Atmos. Chem. Phys., 8, 727328Q 2008 iy —* -

www.atmos-chem-phys.net/8/7273/2008/ Atmospherlc
© Author(s) 2008. This work is distributed under Chemls_try
the Creative Commons Attribution 3.0 License. and Physics

Water vapor transport in the lower mesosphere of the subtropics: a
trajectory analysis

T. Flury 1, S. C. Miiller™*, K. Hocke?!, and N. Kampfer!

Lnstitute of Applied Physics, University of Bern, Sidlerstrasse 5, 3012 Bern, Switzerland
“now at: METEOTEST, Fabrikstrasse 14, 3012 Bern, Switzerland

Received: 10 June 2008 — Published in Atmos. Chem. Phys. Discuss.: 18 July 2008
Revised: 16 October 2008 — Accepted: 27 October 2008 — Published: 10 December 2008

Abstract. The Institute of Applied Physics operates an air- mation and latent heat release. In the stratosphe ¢on-
borne microwave radiometer AMSOS that measures the rotributes to radiative cooling and plays a role in ozone deple-
tational transition line of water vapor at 183.3 GHz. Water tion chemistry by the formation of polar stratospheric clouds.
vapor profiles are retrieved for the altitude range from 15In the lower mesosphere as well as in the stratosphere water
to 75km along the flight track. We report on a water va- vapor can be used as a tracer for atmospheric transport. Fur-
por enhancement in the lower mesosphere above India antter it is involved in the buildup of polar mesospheric clouds
the Arabian Sea. The measurements took place on our flightlso known as noctilucent clouds at the summer mesopause.
from Switzerland to Australia and back in November 2005 The H,O volume mixing ratio (VMR) decreases from a
conducted during EC- project SCOUT-03. We find an en-few percent in the tropical troposphere to a few parts per
hancement of up to 25% in the lower mesosphetri©Hol- million in the mesosphere. The measurement over 4 orders
ume mixing ratio measured on the return flight one week af-of magnitude is difficult to be achieved by one single mea-
ter the outward flight. The origin of the air is traced back surement technique. We use ground-based and airborne mi-
by means of a trajectory model in the lower mesosphere androwave remote sensing for the retrieval of(HVMR in
wind fields from ECMWEF. During the outward flight the air the middle atmospherdguber et al.2005 Miller et al,
came from the Atlantic Ocean around 25N and 40 W. On2008. A typical water vapor profile measured on 16 Novem-
the return flight the air came from northern India and Nepalber 2005 at 35N and 30 E by our airborne microwave ra-
around 25 N and 90 E. Mesospherig®imeasurements from diometer AMSOS (Airborne Microwave Stratospheric Ob-
Aura/MLS confirm the transport processes oftHderived  serving System) is shown in Fig: H,O VMR decreases
by trajectory analysis of the AMSOS data. Thus the largeexponentially in the troposphere to reach a minimum at the
variability of HoO VMR during our flight is explained by a so called hygropause which is slightly above the tropopause.
change of the winds in the lower mesosphere. This studyin the stratosphere 0 VMR increases again due to the for-
shows that trajectory analysis can be applied in the mesomation from oxidation of methane and reaches a maximum at
sphere and is a powerful tool to understand the large varithe stratopause and lower mesosphere. Finally solar Lyman-
ability in mesospheric bD. a flux determines the photolysis of water vapor in the up-
per mesosphere. In the lower mesosphere and upper strato-
sphere, the continuum absorption of water vapor occurs in
1 Introduction the domain o_f the_@S_chumann—Runge ba_nds. _

The chemical lifetime of water vapor in the middle at-
Water vapor plays a key role in atmospheric processes. In thElosphere is of the order of years in the lower stratosphere
troposphere it acts as a strong greenhouse gas and is respgiid months in the lower mesospheBegsseur and Solomon

sible for weather mechanisms such as convection, cloud for2009, allowing for water vapor to be used as a tracer in the
upper stratosphere and lower mesosphere. The use of a tra-

jectory model provides a dynamical understanding of local
Correspondence tal. Flury water vapor variability.
BY (thomas.flury@iap.unibe.ch)
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Fig. 2. ECMWF modeled wind at 60 km on 15 November 2005,

Fig. 1. A measured AMSOS midlatitude water vapor profile in 4 X o e
November 2005 above the Mediterranean with the typical dry hy_QG.OO UTC for the Northern Hemisphere. The strong midlatitude

gropause at 18 km and a middle atmospheric local maximum aroundet is visible in red. Zonal wind is represented in color and vectors
the stratopause at 45 km. represent horizontal wind direction in arbitrary units. Above India

the zonal wind is close to zero and negative (westward).

The strong eastward and westward winds in the mid lati-_.

tude middle atmosphere are a consequence of the pole to poﬂi‘es betvzleéarl; 15.atndt75| k2rggrom r()joll\c/':lur”reglc?[nsl tcAcheSggplcs
circulation which is mainly due to latitudinal temperature as reported byFeist et al{(2007) an er et al.

differences and to gravity wave breaking at the mesopause's flown on board a Swiss Airforce Learjet and was operated

which decelerates the zonal flow by the deposition of an_(Snce a year since 1998. The line of sight of the instrument is

gular momentum. The change of the zonal flow induces aoerpendlcular to the flight direction with an elevation angle

meridional transport according to the conservation of angu—mc 20 degrees. Such a geometry facilitates the data analysis

lar momentum $hepherd2009. Fig. 2 shows the ECMWE for the mesospheric wind retrieval which is another product
windfield at 60 km altitude for the northern hemisphere on of AMSOS as reported bEI_ury et aI.(20(_)a. . .
15 November. The strong eastward wind at mid latitudes. AMSOS measures continuously during flights with a hor-

changes direction around equinox and becomes westward i ontal dresoluttrllon_ Otf 30 tt(') 80t_km. Tfhe hO[IZO;’]talﬂl;eSd;Jt.IOh |
summer. The middle atmospheric circulation leads to re- epends on the integration time of spectra tor the retrieva

duced water vapor VMR in the mesosphere of the winter poIe?f one p'l‘Of(I::e, '\tl;lwhtlr:h Is 6 mlnbutez E;:_he hetre sh(zwn Zpec-
due to descent motion from the mesopause and enhancetf: 2cquiredwi € narrow ban spectrometer. Hence
horizontal resolution of 80 km results (average speed of

water vapor in the summer pole mesosphere due to u Warﬁ . . N
P b P b earjet:800 km/h). The vertical resolution is between 10

transport of HO rich air. Such a mesospheric distribution
is shown in Fig3 as measured by NASAs Microwave Limb and 15 km for the upper stratosphere and lower mesosphere
(Muller et al, 2008.

Sounder (MLS) Vaters et a].2006 on the Aura satellite for . . .
. ( )W l 9 u ! Narrowband spectrometers with a high channel resolution

60km altitude. allow a retrieval of water vapor for mesospheric altitudes

while broadband spectrometers are able to provide informa-
tion about the upper troposphere and lower stratosphere. This
fact is due to the analysis of the pressure broadened line:

AMSOS is a total-power radiometer based on a conventionallhe better the line center is resolved the more information
uncooled heterodyne receiver using a Schottky diode mixePne gets about the mesosphere whilst the broader the spec-
as reported byasic et al.(2005. The instrument mea- frum is the more information one gets out of the wings of the
sures the thermal emission of the pressure broadened w&Pectrum, which are assigned to the lower part of the middle
ter vapor rotational transition line at 183.3 GHz, which al- atmosphere. Water vapor profiles are retrieved by an optimal
lows the retrieval of HO altitude profiles. Two digital Fast €stimation methodRodgers2000 which is implemented in
Fourier Transform spectrometers resolve the spectral lindhe inversion software package ARTS/QPaBk¢hler et al.

with a channel resolution of 61 kHz and 12 kHitijller etal, 2005 Eriksson et al.2009

in pres$. The main result of AMSOS are water vapor pro-

2 Instrument and profile retrieval
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Fig. 4. AMSOS flight track Switzerland to Australia and back for
the SCOUT-03 Darwin campaign transfer flight in November 2005.
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Fig. 3. Aura MLS water vapor at 60 km on November 5th. The low
values in the Arctic and the higher values in the Antarctic region
are a sign of the middle atmospheric circulation. Air parcels for
the trajectory study started in the dark green region near the Canary
islands. Maps available drttp:/mls.jpl.nasa.gov/data/gallery.php
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3 Results and discussion
40 58 5N 15N 25N 35N 45N

A total of 300 mesospheric profiles were retrieved for the ‘

SCOUT-03 flight campaign along the flight track shown in AMSOS H,O return flight

Fig. 4. All the retrieved HO profiles are plotted in Figs

as a function of latitude for the outward (upper plot) and re- 75

turn flight (lower plot). The flight route was chosen identi- 20

cally for both flights. HO VMR is between 3 and 8 ppm in

the altitude range 45 km to 75 km. The water vapor distribu-

tion in the middle atmosphere has a pronounced latitudinal

dependence as can be seen in Bigwhere a global map

of mesospheric water vapor at 60 km is shown measured byz

Aura/MLS. We only measure single profiles at a specific time 50

on the flight track, it is thus very important to understand at- 45

mospheric dynamics leading to the measured distribution.
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There is a significant difference between the outward and 58 SN 15N 25N 35N 45N

i . . Latitude [°]
return flight above the Arabian Sea and India, marked by two

dashed rectangles in Fig, which starts at 60 E and 23N and fig 5. Retrieved water vapor profiles as a function of latitude on
ends at 70 E and 20 N and also between the first and last pae outward flight on top and the return flight below. The water va-

of the flight over the Mediterranean Sea (45 N-35 N, 10 E-30por VMR varies between 3 and 8 ppm and has its maximum usually
E) highlighted by two solid rectangles. AMSOS measuredaround the stratopause. The solid rectangle highlights the signifi-
between 15% and 25% more water vapor above 55 km on theant differences on the outward and return flight above the Mediter-
return flight over India and the Arabian Sea one week afterranean whereas the dashed rectangle covers the situation above the
the outward flight on 8 November 2005 which is shown in Arabian Sea and India.

www.atmos-chem-phys.net/8/7273/2008/ Atmos. Chem. Phys., 8, 72838-2008
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Fig. 7. The relative difference of return and outward flight in®
VMR over the Mediterranean Sea in the lower mesosphere. There
were 2 weeks between both measurements in November 2005. AM-
SOS measured up to 25% less water vapor on the return flight.

Fig. 6. The relative difference of return and outward fligh®
VMR over the Arabian Sea and India in the lower mesosphere. AM-
SOS measured up to 25% more water vapor on the return flight.

Fig. 6. On the other hand AMSOS measured up t0 25% lesgy,y yrajectories at 20 km altitude. No comparison could be
at same altitudes on the return flight over the Medlterraneanmade for mesospheric altitudes. ECMWF values, which are
see Fig7. The plotted relative differences are the differencesspread on a 1.125yrid are stored in our Institute’s, MySQL

of the return and outward flight with respect to the outward 15456 with user-friendly search options. Matlab accesses

fllg_ht. In the following sect|on_s we will first describe the used directly these data and calculates trajectories with the equa-
trajectory model and then discuss the measured differenceg,, of motion. Matlab provides the trajectory datafile and a
above the Arabian Sea and the Mediterranean. geographic map with the trajectory as output. A flow chart of
TomTOM is sketched in Fid. An efficient handling of large
3.1 Trajectory model data fields is important for trajectory models. Our experience
indicates that MySQL is ideal for the extensive administra-
A mesospheric water vapor enhancement of this extent isive and search tasks connected with trajectory calculations.
possibly due to transport of airmasses from regions of higher
H>0 VMR, since there are no strong sources of water va-3.2 Enhancement above the Arabian Sea and India
por in the lower mesosphere. Analysis of horizontal air par-
cel trajectories is utilized for verification of this assumption Three days backward trajectories were calculated for both
and for a more detailed understanding. Normally we useflight tracks of outward and return flight over the Arabian
the Goddard AutomaileiSchoeberl and Sparling994 tra- Sea. The outward flight took place on 8 November and the
jectory model [ittp://code916.gsfc.nasa.gov/Datarvices/  return flight one week later on 15 November. Consequently
automailer/index.htn)) but unfortunately it does not provide air parcel trajectories were calculated back to the starting
mesospheric trajectories based on wind data from the Eurodays 5th and 12th of November for the 2700K isentropic
pean Center of Medium Range Weather Forecast (ECMWF}purface which corresponds approximately to an altitude of
which are possibly the best estimates for this altitude re-60km. The results are shown in Figsand10. There is
gion. ECMWF wind fields are available up to an altitude in fact a huge difference in the trajectories as there is one
of 65km in November 2005. By means of a simple trajec-in H,O VMR. For the outward flight air parcels came in
tory model TomTOM (Tom’s TrajectOry Model), developed an eastward current across the Atlantic Ocean and northern
by one of the authors, we calculate trajectories. The modeRAfrica whilst one week later the wind direction changed and
is set up in a Matlab code and interpolates directly ECMWF parcels moved on a northward-westward current and started
wind data on the exact air parcel location. Isentropic motionmainly over northern India, Nepal and Thailand. This change
is assumed and we use a one hour time step before a nein trajectories shows the strong dynamical variability of the
velocity vector is calculated. Comparison to the HYSPLIT lower mesosphere over India where a change of the hori-
(NOAA) model Draxler and Hess1998 and Goddard Au-  zontal wind direction occurred. Fi@® shows a measured
tomailer showed an agreement of better than 200 km for Jlobal map of mesospheric water vapor at 60 km from the

Atmos. Chem. Phys., 8, 727328Q 2008 www.atmos-chem-phys.net/8/7273/2008/
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3 Days Backward @ 2700 K Nov 8 2005 6 UTC

ECMWF wind e 60 v
data on 1.1° spaced|=— 3 y bQ L\\L?
grid and 60 height e >0 ?ﬁ‘
levels wl V7
Trajectory g =0
Calculation . -
20
+ Visualisation
10
Output: ~foo -50

. Lonagit ©
Map + Trajectory ongtude [

Datafile Fig. 9. Backward trajectories along the outward flight calculated on
the 2700 K isentrope. The black line indicates the flight track from
west to east. Parcels start on 5 November above the Atlantic Ocean
and reach the black flight track on 8 November. The correspond-
ing MLS H,O field is given in Fig.3 for the starting time of the
trajectories

Fig. 8. Tom’s TrajectOry Model TomTOM based on ECMWF wind
data. Trajectory calculation is implemented in a Matlab routine
which takes directly the corresponding ECMWF wind data out of
the institute’s MySQL database.

Aura/MLS satellite experimenhftp://mls.jpl.nasa.gov/data/

gallery.php. It confirms that there was about 20% less water 3 Days Backward @ 2700 K Nov 15 2005 12 UTC
] : : 60 ; “ ‘ ;

vapor in the region above the Atlantic Ocean on 5 Novem- .

ber around 21 N between the Cape Verde Islands and the Ca- L\\e

nary Islands, where the air parcels started, compared to one 50

week later over northern India and Nepal, which is shown

by the MLS Fig.11 of 12 November. Relatively dry air 40

masses of 6.2 ppm were transported to India from tropical &

regions near Cape Verde during the outward flight, whereasg

one week later more humid air of 7.4 ppm was transported %

into the same region passing above Nepal. The big differ- —

ence is that the air parcels calculated backward for 8 Novem- 20

ber were in a stronger southward directed meridional wind

and were able to reach strong zonal westerlies, such as those 19

visible in Fig.2, and hence travelled a much longer distance

in 3 days than the parcels calculated for 15 November. On 0

15 November the meridional wind at 60 km along the flight ~ -100 -50

track was northward. Longitude [°]

30

Fig. 10. Backward trajectories along the return flight calculated on
the 2700 K isentrope. The black line indicates the flight track east
o . . . to west. Parcels start on November 12 above northern India, Nepal
A similar difference in lower mesospherlc water vapor Was gng Thajland and reach the blue flight track on 15 November. The
also measured over the Mediterranean. Highows that  corresponding MLS HO field is given in Fig.11 for the starting
there was about 20% more water vapor during the outwardime of the trajectories

flight on 4 November than during the return flight on 16

November. The same trajectory analysis is done for this

3.3 Decrease above the Mediterranean
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3 Days Backward @ 2700 K Nov 16 2005 12 UTC
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Fig. 13. Backward trajectories along the return flight conducted
on 16 November calculated on the 2700 K isentrope. The black line

indicates the flight track south to north. Trajectories pass more north

- ] [ l I l I I | - to enter the United States in the beginning than 12 days before as

shown on Fig.10. The corresponding MLS $0O field is given in
48 52 58 62 68 72 78 Fig. 15for the starting time of the trajectories

H,O / ppmv

Fig. 11. Aura MLS water vapor at 60 km on 12th November. Air Situation. Three days backward trajectories were calculated
parcels started in the yellow region over northern India and Nepalalong the flighttrack on the 2700K isentrope, which cor-
Maps available omttp://mls.jpl.nasa.gov/data/gallery.php responds approximately to 60km. Results are shown in
Figs.12 and 13. There is a considerable difference in the
first part of the trajectories: During the outward flight air
parcels moved between 22N and 30N, which i§ ffbre
south than 12 days later, crossed Florida and the Atlantic

3 Days Backward @ 2700 K Nov 4 2005 9 UTC
~ ' j "’\\) \ T NGl . . . .
Z ‘ \/ ., 3 Ocean. The trajectories for the return flight in FIg show

% that air parcels moved first northward entered the US around
50 40N turned again southward and crossed the Atlantic Ocean
similar to the air parcels calculated for the outward flight in
Fig. 12. The sinusoidal structure of the trajectories in Hig.
= 40 is probably due to a planetary wave. Alook on the Aura/MLS
= water vapor measurements reveals that there is a significant
':‘?; 30 difference in mesosphericJd® VMR over the west coast of
Mexico on 1 November in Figl4 and the west coast of the
20 US on 13 November around 40N in Fij5 where the air
parcels passed through. Air parcels for the outward flight
10 crossed Mexico in a region of about 6.4 pprHas visible
in Fig. 14, whilst 12 days later around 40 N on the East-coast
0 \ \ \ of the US volume mixing ratios of about 5.5 ppm are found,
~1%0 ~100 Longitud_eSC[)"] 0 50 see Fig.15. This is a difference of approximately 16% and

explains qualitatively the observed variation o VMR
Fig. 12. Backward trajectories along the outward flight conducted P€tween both flight tracks over the Mediterranean Sea.

on 4 November calculated on the 2700 K isentrope, which is ap-

proximately 60 km. The black line indicates the flight track from 3.4 Latitudinal gradient

north to south. The origin of the air parcels is more south than 12

days later shown in Figl3. he corresponding MLS 40O field is A mesospheric latitudinal gradient is clearly visible above
given in Fig.14 for the starting time of the trajectories 65 km during the outward flight shown in Fi§. The ra-

tio drops from values of about 6.5 ppm north of°2B to

Atmos. Chem. Phys., 8, 727328Q 2008 www.atmos-chem-phys.net/8/7273/2008/
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Fig. 14. Aura MLS water vapor at 60 km on November 1st. Air Fig. 15. Aura MLS water vapor at 60 km on 13th November. Air
parcels started in the light green region of about 6.4 ppm on theparcels crossed the blue region of about 5.5 ppm on the west coast
west coast of Mexico. Maps available bitip://mis.jpl.nasa.gov/  of the United States. Maps availableuitp://mls.jpl.nasa.gov/data/
data/gallery.php gallery.php

5ppm south of it. The reason for this abrupt change is . . . .

. t]pry model can provide a detailed picture of middle atmo-
the time gap of 4 days between the measurements north Cpheric water vapor and dynamic influences. The measured
23N and south of it. In this time air masses of lowertH P P y )

at 60 km altitude (plots to find on the webpaltp://mis. 9 b

. . . ent region. The change in air parcel trajectories is due to the
jpl.nasa.gov/data/gallery.phplt might e}lso be explalned py changing horizontal wind direction which is around 20N in
the so called tropical pipe model, with dynamical barriers November 2005. During the outward flight the mesospheric
between low and middle latitudeR10mh 1996. Figs.3, : 9 9 P

: ; ; ... wind direction was eastward over Northern India whilst one
11, 14 and15 show a separation of the tropical regions with . .
) ) . : week later it was slightly westward. The measured decrease
higher HO VMR (light green) to the extratropical region . . ) . i
; ; in the section of the flight above the Mediterranean is also
with lower VMR (dark green). Currently studies for lower due to transport of air from different regions. The relativel
mesospheric transport are rare and th®adiometers AM- P 9 : y

dry air measured on the return flight passed through a dry
SO.S and MIAWARA Deu_ber_ et al.2009 qperated by our region on the west coast of the United States. Twelve days
Institute of Applied Physics in Bern (Switzerland) provide

) : : . before, air parcels traveled further south in more humid air.
valuable information about dynamical processes in the lower . . .
) ) Hence our assumption of horizontal transport responsible for
the significant changes in mesospherigCHVMR is con-
Rirmed by Aura/MLS measurements and the use of a tra-
jectory model run with ECMWF winds. Finally microwave
remote sensing has prooven to be suitable for the study of
4 Conclusions atmospheric dynamics and composition changes. Presently
not much is known about transport processes in the lower
This study is an example of how water vapor can be used as mesosphere. With the extension of the upper boundary of
tracer for lower mesospheric air mass transport. The analysithe ECMWF reanalysis model, calculation of realistic trajec-
of local water vapor measurements with an economic trajectories is possible, which we find in agreement with AMSOS

affects chemistry of the middle atmosphere and vice vers
(Sonnemann and GrygalashvyB003.

www.atmos-chem-phys.net/8/7273/2008/ Atmos. Chem. Phys., 8, 7288-2008


http://mls.jpl.nasa.gov/data/gallery.php
http://mls.jpl.nasa.gov/data/gallery.php
http://mls.jpl.nasa.gov/data/gallery.php
http://mls.jpl.nasa.gov/data/gallery.php
http://mls.jpl.nasa.gov/data/gallery.php
http://mls.jpl.nasa.gov/data/gallery.php

7280 T. Flury et al.: Water vapor transport in the lower mesosphere

and Aura/MLS observations of the variability of lower meso- Hoppel, K. W., Baker, N. L., Coy, L., Eckermann, S. D., Mc-
spheric water vapor. Recent studiesHbigppel et al. (2008 Cormack, J. P. Nedoluha, G. E., and Siskind, E.: Assimila-
and Berger (2008 also show the progress which has been tion of stratospheric and mesospheric temperatures from MLS

achieved in data assimilation and modeling of the middle at- and SABER into a global NWP model, Atmos. Chem. Phys., 8,
mosphere. 6103-6116, 2008,

http://www.atmos-chem-phys.net/8/6103/2008/
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