosphere during the last 20 days. For this, troposphere

and stratosphere are distinguished based on a threshold of

2 PVU (potential vorticity units).

2.3 LAGRANTO trajectories

The Lagrangian Analysis Tool (LAGRANTO; Wernli and

Davies, 1997) was used to investigate the origin of the ob-

served air masses over Greenland. The calculations are based

on three-dimensional wind fields of 6-hourly ECMWF oper-

ational analyses at a 1◦ horizontal grid resolution. Several

variables characterizing the physical state of the air parcels

including potential temperature, specific humidity and po-

tential vorticity were traced along the trajectory paths.

In this case we used two different set-ups of LAGRANTO

to calculate forward and backward trajectories. 8-day back-

ward trajectories were started close to the observation time

on 10 July, 18:00UTC. These were initialized at a constant

pressure level within a box centered around the region where

the pollution was sampled (see later Sect. 3.3.2). Addi-

tionally, a method to diagnose warm conveyor belt trajec-

tories was used (Wernli and Davies, 1997), by selecting only

boundary layer air parcels that ascend poleward to the upper

troposphere and lowermost stratosphere over a short time pe-

riod (see Sect. 3.4).

2.4 Composite satellite images

The Antarctic Meteorological Research Center (AMRC) pro-

vides Arctic composite satellite images every three hours,

creating a total of eight images per day (Lazzara and
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Fig. 1. (a) Flight path of the DLR Falcon on 10 July 2008 between ∼14:30UTC and 18:30UTC (red line) superimposed on ECMWF

analysis data at 18:00UTC of pressure (colour shaded, hPa) at the 2 PVU (dynamical tropopause) surface and geopotential height at 300 hPa

(black lines, m). (b) Flight path, colour-coded by1CO above altitude-dependent background values as derived from all GRACE data. Areas

with 1CO< 10 nmolmol−1 are shown in dark blue. North of approx. 77.5◦ N, an air mass with enhanced CO mixing ratios was entered by

the Falcon, both on the outbound and return leg at a constant flight level (11.3 km). The thickness of the line indicates the altitude (larger

markers represent higher altitudes). For more details see text.

Knuth, 2011). Geostationary and polar-orbiting satellites

are used to generate the composite and, depending on the

geographical location, can include observations from the

following: Polar Orbiting Environmental Satellite (POES),

Geostationary Operational Environmental Satellites (GOES-

East and GOES–West), Meteosat, Multi-function Transport

Satellite (MTSAT-1R), Feng Yun-2 (FY-2), Kalpana-1, and

Terra/Aqua. The source observations that are used in the

composite are within plus or minus 50min to the top of the

synoptic hour, although most of the observations fall within

a plus or minus 15-min window. The imagery has the space

background removed, and the data remapped into a polar

stereographic projection. The data are merged with the geo-

stationary observations combined first, followed by the polar

orbiting observations. In general terms, the composite satel-

lite images depict the temperature of the Earth as seen by

the imagers on board the satellites, which measure the inten-

sity of the radiation emitted by the Earth at approximately

11.0 µm, the infra-red window channel. The images are

colour enhanced such that yellow and red colours highlight

the cold upper-level cloud tops, green colours underscore the

tops of the warmer mid-level and low-level clouds, and blue

colours are the much warmer surface of the Earth. In the

present paper, the composites are combined with overlays of

the FLEXPART Asian anthropogenic CO tracer fields. The

passive CO tracers with a life-time of 20 days were obtained

from the FLEXPART forward model runs (see Sect. 2.2) and

are represented in the satellite images by white contour lines.

3 Results and discussion

3.1 Meteorological situation at upper levels

The weather situation close to the time of observation (10

July 2008, 18:00UTC) is presented in Fig. 1a using 300 hPa

geopotential height (black isolines) and pressure altitude

p2PVU of the dynamical tropopause, defined as the 2 poten-

tial vorticity units (PVU) surface (colour-coded). The red

line gives the Falcon flight path. The geopotential height

shows a large-scale trough over north-eastern Canada with

a discrete low over the Davis Strait. The entire trough re-

gion is characterized by a low dynamical tropopause (equiv-

alent to high values of p2PVU, up to ∼400 hPa within the

closed contour line of the low). On its leading edge, the low

has southerly flow at 300 hPa (see geopotential isolines) and

the dynamical tropopause is situated at ∼300 hPa. Above

northern Greenland, north of a nearly east-west oriented nar-

row filament with a lower tropopause (p2PVU>400 hPa), the

dynamical tropopause is at higher levels (p2PVU∼230 hPa).

The associated air mass is located in the diffluent exit region

of a jet. At this time the jet was located right over the pole, as

shown by the widening spacing of geopotential isolines from

the North Pole towards the most northern part of the 10 July

flight.

3.2 In-situ observations

On the flight on 10 July 2008, CO values up to

138 nmolmol−1 were observed at 11.3 km altitude, whereas

during GRACE typical CO mixing ratios at this alti-

tude were ∼40 to 50 nmolmol−1. Figure 1b shows the

Atmos. Chem. Phys., 11, 10975–10994, 2011 www.atmos-chem-phys.net/11/10975/2011/
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Fig. 2. Time series of measured trace gases for the GRACE flight on 10 July 2008, between 15:30 and 17:00UTC. (a) O3 in blue and CO

in red, (b) NOy in green and NO in purple, (c) PAN in orange and CO2 in light blue, (d) H2O in light green and potential temperature 2 in

grey. Missing data correspond to internal calibration periods. (e) Flight altitude (latitude is colour-coded) and potential vorticity in black, as

interpolated from the ECMWF analysis at 18:00UTC. The flight segment discussed in the present study is highlighted in light red (“MR”),

whereas the remaining data at this flight altitude are denoted by “LMS” (lowermost stratosphere). See text for more details.

Falcon flight-path, for illustration purposes it is colour-coded

by the measured 1CO above the altitude-dependent CO

background (see colour-scale on the top right). The CO

background here is defined as the 30th percentile of all

POLARCAT-GRACE measurements, calculated separately

for altitude bins of 1 km. 1CO values of <10 nmolmol−1

are shown in dark blue. The marker size represents the flight

altitude (larger markers indicate higher altitudes).

After take-off in Kangerlussuaq, the Falcon climbed up to

11.3 km altitude while flying north (up to point P1), and then

∼60 km to the east (towards point P2). On the way back to

the south, the Falcon descended at∼75.5◦N to 7.9 km before

landing again in Kangerlussuaq. The layer with enhanced

CO was traversed twice, both on the outbound and the return

leg, right before point P1 and after point P2. The maximum

horizontal separation is 60 km (P1 to P2). Comparison with

Fig. 1a shows that the layer with enhanced CO agrees well

with the region of elevated tropopause, as indicated by the

lower atmospheric pressure at the 2 PVU surface.

Figure 2 presents the time-series for several trace gases for

a part of the flight between 15:30 and 17:00UTC (see time

markers in Fig. 1b). It shows CO and O3 (a), NO and NOy (b)

together with PAN and CO2 (c). Also given are the potential

temperature 2 and the water vapour mixing ratio (d). The

time resolution is 1 s, except for PAN, which is reported ev-

ery 2 s. Panel e shows the flight altitude (colour-coded by

the latitude of the Falcon), and potential vorticity as interpo-

lated from the ECMWF analysis fields. The two way points

www.atmos-chem-phys.net/11/10975/2011/ Atmos. Chem. Phys., 11, 10975–10994, 2011
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P1 and P2 are marked as vertical lines (see Fig. 1b). The

red shaded area in Fig. 2 highlights the flight segment with

enhanced CO. In the following we will refer to this segment

as mixing region “MR”. The remaining data sampled at the

same altitude, i.e. further south of “MR”, are denoted by

“LMS” (lowermost stratosphere).

When the Falcon entered the “MR”, CO increased from

about 40 nmolmol−1 up to ∼140 nmolmol−1 over a time

span of∼7min (corresponding to∼80 km). The Falcon then

observed a sharp decrease in CO down to ∼80 nmolmol−1,

and a region of moderate CO values of 100 nmolmol−1

(∼65 km). At the most northern point, CO did not com-

pletely drop to mixing ratio values observed further south

in the lowermost stratosphere (“LMS”), which indicates that

the aircraft possibly did not traverse the entire mixing re-

gion. The time-series of the trace gases inside the “MR”

is nearly symmetric due to its twofold sampling. The CO

enhancement in the “MR” was accompanied by an increase

of the tropospheric pollutant PAN (up to ∼330 pmolmol−1

compared to ∼40 pmolmol−1 in the “LMS”), and of water

vapour (∼80 µmolmol−1 compared to ∼20 µmolmol−1 in

the “LMS”). The trace gases with generally higher values in

the stratosphere than in the unpolluted regions of the tropo-

sphere (i.e. O3, NO and NOy) showed smaller mixing ratios

within the “MR” of down to 100 nmolmol−1, 30 pmolmol−1

and 900 pmolmol−1, respectively. The anticorrelation of the

different trace gases indicates that the Falcon sampled an

air mass of both tropospheric and stratospheric origin. The

interpretation of the chemically inert greenhouse gas CO2
(atmospheric lifetime of ∼100 yr) however is more compli-

cated, due to underlying temporal and spatial variations (see

Sect. 3.6.1). In some parts of the “MR” some smaller scale

filaments are observed (indicated by black arrows).

Thermodynamic parameters also vary within the “MR”.

Potential temperature 2 and potential vorticity both de-

crease, pointing to a less stable stratification in the “MR”. Po-

tential vorticity during this part of the flight had a minimum

value of ∼5 PVU, and the minimum vertical distance be-

tween flight altitude and the 2 PVU tropopause was ∼800m

(see Sect. 3.5).

3.3 Identification of source region

3.3.1 FLEXPART backward simulations

The results of the FLEXPART backward runs initialised

along the flight track are shown in Fig. 3b. To allow an easier

comparison, the in-situ O3 and CO time-series are repeated

in Fig. 3a. Generally, the structure of the “MR” is very well

captured by the FLEXPART model. The blue line in panel

b gives the fraction of air with a stratospheric origin which

decreases inside the “MR” to a minimum of ∼50%. The red

pattern in Fig. 3b represents the Asian excess-CO, indicating

that the tropospheric part of the encountered air mass was

polluted by anthropogenic emissions of Asian origin. Ac-

cording to the FLEXPART simulations, contributions from

industrial pollution sources from other continents or from

biomass burning are negligible.

The CO source contribution plot for 16:11UTC (CO max-

imum) is given in Fig. 3c. This plot represents the prod-

uct between the anthropogenic emission flux (taken from

the emission inventories) and the footprint emission sensi-

tivity. The latter is proportional to the residence time of the

particles over a unit area in the lowest 100m (Stohl et al.,

2005). The CO source contribution plot shows that the pol-

lution mainly originates from the North China Plain, one of

the most densely populated regions in China, with some mi-

nor contributions from the North East China Plain and Korea.

According to the model, the pollution was emitted approxi-

mately 6–10 days before our measurements (not shown).

3.3.2 LAGRANTO backward trajectories

In order to analyze the transport history of the sampled “MR”

and “LMS” air masses, we calculated an ensemble of 8 day

LAGRANTO backward trajectories. The results are illus-

trated in Fig. 4. A total of 242 trajectories were released in

an area from −60◦ E to 40◦ E and 75◦ N to 82◦ N (see black

rectangle in Fig. 4a) at 217 hPa on 10 July, 18:00UTC. The

colour-code gives the latitude of the starting position and the

black line within the rectangle shows the Falcon flight track.

Figure 4b to d shows the temporal evolution of meteorologi-

cal parameters along the trajectories (pressure, humidity, po-

tential temperature).

We can mainly distinguish between two different air mass

origins in this area. Trajectories in the southern part of

the box were transported from northern North America to-

wards Greenland, remaining above 300 hPa. These trajec-

tories characterize the pathway for the sampled “LMS” air

masses. The cyclonic curvature indicates transport within the

large scale trough described in Sect. 3.1 (see also Fig. 1a).

Trajectories in the northern part of the box were traced back

across the North Pole to Siberia/Russia. Some parcels moved

directly over the pole (yellow), while others were influenced

by the upper level high that caused an anti-cyclonic rotation

(blue and green).

The time series of pressure along the trajectories shows

that independent of their origin, most of the parcels were

transported at high altitudes above 300 hPa (see Fig. 4b).

Their PV values were predominantly larger than 2 PVU

which points to stratospheric transport (not shown). Only a

small number of the trajectories experienced a strong vertical

displacement. Remarkably, three of these parcels (thick grey

lines in Fig. 4) originate from the boundary layer in the in-

dustrialized coastal regions of China and Korea, where they

had the possibility to take up anthropogenic pollution. This

is in good agreement with the results of the FLEXPART anal-

ysis (see Sect. 3.3.1). The subsequent fast and strong ascent

from ground level to the upper troposphere is accompanied

by a strong loss of humidity and an increase of the potential
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Fig. 3. (a) Time series of in-situ CO (red), O3 (blue), and pressure at flight altitude (black) for the same time period shown in Fig. 2.

(b) Results of the FLEXPART backward analysis: the blue line gives the stratospheric fraction along the flight path. The red pattern

represents the FLEXPART excess-CO originating from Asian anthropogenic pollution. (c) CO source contribution plot for 16:11UTC

(maximum CO concentration at 11.3 km altitude) with colour-scaling on the right.

temperature as a result of latent heat release. The strong up-

lift of the trajectories took place over eastern Russia between

5 July, 12:00UTC (−126 h) and 6 July, 18:00UTC (−96 h),

as indicated by the grey dots in Fig. 4. According to FLEX-

PART, the pollution was emitted between∼1–4 July, i.e.∼6–

10 days before our measurements. The polluted air mass was

transported for a few days at low levels towards the north-

east before it was exported from the boundary layer. The

characteristics of strong and poleward ascent in combination

with latent heat release suggests up-lift by a WCB, which is

further investigated in the following section.

3.4 Meteorological situation in the source region

To study the ascent process within the warm conveyor belt,

48 h LAGRANTO forward trajectories were initiated on ev-

ery grid point in a box over Asia (90◦ E to 150◦ E, 30◦N

to 75◦ N and between 1000 hPa and 750 hPa), as indicated in

Fig. 5. Within the 8-day period from 2 July 2008, 18:00UTC

to 10 July 2008, 18:00UTC, every 6 h a new set of trajectory

calculations was initialised, and calculated for a 48 h interval.

From all trajectories, only those showing a pressure decrease

greater than 600 hPa within 24 h were selected, and consid-

ered as warm conveyor belt trajectories. The computation of

all selected 48 h WCB trajectories was then completed over
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Fig. 4. LAGRANTO 8-day backward trajectories released on 10 July, 18:00UTC, every 40 km inside the black box at 217 hPa. The box

was centred around the encountered “MR”. The flight track of the 10 July flight is shown as black line. The colour-code of the trajectories

represents the starting latitude of the trajectories. Green trajectories belong approx. to the region of the “MR”. Panel (a) gives a polar view

of the pathways. Two sections are shown at a larger scale on the top: The release box (left) as well as the ascent over eastern Asia (right).

The three panels (b), (c) and (d) show the evolution of pressure, specific humidity, and potential temperature along the trajectories. The time

on the x-axis is relative to 10 July, 18:00UTC. The trajectories highlighted as thick grey lines experience a strong ascent over eastern Asia.

Two time marks (gray dots) at −126 h (5 July, 12:00UTC) and at −96 h (6 July, 18:00UTC) indicate the location of this lifting process.

the entire 8-day period both by a forward and backward cal-

culation. Figure 5 shows the position of the WCB parcels

during the evolution of a cyclone with an embedded WCB.

As the up-lift of the relevant air mass took place between 5

and 6 July (see Fig. 4), we only show WCB trajectories that

ascended between 4 July, 00:00UTC to 7 July, 18:00UTC.

On 5 July, 00:00UTC (Fig. 5a), the WCB parcels were

located over the coastal regions of China and Korea as well

as above the Yellow Sea, predominantly at altitudes below

900 hPa, and transported by south-westerly winds. The dis-

tribution matches partly the FLEXPART CO source contri-

bution (Fig. 3c), with a shift towards the north-east due to

the preceding low-level transport. Twelve hours later, the air

mass was advected further north-eastward and a portion of

the eastern parcels began rising when an upper level trough

approached and caused cyclogenesis (Fig. 5b). At 6 July,

00:00UTC a surface low developed and the parcels were sit-

uated close to the cyclone center and in the associated warm

sector (Fig. 5c). North-east of the low, the parcels lined up

along the warm front and reached the upper troposphere with

pressure values up to 300 hPa. The parcels south of the sur-

face low were located closer to the ground (Fig. 5d). An-

other 12 h later (6 July, 12:00UTC) the surface low prop-

agated further north eastward (Fig. 5e). Except for some

parcels located at mid-levels (500–800 hPa), the bulk reached

the upper troposphere and was embedded in the jet stream

located above the east coast of Asia. The majority of the

WCB parcels were located in the diffluent exit region of the

jet stream. Most parcels moved southward, however, those

on the cyclonic side of the jet were embedded in the north-

eastward flow on the leading edge of a trough approaching

from the north (see Fig. 5f). These parcels subsequently

moved over the pole following the pathways illustrated in

Fig. 4.

Of the 4296 selected WCB trajectories, a subset of 191

trajectories (4.5%) was transported into the Arctic. The tra-

jectories most likely to reach the Arctic were those located

on the western side of the coherently ascending ensemble

of trajectories. 92% of these Arctic WCB trajectories in-

tersected the dynamical tropopause (PVU>2), compared to

only∼18% of the remainingWCB trajectories. Most parcels

reached the 2 PVU level right after the WCB ascent or when

they were again lifted on the leading edge of the upper level

trough. The latter ascent is also reflected in the pressure time

series of Fig. 4 (see yellow and blue trajectories between

−84 and −72 h). The trajectories travelling to Greenland

show a further, continuous increase in PV during their jour-

ney, reaching values between 3 and 10 PVU by the time they

arrive in our measurement area (not shown).

3.5 Cross-polar transport and vertical structure of the

polluted Asian air mass

The transport of the Asian pollution plume across the pole

is illustrated in Fig. 6. The left panel shows satellite im-

age composites for 4 points in time, covering the time
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Fig. 5. Synoptic evolution from ECMWF analyses and position of WCB parcels at (a) 5 July, 00:00UTC; (b) 5 July, 12:00UTC; (c) 6 July,

00:00UTC; (d) 6 July, 12:00UTC, (e) 7 July, 00:00UTC, and (f) 7 July, 12:00UTC. Thick black lines show geopotential height at 300 hPa

(80 gpm interval). Thin grey lines illustrate the mean sea level pressure (4 hPa interval). The black polygon marks the region in which the

trajectories were initialized (for details of the calculation method see Sect. 3.4). The colour-coded dots show location and pressure of the

parcels at the respective time step.

period after the up-lift within the WCB (6 July 2008) to the

day of our measurements above northern Greenland (10 July

2008). As described in Sect. 2.4, the cold upper-level cloud

tops are illustrated by yellow and red colours. The white

contour lines represent the FLEXPART Asian anthropogenic

CO tracer, but only for the column above 9 km. For the same

points in time, the right panel shows maps of FLEXPART

Asian CO tracer plotted on 340K isentropes. The red line

indicates where the 325K isentropes crosses the 2 PVU sur-

face, giving the approximate position of the jet stream. The

red crosses indicate the location of a subset (every 8th) of the

pole-crossing WCB forward trajectories (see Sect. 3.4).
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Fig. 6. Cross-polar transport of the Asian pollution. (a) and (b) 6 July, 18:00UTC, (c) and (d) 7 July, 18:00UTC, (e) and (f) 6 July,

09:00UTC, (g) and (h) 10 July, 15:00UTC. Left panels: Satellite composite images with colour-coded cloud top temperatures (see colour-

scaling at the left). White contour lines show FLEXPART Asian CO for the column above 9 km. Black asterisks indicate locations of weather

stations in the region of the WCB (marked by the fronts in panel (a)). The Falcon flight path is superimposed in panel (g). Right panels:

FLEXPART Asian CO tracer plotted on the 340K isentrope (see-colour-scaling on the right). Red line gives the location of the dynamical

tropopause (2 PVU) at the 325K surface. The red crosses indicate the position of the WCB forward trajectories. The black line shows the

location of the cross section presented in Fig. 8. For more details see text.
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According to our trajectory analysis, the WCB ascent

ahead of the cold front took place over Eastern Rus-

sia approximately between 5 July, 18:00UTC and 7 July,

00:00UTC. On 6 July, 18:00UTC, our WCB trajectories

reached the upper troposphere, coinciding with an area of

enhanced CO tracer columns above 9 km of 100 gm−2 ahead

of the cold front (Fig. 6a). Soundings from four weather sta-

tions (black asterisks in Fig. 6a) indicate that the minimum

cloud top temperatures of∼240–223K within the WCB cor-

respond to a maximum altitude of ∼11 km. CO is used as a

passive tracer with a life-time of 20 days in the FLEXPART

model runs, therefore other CO pollution “remnants” north of

Kamchatka/east of North Siberia are also visible in the upper

troposphere, possibly from earlier lifting events. However,

the polluted air mass lifted within the studied mid-latitude

cyclone reached high potential temperatures of 340K, shown

in a comparison with Fig. 6b. As indicated by the red line,

a tropospheric streamer had already begun to intrude into

the Arctic, ahead of an upper level trough. In the follow-

ing hours and days, a low pressure system formed, deepened

and moved further to the north (indicated with “L” in Fig. 6a,

c, e). The polluted Asian air mass therefore was advected to-

wards the North Pole (Fig. 6c, 7 July, 18:00UTC). Whereas

most of the Asian CO tracer was advected eastwards, some

of the Asian CO was embedded in the streamer (Fig. 6d).

A comparison of Fig. 6c and d shows that the region of en-

hanced FLEXPART tracer is accompanied partly by upper

level clouds. During its journey, the polluted streamer was

elongated and deformed (Fig. 6e and f, 9 July, 06:00UTC).

Finally, a portion of the polluted streamer reached northern

Greenland, where it was sampled by the Falcon on 10 July

(Fig. 6g and h, 10 July, 18:00UTC). Figure 6h illustrates the

good agreement with our in-situ data, showing that the pol-

luted streamer was located almost perpendicular to our flight

track, and was not completely traversed (see also Sect. 3.6).

During the cross-polar transport, the tropospheric streamer

elevated the polar tropopause substantially (see also Fig. 1a).

Figure 7 illustrates the temporal evolution of the vertical

temperature structure during the advection of the streamer.

Temperature profiles from soundings before, during and af-

ter the passage of the polluted streamer are presented exem-

plary for Eureka, Canada (79.98◦ N, 85.95◦W), and show

a tropopause height variation of ∼2.5 km. Due to the mid-

latitude origin of the polluted Asian air mass, the temperature

at a fixed level in the middle to upper troposphere is ∼5 to

10K higher inside the Asian air mass (red solid lines) in com-

parison to the Arctic air mass (blue dotted lines), whereas

the tropopause temperature is up to ∼7K lower. The region

above ∼13 km is less affected by the dynamics of the tropo-

spheric streamer. During the passage of the Asian air mass

the tropopause is sharper than before and after. The maxi-

mum thermal tropopause is ∼11.5 km (11 July, 00:00UTC),

which is slightly above our flight altitude (11.3 km). Note

however the considerable temporal and spatial difference be-

tween the soundings and our in-situ measurements. An anal-

Fig. 7. Temperature profiles at Eureka, Canada (79.98◦ N,

85.95◦W) as derived from radiosonde soundings on several days,

each at 00:00UTC (taken from http://weather.uwyo.edu/upperair/

sounding.html). The blue dotted lines represent profiles obtained

before and after the polluted Asian air mass arrived at Eureka (8 July

and 14 July 2008), respectively. The red solid lines show soundings

during its passage (10 and 11 July 2008). The green dashed lines

represent profiles from times between (9 and 13 July 2008).

ysis of ECMWF temperature profiles indicates that e.g. at the

time of the observation, the thermal tropopause was ∼500m

lower in the sampled part of the streamer than above Eureka.

Figure 8 shows a vertical cross section of the FLEXPART

Asian excess-CO tracer around the time of the flight (see

black line in Fig. 6h). Also given are isentropes (black

lines), the 2 PVU dynamical tropopause (thick black line),

as obtained from the ECMWF analysis data, as well as iso-

taches (blue lines). The red crosses indicate the position of

the WCB forward trajectories. Only WCB trajectory points

located within 200 km of the Falcon flight path are shown

(within 16:30 h± 3 h). Their abundance close to or above

the 2 PVU tropopause reflects the strong selection criteria of

the WCB forward analysis (1600 hPa within 24 h).

According to the FLEXPART model simulation, the Fal-

con probed the topmost part of an Asian pollution plume with

a vertical extension of several km. The Asian excess-CO

shows a maximum of ∼90 to 100 nmolmol−1 at about 9 km

just below the dynamic tropopause, at the edges of the tropo-

spheric streamer. A part of the pollution reached the lower-

most stratosphere, as indicated both by the 2 PVU tropopause

and the closer spacing between the isentropes. Accord-

ing to ECMWF analysis, the plume was sampled ∼800m

above the dynamic tropopause and ∼400m above the ther-

mal tropopause, respectively. The Falcon nearly reached the

centre of the streamer which is indicated by the region of the
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Fig. 8. Cross section of the FLEXPART Asian anthropogenic excess-CO tracer (see black line in Fig. 6h). Colours represent the modelled

Asian excess-CO above atmospheric background values (see colour-scale on the right). The dashed blue line shows the Falcon flight path on

10 July. Also given are the 2 PVU dynamical tropopause (thick black line), isentropes (thin black lines), and isotaches (thin blue lines), as

calculated from ECMWF analysis.

elevated dynamical tropopause. The Falcon probed the part

of the streamer where the modelled excess-CO reached the

highest altitude (∼12.5 km), with values of ∼20 nmolmol−1

at our flight level (see also Fig. 3b). The FLEXPART runs

further indicate that the Asian air mass also contained emis-

sions from Siberian forest fires, but only at altitudes between

∼4 to 9 km and hence, below our flight level and below the

2 PVU tropopause (not shown).

3.6 Discussion

3.6.1 Tracer-tracer correlations

As shown in Sects. 3.2 and 3.3, both in-situ measurements

and the FLEXPART analysis indicate that we probed an

air mass of both stratospheric and tropospheric origin. In

this section we discuss the chemical properties of the sam-

pled air mass using correlations between different trace

gases. Tracer-tracer relationships are a common tool to in-

vestigate mixing, chemical and/or transport processes in the

tropopause region (Hoor et al., 2002, 2004; Pan et al., 2004,

2007; Kunz et al., 2009).

The red crosses in Fig. 9a–d represent the 10 July data ob-

served inside the “MR”. For comparison, the 10 July “LMS”

data are also shown (black circles). The grey open circles

represent all other GRACE data, as obtained from all 16 lo-

cal flights. For the following discussion it is worth noting

that although the GRACE measurement area was far from

pollution sources, the sampled data do not represent sum-

mertime CO background values. In the free troposphere val-

ues were biased towards higher CO mixing ratios (as well as

PAN and NOy). The Arctic mid-troposphere frequently was

impacted by long-range transport of aged but CO-enriched

pollution plumes, originating mainly in the boreal forest re-

gions in Canada and Siberia (Singh et al., 2010; Schmale et

al., 2011). Therefore, the median CO value between 4 to

9 km during GRACE was ∼140 nmolmol−1, whereas in the

undisturbed troposphere of the northern mid- and high lati-

tudes, CO mixing ratios typically range from approx. 80 to

120 nmolmol−1 (Emmons et al., 2000; Fischer et al., 2006).

Figure 9a shows an O3-CO scatter plot. O3-CO cor-

relations help to diagnose STE (Stratosphere-Troposphere-

Exchange) because both O3 and CO show distinct vertical

gradients in the vicinity of the extratropical tropopause, with

higher O3 in the stratosphere and higher CO in the tropo-

sphere, respectively. Ozone is mainly produced in the trop-

ical stratosphere and has a life-time of approx. 1 yr in the

lowermost stratosphere (Solomon et al., 1985). In the tro-

posphere, O3 values are highly variable due to in-situ photo-

chemical production/destruction, dry deposition and import

of stratospheric air. The main CO source in the background

troposphere and the stratosphere is the oxidation of CH4.

Other tropospheric CO sources are incomplete combustion

processes from human activities or biomass burning, which

makes CO an excellent pollution tracer. Its major sink is the

reaction with OH radicals, which results in generally lower

CO background values in the summer troposphere compared

to winter, and for the same reason in the tropics compared to

the middle and polar latitudes (Novelli et al., 1992, 2003).
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Fig. 9. Scatter plots of (a) O3 vs. CO, (b) O3 vs. H2O, (c) CO2 vs. CO, and (d) NOy vs. O3. Data of the 10 July “MR” are shown as red

crosses, the 10 July “LMS” data are given as black circles. Grey open circles represent all POLARCAT-GRACE measurements. See text for

more details.

The “MR” data in the O3-CO scatter plot in Fig. 9a can

be represented by a regression line, a so-called mixing line,

which is formed by irreversible mixing of air parcels of both

stratospheric and tropospheric origin. The slope of such

a mixing line in a tracer-tracer space is dependent on the

trace gas mixing ratios of the initial air masses (e.g. Hoor

et al., 2002). The tropospheric character is found to be

highest in the centre of the “MR” (see also Fig. 1b). Here,

the CO mixing ratio of ∼138 nmolmol−1 suggests predom-

inantly tropospheric origin whereas the ozone mixing ratio

of ∼100 nmolmol−1 is already at the upper limit of typi-

cal tropospheric values. Although photochemical in-situ pro-

duction in strongly polluted air masses may cause such high

ozone values, this might indicate that also this part of the

streamer had already mixed with ozone-rich stratospheric air

masses. At the edges of the “MR”, the entrainment of O3-

rich, stratospheric air is more prominent.

A comparison of the “MR” data with the remaining

GRACE data shows that the “MR” CO values in the

tropopause region and above (i.e. O3>100 nmolmol
−1) are

biased towards higher CO mixing ratios. This suggests that a

CO-enriched air mass was mixed into the lowermost strato-

sphere, which confirms the FLEXPART model results. If

mixing and not chemical transformation is the dominant

process, the extrapolation of the regression slope to an as-

signed tropospheric value of O3 gives an indication of the

CO concentration of the “tropospheric end-member” (Hintsa

et al., 1999; Hermann et al., 2000; Hoor et al., 2002). If

we assume an upper tropospheric ozone mixing ratio of 70

(±30) nmolmol−1, we can calculate an initial CO mixing ra-

tio of 143 (±10) nmolmol−1, as indicated by the dark red

marker in Fig. 9a. It has to be pointed out that the tro-

pospheric end-member represents only the tropospheric air

mass just before it mixed with the stratospheric air. The

WCB inflow regions however can be quite large (Wernli,

1997; Eckhardt et al., 2004), which means that the anthro-

pogenic emissions certainly have been diluted with less pol-

luted air already in the troposphere.

Figure 9b shows the relation between O3 and H2O. Wa-

ter vapour mixing ratios show an even stronger gradient

across the extratropical tropopause than O3 and CO. The

entry of H2O into the stratosphere occurs primarily in the

tropics, however in the extratropics a moist mixing layer in

the lowermost stratosphere is an indicator of troposphere-

to-stratosphere transport occurring at higher latitudes (e.g.

Krebsbach et al., 2006). The moisture in the extratropical

tropopause region is largely a function of the temperature at

the cold point tropopause, but depends also on the relative
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strength of the different transport paths. Water vapour has a

long chemical life-time in the tropopause region, but it is not

conserved if condensation followed by precipitation occurs.

Apparently the “MR” data are divided into two regimes A

and B, which are separated approximately at O3 and H2O

values of 280 nmolmol−1 and 65 µmolmol−1, respectively.

The data in group A form a mixing line which can be ex-

trapolated towards assigned tropospheric ozone values of 70

(±30) nmolmol−1. The corresponding H2O end-member of

144 (±10) µmolmol−1 is indicated by the dark red marker

in Fig. 9b. It gives an approximate value of the H2O con-

tent of the air mass after it was up-lifted within the WCB,

but before it mixed with drier air from the stratosphere. This

water vapour mixing ratio is in the same range of values ob-

tained from the backward trajectory calculations, suggesting

that after the strong loss of moisture that is characteristic of

WCB lifting events, H2O mixing ratios of ∼0.06–0.1 g kg
−1

(corresponding to ∼96–160 µmolmol−1) remain within the

air mass (see grey trajectories in Fig. 4c, at −72 h). The

high water vapour mixing ratio in the WCB region raises

the question whether this transport pathway may lead to an

enhanced moistening of the extratropical lowermost strato-

sphere, though an upscaling cannot be done from our single

event study. This might have implications for the temper-

ature and chemistry of the UTLS, as water vapour plays an

important role in the radiation budget and is a primary source

of HOx radicals (e.g. Fueglistaler et al., 2009; Kunz et al.,

2009). The data of group B correspond to the centre of the

“MR”, and clearly deviate from the regression line. Obvi-

ously water vapour was removed in this part of the air mass

due to phase transition followed by sedimentation. This as-

sumption is supported by the occurrence of the high-level

clouds in some parts of the streamer, visible in the satellite

images (e.g. Fig. 6c, e).

A CO2-CO scatter plot is presented in Fig. 9c. Apart

from an increasing trend during the last decades due to in-

dustrialization, CO2 has seasonal, diurnal, and spatial varia-

tions. It is, for example, depleted during summertime in the

lower troposphere by plant assimilation. This seasonal cycle,

typically ±1 µmolmol−1 in the southern Hemisphere up to

∼15 µmolmol−1 in the northern boreal forest zone (Wigley

and Schimel, 2000), is propagated into the lowermost strato-

sphere (e.g. Sawa et al., 2008; Boenisch et al., 2009). This is

also reflected in the GRACE data, the observed CO2 mixing

ratios were on average ∼2 µmolmol−1 lower in the tropo-

sphere than in the lowermost stratosphere: Median CO2 for

O3<100 nmolmol
−1 was 381.4±0.4 µmolmol−1 compared

to 383.3±0.2 µmolmol−1 for O3 values >100 nmolmol
−1.

The “MR” data show a linear dependence between CO2
and CO. Positive correlations between CO2 and CO are typi-

cally observed for combustion sources, and the △CO2/△CO

enhancement ratio may provide information about the com-

bustion efficiency. However, in this case the CO2/CO slope

is driven by the mixing processes between the tropospheric

and the stratospheric air masses. Due to the absence of

well-defined (tropospheric) background values not affected

by pollution, the enhancement ratio △CO2/△CO ratio is

difficult to quantify. Nevertheless, the CO2/CO ratio of

the air sample having the highest fraction of tropospheric

air (i.e. CO2∼ 385 µmolmol
−1 at CO∼ 140 nmolmol−1)

clearly stands out from the remaining GRACE data, which

were affected mainly by imported biomass burning plumes.

This comparatively high CO2/CO ratio might be the com-

bined result of two effects: Combustion efficiencies of in-

dustrial processes (e.g. of power plants) are much higher than

those of forest fires, leading to initial CO2/CO slopes of up

to a magnitude higher in anthropogenic plumes compared

to biomass burning pollution (Andreae and Merlet, 2001;

Suntharalingam et al., 2004). Additionally, the CO2 “back-

ground” might differ for these two different source regions.

In densely populated areas like the North China Plain, respi-

ratory CO2 of urban residents as well as agricultural soils and

livestock is part of the anthropogenic plume and increases

the CO2/CO ratio (Wang et al., 2010). On the contrary, CO2
plant uptake in boreal regions during summer leads to a de-

crease of this ratio.

Figure 9d shows a NOy-O3 scatter plot. In the strato-

sphere, NOy is primarily composed of HNO3 and NOx, pro-

duced mainly in the tropics by the photolysis of N2O fol-

lowed by oxidation (Murphy et al., 1993). The NOy compo-

sition in the troposphere might differ considerably depending

on sources/sinks, as well as region and altitude. As obvious

in the GRACE data, correlations between NOy and O3 are

typically steeper in the troposphere than in the stratosphere

(Murphy et al., 1993). The NOy values of the “MR” data

do not stand out from the remaining GRACE measurements,

suggesting that although the air mass was influenced by an-

thropogenic pollution and hence, by emission of NOx, the

main part of the emitted NOy did not reach high altitudes.

This is in agreement with earlier studies which show that the

export of NOy from the boundary layer is not very efficient

(Stohl et al., 2003; Koike et al., 2003; Nowak et al., 2004),

mainly because of the removal of water-soluble HNO3 due to

precipitation processes. Furthermore, the polluted air mass

resided a few days in the boundary layer before it ascended

within the WCB (see Sect. 3.3.2), which means that also dry

deposition at the surface might have played a role.

Beyond HNO3, PAN is the most dominant NOy species

found in aged pollution (Koike et al., 2003; Nowak et al.,

2004; Singh et al., 2010). PAN is a product of hydrocarbon-

NOx chemistry and has long life-times in the mid- and upper

troposphere (Talukdar et al., 1995). In the region of weak-

est stratospheric influence (i.e. at highest CO), a maximum

PAN/NOy ratio of ∼0.3 is observed. This ratio is rather low,

PAN/NOy ratios of up to ∼0.85 have been measured in other

CO plumes during GRACE, and ratios of e.g. ∼0.65 in aged

Asian pollution (Nowak et al., 2004). PAN is not affected

by dry deposition and survives the up-lift in a mid-latitude

cyclone (e.g. Miyazaki et al., 2003), but it has a life-time of

only a few hours at the warm temperatures prevalent in the
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boundary layer (Talukdar et al., 1995). The low PAN content

therefore is very likely the result of thermal decomposition

during the low-level transport in the first days after emission.

PAN may recycle back especially during night-time. How-

ever, in the humid boundary layer the released NO2 is effi-

ciently oxidized to HNO3 (e.g. Bradshaw et al., 2000), espe-

cially during summer at these latitudes. As discussed earlier,

most of the HNO3 in the WCB was presumably removed by

wet deposition.

Compared to the “MR” slopes, the regression lines of the

“LMS” data are much steeper for all correlations. The CO

values of up to 50 nmolmol−1 are well above the strato-

spheric equilibrium value of 12 to 15 nmolmol−1 (Flocke et

al., 1999) which suggests also for these air masses recent in-

fluence from the troposphere (e.g. Hoor et al., 2002, 2004;

Tilmes et al., 2010), but to a lesser extent. Compared to the

tropospheric air mass mixed into the “MR”, the tropospheric

air in the “LMS” case contained much less H2O, PAN and

CO, but slightly higher NOy and much higher CO2.

3.6.2 Mixing of Asian pollution with Arctic

stratospheric air

As discussed before, the polluted Asian air mass had already

mixed with stratospheric air when it was sampled by the Fal-

con, although some interleaved filaments were still observed

(see Sect. 3.2). An interesting question is of course, when

and why did the tropospheric and stratospheric air masses

mix? As mentioned in Sect. 3.4, most air parcels reached the

2 PVU level during the up-lift within the WCB, or later dur-

ing the ascent at the leading edge of the upper level trough.

Certainly mixing processes took place between the ascending

Asian pollution and the lowermost stratospheric air located

above, especially at the top of the lifted air mass.

However, we suggest that the main part of the troposphere-

to-stratosphere (TST) exchange evident in our data happened

during the period of cross-polar transport at elevated lev-

els: As mentioned in Sect. 3.5, the polar tropopause was

vertically displaced during the passage of the tropospheric

streamer. Temperature soundings from several weather sta-

tions (Eureka, Alert and Danmarkshavn, see red crosses in

Fig. 6g) show an up-lift of the thermal tropopause of ∼2.5

to 3 km. This in turn implies that the polluted air mass was

above ∼9 to 10 km embedded by stratospheric air from the

Arctic, while it was advected across the pole. As discussed

in Sect. 3.5, the tropospheric streamer was elongated and

stretched into long and narrow filaments during its journey.

Therefore the most likely scenario is that horizontal shear in-

duced turbulent mixing and thus, mass exchange across the

air mass boundaries took place. As suggested by the “MR”

in-situ data, O3-rich and CO-poor stratospheric air masses

were entrained at the boundaries of the polluted filament.

Another strong indication for more recent TST exchange is

the linear mixing line which is observed in the O3-CO scatter

plot (Fig. 9a). The quasi-ideal linear shape indicates mix-

ing between two air masses having well-defined tracer ”end-

members”. Mixing processes at an earlier stage during the

WCB uplift would rather be evident in deviations from this

ideal mixing line (due to subsequent mixing and/or chemical

processes). Finally, our assumption is also supported by the

forward trajectory calculation started in the source region.

As addressed in Sect. 3.4, the trajectories reach PV >2 PVU

within the WCB ascent or shortly later. However, PV further

increases along the forward trajectories travelling across the

pole, finally reaching values between 3 and 10 PVU above

Greenland. This additional gain in PV (and Theta) reflects, at

least to some extent, further entrainment of PV-rich, warmer

air from the stratosphere during the cross-polar transport.

However, we have to keep in mind that our data only repre-

sent a “snap-shot” in the temporal evolution of 3-dimensional

mixing events, documenting the mixing stage only at one lo-

cation and one point in time. The role of radiation (cool-

ing/heating) is not discussed here, but may be relevant due to

the existence of clouds, or at least humidity differences.

4 Summary and conclusions

During the research flight on 10 July 2008 an air mass con-

taining unusually high CO, PAN, and H2O mixing ratios

of 138 nmolmol−1, 330 pmolmol−1 and 81 µmolmol−1 was

sampled in the Arctic tropopause region at 11.3 km, ∼800m

above the dynamical tropopause (2 PVU). In-situ tracer cor-

relations and FLEXPART backward simulations show that

we probed the topmost part of an air mass with recent tropo-

spheric origin, containing anthropogenic pollution from East

Asia mixed with O3-rich stratospheric air. As supported by

a detailed trajectory analysis, the Asian pollution was up-

lifted within a WCB connected to a low pressure system

over Northern Russia. The analysis also showed that 92%

of the pole-crossing WCB trajectories reached the dynamical

tropopause, mainly within theWCB ascent or shortly later. A

part of the Asian pollution was embedded in a tropospheric

streamer, which was advected across the pole. During its

journey, the top of the polluted air mass was surrounded by

Arctic stratospheric air. TST exchange most likely took place

along the sides of the plume, when the tropospheric streamer

was stretched into long and narrow filaments. Forward tra-

jectory calculations initialized at the location of our obser-

vation show a steady increase in PV during the following 5

days (from 5.1 PVU to 9.4 PVU on average) suggesting that

the pollution has been completely mixed into the lowermost

stratosphere.

Correlation analyses show that the polluted tropospheric

air mass was enriched mainly in CO, CO2 and H2O before

it was mixed into the stratosphere, whereas PAN and NOy
have been efficiently removed before and during the up-lift

within the WCB. While the wet removal of HNO3 is a reg-

ular occurrence in the transport pathway discussed herein,
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PAN generally has the potential to reach the tropopause re-

gion within WCB ascents, if the up-lift is not preceded by

multi-day-transport in the warm boundary layer. The trans-

port of pollution across the Pole was associated with an Arc-

tic low-pressure system. Such cyclone events in the prox-

imity of the North Pole are regular phenomena of the polar

circulation, especially during summer (Serreze and Barret,

2007; Orsolini and Sorteberg, 2009), though the described

cross-polar transport period was unusually strong (Sodemann

et al., 2011).

Our study presents the first in-situ measurement of WCB-

lifted Asian pollution being stirred and finally irreversibly

mixed into the polar lowermost stratosphere. In the con-

text of our observations the question arises: is this transport

process a common scenario that brings pollution to the po-

lar lowermost stratosphere, as already suggested by clima-

tological studies (Stohl, 2001; Wernli and Bourqui, 2002)?

Our measurements are possibly linked to other observations:

Dessler (2009) showed that even at high latitudes of 75–

80◦N, cloud tops are found ∼20% of the time above the

summertime tropopause. Since convection is not very fre-

quent in these regions, WCBs may possibly be one reason for

these observations. Furthermore, the lowermost stratosphere

north of the jet stream contains a wide range of CO mixing

ratios (Cooper et al., 2005), and in polar regions CO exceeds

100 nmolmol−1 25% of the time in the 1 km thick layer

above the summertime tropopause (Tilmes et al., 2010), in-

dicating frequent entrainment of polluted air masses. The in-

fluence on local stratospheric chemistry is not clear: mixing

of O3-rich stratospheric with H2O-rich tropospheric air may

results in enhanced OH mixing ratios and hence, a higher

oxidation capacity (Esler et al., 2001). The influence of an-

thropogenic pollutants such as CO, CO2, and SO2 however

is difficult to predict.

Further research is required to (a) better assess the rel-

evance of polluted WCBs on the Arctic UTLS region and

(b) understand possible consequences on the chemical and

radiative budget, especially in the context of rising Asian

emissions and changing climate.

Acknowledgements. This work was supported by the Deutsche

Forschungsgemeinschaft (DFG) under SPP 1294 (SCHL1857/2-1)

and PAK 348 (SCHL1857/3-1). We thank the pilots, engineers

and scientists from the DLR flight department for their excellent

support during the campaign. Michael Lichtenstern and Paul Stock

are greatly acknowledged for their help in acquiring this data set.

We thank Gebhard Günther (FZ-Jülich) and Andreas Dörnbrack
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