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I.            EXECUTIVE SUMMARY

In-situ balloonborne experiments have provided the first combined measurements of the chemical composition
and optical properties of polar stratospheric cloud (PSC) particles, formed in leewaves over the Scandinavian
mountains.

The project has aimed at a complete characterisation of PSC particles in terms of their chemical composition,
physical phase, size distributions, and optical properties together with observations of the ambient atmospheric
environment in which the particles form. These aims have been accomplished by performing balloonborne multi-
instrument measurements using an aerodynamic focusing lens and a mass spectrometer for condensed phase
chemical analysis, optical and CCN counters for measurements of PSC particles size distributions, (laser)
backscatter sondes for observations of optical properties and physical phase (backscatter ratios and
depolarisation), and a hygrometer for measurements of gas phase concentrations of water vapour. The
balloonborne measurements have been supported by airborne lidar observations of the PSC evolution. The
measurements have been analysed applying meteorological mesoscale, microphysical, and optical modelling.

A preliminary test flight was performed on 25 January 1998 from Esrange, Sweden, carrying only the aerosol
composition mass spectrometer and a backscatter sonde. 1�	�	�����
��	����	�	�
����*	����9��������
	����9�
�
� �������	����	�� 
	���������
���� :)1);��������
�������� 
�	����	�*	���)!����
��	� [)���	��	�� 	
� �<, 1999;
/���
�	
��., 2000a; ����	��	
��., 2000].

The first fully equipped PSC-analysis gondola was launched from Esrange 19 Jan 2000 at 20.43 UTC. On ascent
a PSC layer was observed between 35 and 45 hPa. Another thinner PSC layer was observed between 25 and 30
hPa. Temperatures in the lower layer were around 194 K and between 190 and 195 K in the upper layer. The
balloon operation team from Centre National d’Étude Spatiales (CNES) was able to adjust the altitude of the
balloon with the valve/ballast system, based on on-line reporting of the PSC backscatter ratios. The upper layer
was penetrated 4 times in two ascent/descent manoeuvres. All instruments provided data without problems
during ascent and in the upper-layer penetrations.

The second fully equipped PSC-analysis gondola was flown very successfully 25 January 2000, launched 19.46
UTC from Esrange. The balloon was manoeuvred in 3 up/down movements through a PSC layer between 38 and
24 hPa. Temperatures were between 185-197 K. In this altitude range the balloon stayed inside PSC for nearly
the whole flight and all instruments worked without problems.
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��	�.

Both PSC-analysis flights were performed as part of the European/US THESEO-2000/SOLVE campaigns in
winter 1999/2000 from Esrange near Kiruna in Sweden. It had been foreseen in the workplan that the PSC-
analysis gondolas were flown in winter 1998/1999. However, unusual high stratospheric temperatures prevented
the formation of PSCs over Kiruna in January/February 1999 and the experiments were postponed for one year.
The project was extended for 6 months, terminating by 31 July 2000.

II.           GENERAL OBJECTIVES

The objective of the project has been to obtain a complete and simultaneous characterisation of polar
stratospheric cloud particles in terms of their chemical composition and physical phase, particle size
distributions, optical properties, and the ambient atmospheric conditions in which the particles form. The
objectives have been met by two balloonborne flights with multi-instrument payloads, supplemented by
simultaneous airborne lidar measurements during the THESEO-2000 campaign in January 2000. By the
complete particle characterisation the goal has been to improve the detailed microphysical modelling and thereby
understanding of PSC formation.
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III.          SPECIFIC OBJECTIVES

�������
�	���	����
�����
��	?
The  main specific objectives have been to prepare the instruments and the modelling framework for the
THESEO-2000 campaign. The specific objectives have been:

1. Conduct tests flight with the MPI mass-spectrometer from Kiruna and analyse the data.
2. Make detailed specifications and plans for integration of different instruments onboard the common

gondolas, including specifications for telemetry. Preparations of the individual instruments.
Preparation of the airborne lidar to an operational stage.

3. Detailed planning of flights during the campaign.
4. Non-hydrostatic mesoscale meteorological and microphysical model developments.

�������
�	�����������
��	?
The main objectives have been to obtain PSC observations during the THESEO-2000 campaign. The specific
objectives have been:

1. Perform two balloonborne flights with multi-instrument payloads from Kiruna during the
THESEO-2000 campaign, supplemented by simultaneous airborne lidar measurements.

�������
�	���
����
	���	
�
�����
��	?
The main objectives have been to perform data analysis of the observations. The specific objectives have been:

1. Data retrieval and analysis. Submission of data to the common European data base.
2. Model based analysis of observations.
3. Presentation and discussions of scientific results at European workshops and international

conferences.

IV.          SCIENTIFIC DESCRIPTION OF THE PROJECT:

PSC particles are assumed to form by co-condensation of nitric acid (HNO3) and water (H2O) vapour in the
stratosphere at temperatures below 195 K (-78°C). In addition, halogen reservoir species (HCl and HBr) are
assumed to condense on the particles. PSCs play an important role in stratospheric ozone depletion in two ways:
heterogeneous chemical reactions in the bulk and on the surface of the particles convert halogen reservoir
species into potentially ozone destroying radicals. Secondly, by gravitational sedimentation of PSC particles
reactive nitrogen compounds could be depleted (denitrification) which prolong the ozone destroying reactions.
Both processes depend on the chemical composition, physical phase, and sizes of the PSC particles1.

Different instrumentation onboard common balloon borne gondolas have been used to obtain in-situ
measurements of the PSC characteristics. The measurement of PSC particle composition requires a separation of
the condensed phase from atmospheric gases without a change in particle properties. To accomplish this, a newly
developed differentially pumped aerodynamic lens has been used, producing a beam of particles, which enter a
mass spectrometer for composition analysis (MPI). A cryogenic frostpoint-hygrometer has provided
measurements of gas phase H2O concentrations (CNRS-LMD). Optical particle counters have been used for
measurements of the particle size distributions (UW-AS), and combined optical measurements by backscatter
sondes (CNR-IFA, UW-PA, DMI) have been used for physical phase determination, and used to derive
refractive indices and other optical properties of the particles.

An airborne lidar (CNRS-SA) has been used for measurements of the spatial and temporal development of the
PSCs, providing a three dimensional (horizontal and vertical) vision of the extent of the PSCs. The airborne lidar
has been operated simultaneously with the balloonborne experiments, following the general trajectory of the
balloon.

The observed PSCs can be assumed to be formed in large-scale lee waves. A non-hydrostatic model has been
used to simulate the meteorological conditions in connection with the balloon- and airborne experiments (DMI).

                                                          
1 Godin, S., L. Poole, S. Bekki, T. Deshler, N. Larsen, and T. Peter, Global distributions and changes in stratospheric particles, cp. 3 in World

Meteorological Organization (WMO), Scientific assessment of ozone depletion: 1998, Rep. 44, Global Ozone Res. and Monit. Proj.,
Geneva, 1999.
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A microphysical model, describing type 1a, 1b, and type 2 PSCs, has been used in the project to simulate the
evolution of PSC size distributions, their chemical compositions and physical phase, and the atmospheric
conditions in which the particles form (DMI). The observational data will be used to constrain the microphysical
model, and results from the field may lead to radical adjustments of the model in order to explain the
observations.

V.           MAIN RESULTS:

1	�
�����
<

The first successful test flight with the MPI instrument under PSC conditions was performed on 25 January 1998
from Kiruna. A backscatter sonde from University of Wyoming-PA/DMI was also onboard the gondola. The
payload passed PSC layers several times during climbing/diving balloon manoeuvres in a nearly 4 hours flight.
The observations have been analysed within the PSC-analysis project. The compositions measurements showed
PSC cloud particles, composed of highly diluted solutions of nitric acid and water with H2O:HNO3 molar ratios
above 10 in good agreement with predictions from liquid supercooled ternary solution models, and the
meteorological mesoscale/microphysical model indicated the particles to be in the liquid state. This was the first
time that the chemical composition of PSC particles was measured�[)���	��	��	
��<%�1999; ����	��	
��<, 2000;
/���
�	
��<%�2000a]. Figure 1 shows the main results from the test flight.
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Figure 1 Composite plot of chemical and optical measurements as a function of time (UT seconds) during the balloon-borne flight from
Kiruna on January 25, 1998. The upper panel shows the aerosol backscatter ratio (β940, red area), air temperature (blue solid),
geopotential altitude (thick black), and air pressure (dotted) throughout the whole flight. PSC layers were encountered around 6000,
8000, and 11,000 s as seen from the elevated values of the backscatter ratios. The lower panels show in more detail, during these PSC
encounters, the aerosol backscatter ratio, color index (β940/β480, green curve), temperature, and the H2O:HNO3 molar ratios (symbols with
error bars), measured during the last two PSC encounters. Temperatures are read off the right-hand axes, the other quantities off the left-
hand axes.
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A number of project meetings have been held, mainly focussed on specifications for the integration of the
individual instruments onboard the two common PSC-analysis gondolas together with plans for bringing the
airborne lidar to the operational stage. The layout of the PSC-analysis gondola appears in Figure 2. Two identical
and completely independent gondolas were built and flown.

At the centre of the gondola is located the aerosol composition mass spectrometer (ACMS) from the MPI. Above
this main instrument are located the laser backscatter sonde (LABS) from CNR-IFA, the backscatter sonde from
UW-PA/DMI, the optical particle counters from UW-AS, and the frost point hygrometer from CNRS-LMD. The
individual instruments are described in more detail in Part B of this report.  It was experienced by the test flight
from Kiruna January 1998 that temperature measurements could be influenced by heating from the payload, and
that temperature should be measured at a horizontal distance away from or above/below the gondola during
flight. Several temperature and pressure sensors were therefore placed on booms or on the load line for the
THESEO-2000 flights. A photograph of the payload on the launch trolley is shown in Figure 3.

The gondolas were constructed at the MPI and the individual instruments were shipped to the MPI in fall 1999
for integration and telemetry (TM) tests. A common TM system, provided by the MPI, was used for all
instruments. Gondolas and all instruments were transported by the MPI from Heidelberg to Kiruna in November
1999 where the final integration and tests took place in December 1999.

frost 
point 
hygro-
meter,
Ovarlez

laser
backscatter

sonde, Adriani

optical           particle       counters
                             Deshler

T,p T

T,p

T,p

ACMS

backscatter
 sonde, 

Larsen

Figure 2.  Schematic diagram of the PSC-analysis gondola with indications of the location of the different instrumentation. The total
payload weight is 279 kg.
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Daily 10-days forecasts of stratospheric temperatures and the location of the polar vortex were produced and
distributed by DMI. For the flight planning, daily operational meetings were held at Esrange during the
THESEO-2000 campaign in collaboration with the Coordinating Unit, based upon available meteorological
information, PSC lidar observations, ground conditions, balloon forecast trajectories, and in coordination with
other experiments. The PSC analysis project was granted a high flight priority at PSC conditions. After a
preliminary flight decision was taken at the first daily operational meeting, U. Wyoming/DMI launched one or
two backscatter sondes. Information from these flights was used to gauge the PSC occurrence and altitudes and
was used together with other updated information in later operational meetings before a flight was finally
scheduled. Two ARAT flights were performed in connection with the latter balloon flight on 25 January 2000,
one flight before launch upwind, and a second flight tracking the balloon after launch. The flights tracked the
stratospheric air parcel trajectories as close as possible up and downwind of the mountains.

�)!������������������	�����
�<

Composite graphs of the results from the two balloonborne PSC-analysis flights are shown in Figures 4 and 5
below. The graphs shows various simultaneous measurements as function of UT time (seconds and decimal
hours) during the flights. Details and analysis of the different measurements are given in part B of this report and
only a brief overview is presented here in this part A. The measurements are still in the process of being analysed
and the following description is of a preliminary character.

Figure 3 Photograph showing the PSC-analysis gondola on the launch trolley at Esrange, Kiruna.
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*������. Composite graph showing results from the PSC-analysis flight from Kiruna 19 January 2000. See
text for further explanation
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The thick black curves in the upper panels (read off on the inner left ordinate) show the altitude of the gondolas
in terms of potential temperature. In the first flight (Figure 4, upper panel) a PSC layer was penetrated between
425 and 575 K as shown by the backscatter ratio (940 nm; red curve, outer left ordinate) and the colour index
(gray curve, outer left ordinate). The water vapour mixing ratio increased with altitude between 4.5 and 6.9
ppmv (cyan curve, outer left ordinate). The temperature (blue curve, right ordinate) stayed below the NAT
condensation temperature TNAT (green curves, right ordinate) in most of the lower part of the cloud and a few
degrees above TNAT in the upper layers. The three TNAT-curves have been calculated from the measured water
vapour concentrations, assuming 8, 10, and 12 ppbv nitric acid, respectively. The yellow curve in the upper
panel (outer left ordinate) show the total volume depolarisation ratio, measured at 532 nm by the LABS. The
lower panel in Figure 4 shows the measured integral size distributions, obtained by the optical particle counters.
The upper black curve shows the total particle concentration (cm-3) and the lower curves the number
concentrations of particles with radii larger than 0.15, 0.25, 0.30, 0.50, 0.75, 1.08, 1.24, and 1.75 µm. The grey
curve gives the particle volume density (µm3 cm-3). The lower part of the cloud (between 77700 and 78600 sec)
is characterised by low backscatter ratio, low colour index, low volume depolarisation, and relatively small
particles. This indicates that the cloud was dominated by liquid particles at relatively high temperatures, slightly
below TNAT. At the higher altitudes, large colour indices and volume depolarisation, and the higher
concentrations of large particles, are characteristic of solid type PSCs. Preliminary analysis of the chemical
measurements indicate that these particles have H2O:HNO3 molar ratios larger than 3, but clearly below the
lower limit of 4.3 for STS compositions, indicating simultaneous presence of NAT and STS particles. Particles
in the upper layer could be evaporating solid particles since the temperatures are relatively high, compared to
TNAT. A large degree of symmetry in particle properties is observed between the ascend and descend through the
upper layers, indicating that nearly the same cloud particle are observed in both passages.

&���
�@6%�65�B�������6444<

In this flight three up/down maneuvers through PSC layers were performed. PSCs were observed at temperatures
between 8 K below and 3 K above TNAT, at altitudes between 480 and 530 K (Figure 5, using the same type of
graphs as in Figure 4). The fine structure of particle layers within PSCs was clearly evident in all particle
instruments. The water vapor concentrations varied quite substantially between 4.5 and 7 ppmv. For this flight,
the chemical composition analysis has been completed as indicated by the horizontal bars giving the H2O:HNO3

molar ratios of the observed particles. Layers with molar ratios near 3±0.5 indicate a NAT composition,
consistent with high values of color indices, also showing the presence of solid particles. In these layers a
relatively high concentration of large particles was observed. These types of particles are observed at
temperatures close to TNAT (or even above TNAT around 78600 sec). Many of the NAT-composition particles
were observed several times in same the altitude range around 500-510 K. Another type of particles were
observed with H2O:HNO3 molar ratios from 4.3 to 7 (i.e. larger than  the lower limit of STS particle
compositions, indicated by the horizontal green line in the upper panel in Figure 5) and in agreement with
ternary solution compositions. The layers are characterised by low colour index, also indicating liquid particles.
Integrated particle volumes were consistent with theoretical predictions for STS. These particles were observed
around 75100, 76000, and 77000 sec. These measurements were obtained near the ice point, approximately 5 K
below TNAT, and 1 K below the condensation temperature for supercooled ternary solutions, TSTS. Other layers
had color indices of 6-8 with depolarization ratios > 3 suggesting some asphericity. Condensed volumes were
consistent with both NAT and STS. The volume weighted molar ratios of 3.4 were near NAT. These
observations at 5-6 K below TNAT, the coldest temperatures observed during flight, were consistent in suggesting
that the clouds consisted of mixtures of STS and NAT particles.

($(1�����
�<

The LEANDRE backscatter lidar on board the ARAT/Fokker27, flew in evening of 25 January 2000 in
coordination with the second PSC-analysis gondola. Two flights were performed as described in more detail in
tne CNRS_SA contribution to part B of this report.

The first flight, upwind before PSC Analysis launch, was made between Kiruna and Andoya, and lasted almost 2
hours (take off at 18:30 UT, landing at 20:15 UT). The ARAT flew almost parallel to the stratospheric winds at
50 hPa and 30 hPa. During this first flight, PSCs were observed between Kiruna and approximately the
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Norwegian boarder, between about 21 and 25 km in altitude. They presented a layered structure and strongly
depolarised the lidar signal. Backscatter ratio can roughly be estimated at values around 4-5 for the bottom layers
and around 6-8 for the upper layers. The depolarisation seems stronger for the upper layers than for the bottom
ones.

The second flight was made between Kiruna and South-East of Rovaniemi. The ARAT took off at 20:44 UT,
which was one hour after the PSC Analysis balloon launch, and landed at 23:15 UT. The position of the balloon
was communicated in real time to the ARAT through the VHF station in Esrange. During this second flight,
PSCs were observed between Kiruna and the mid-distance between Kiruna and the Finnish boarder, between
about 20 and 22 km in altitude. Meanwhile, the backscatter ratio may be slightly less than for the first PSC
flight.

�	
	����������	�����	C����������������	��������	9���<

The Regional Atmospheric Modelling System (RAMS) has been installed at the DMI supercomputer, and an
additional stream lime model to derive air parcel trajectories has been added to the model. A non-equilibrium
liquid type 1b PSC model has been developed as an extension of the existing DMI microphysical model. The
modelling framework has been used for analysis of the test flight situation in January 1998 and for analysis of
the observations during the THESEO-2000 campaign. More details can be found in the DMI contribution to part
B of this report.

VI           DISSEMINATION, USE, OR EXPLOITATION.

A large number of scientific publications have been published, submitted for publication, or being in preparation
as results from the PSC-analysis project. This includes two very fast published/submitted papers on immediate
results in one of the World’s leading scientific journals, Science. Results from the projects have been and will be
presented at various scientific conferences. Data from the various instruments in the PSC-analysis flights have
been stored at the common European data base at NILU. Results from the project will be used to constrain
microphysical models to describe the formation of polar stratospheric clouds. This includes both the
microphysical model within the project (which is public available) and external microphysical models. More
accurate knowledge of PSC formation is a prerequisite for better modelling and understanding of polar ozone
depletion in a future stratospheric climate, possibly characterised by lower stratospheric temperatures, increased
water vapour concentrations, and more widespread PSC formation and denitrification in the Arctic regions.

VII.        CONCLUSIONS:

The rates of heterogeneous chemical reactions, activating chlorine species into ozone depletions substances,
depend on the chemical composition and physical phase of the particles. In addition, only solid type PSC
particles can introduce denitrification, which may prolong the ozone depletion from, activated halogen
compounds. Therefore details of PSC formation are required for a more accurate prediction of ozone depletion in
a future stratospheric climate2. For more than a decade it has been known that nitric acid holding particles may
form in the stratosphere at temperature above the ice frost point3. However, no detailed chemical composition
measurements of PSC particles have been available. For the first time, the exact chemical composition of
different PSC particle types (liquid and solid) has been measured in three balloonborne flights under different
meteorological conditions. Although laboratory measurements have shown that nitric acid trihydrate would be
the stable compound at stratospheric conditions4, the measurements in this project have for the first time
confirmed the existence of NAT particles in the polar stratosphere.

                                                          
2 Waibel, A.E., Th. Peter, K.S. Carslaw, H. Oelhaf, G. Wetzel, P.J. Crutzen, U. Pöschl, A. Tsias, E. Reimer, and H. Fischer, Arctic ozone

loss due to denitrification, 6FLHQFH 283, 2064-2069, 1999; Becker, G., R. Müller, D. S. McKenna, M. Rex, K.S. Carslaw, and
Hermann Oelhaf, Ozone loss rates in the Arctic stratosphere in the winter 1994/1995: Model simulations underestimate results of
the Match analysis, -��*HRSK\V�5HV�����, 15175-15184, 2000.

3 Fahey, D.W., K.K. Kelly, G.V. Ferry, L.R. Poole, J.C. Wilson, D.M. Murphy, M. Loewenstein, and K.R. Chan, In Situ Measurements of
Total Reactive Nitrogen, Total Water, and Aerosol in a Polar Stratospheric Cloud in the Antarctic, -��*HRSK\V��5HV� ��, 11299-
11315, 1989.

4 Hanson, D., and K. Mauersberger, Laboratory Studies of the Nitric Acid Trihydrate: Implications for the South Polar Stratosphere,

*HRSK\V��5HV��/HWW� ��� 855-858, 1988.
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The objectives of the project, namely to obtain and complete characterisation of PSC particles in terms of their
chemical composition and optical properties, have successfully been fulfilled by the three balloonborne flights
performed in the project. All specific objectives of the project have been successfully accomplished. The data
analysis has not been fully completed only 6 months after the project officially terminated, but a series of
publications are in preparation in addition to those scientific articles already published or submitted.
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I.            OBJECTIVES

i) Co-ordination of the project.
ii) Installation of a non-hydrostatic meteorological mesoscale model (Regional Atmospheric

Modelling System; RAMS-3b), and addition of a 3D streamline integration module for
trajectory calculations.

iii) Development of a non-equilibrium microphysical model for liquid type 1b polar stratospheric
cloud particles. Inclusion of a module for homogeneous freezing of liquid particles in the
model.

iv) Participation in the test flight campaign in Kiruna, January 1998 and in the THESEO-2000
campaign by backscatter sonde measurements, provision of stratospheric PV and temperature
forecast.

v) Meteorological mesoscale analysis in connection with the PSC observations.
vi) Microphysical analysis of observations.
vii) Presentation of results at international meetings

II.           MAIN RESULTS OBTAINED:

�������������
���
���

Four regular project meetings have taken place, all at the Max-Planck-Institut für Kernphysik in
Heidelberg. In addition two major project meeting took place at Esrange in January/February 1999.
Three of the project meetings in Heidelberg concerned the specification of instrument integration,
instrument assembly, instrument and TM testing, and flight planning while the final meeting concerned
the scientific analysis and discussions of the measurements obtained in January 2000. The project
meetings in Esrange mainly concerned count down planning and logistics and plans for postponing the
experiments for one year due to unfavourable meteorological conditions for PSC formation in winter
1998/99. Minutes from all project meetings are available from the coordinator. In addition to the
project meetings, a few consultation meetings between the coordinator and MPI have taken place.

��� 	�������	�����!��	"��!���	�

Part of the DMI / University of Wyoming-PA national funded contribution to the project has been
directed into participation of the flight experiment from Esrange using the University of Wyoming
backscatter sondes. The backscatter sonde has been mounted on the common gondolas together with
the other PSC-analysis instruments and has also been flown on independent small balloons prior to the
launch of the PSC-analysis gondola in PSC survey flights. These first backscatter sounding provide
information about the approximate altitude of PSC occurrence.
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The University of Wyoming backscatter sonde1 is equipped with a xenon flash lamp, emitting
collimated horizontal light pulses about once every 7 second. The backscattered light from the aerosol
and cloud particles is detected by two silicon photodiodes on the sonde, each equipped with filters
transmitting in two wavelengths around 480 and 940 nm. The sonde detects the backscattered signal at
an angle about 173° with respect to the beam forward direction from an air volume of app. 1 m3 within
a few meters in front of the instrument and can be used up to at least 30 km. Air pressure and
temperature are measured simultaneously with the optical signals. The sonde can also be equipped with
an ozone sensor. The basic measurement is the aerosol backscatter ratio, i.e. ratio between the
particulate and molecular volume backscattering coefficients at the two wavelengths (B940 and B480)
from which a colour index C (C = B940/B480) is derived. The colour index gives an indication of the
presence of liquid (C<6) or solid phase particles (C>9)2.  In Figure 1 is shown the backscatter sonde.

#��������$
����	���%�
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During the campaigns, the DMI have provided 10-days forecasts of stratospheric temperatures and
maps of potential vorticity and temperatures, used for flight planning. Synoptic 10-days backward
isentropic trajectories, based on ECMWF analyses, have been calculated, giving the temperature
histories of the observed particles prior to entering the Scandinavian mountain region where the
detailed RAMS model provide the high resolution temperature histories. The synoptic 10-days
temperature histories of the 19 January and 25 January 2000 observational cases appear in Figure 2 and
3, calculated at potential temperatures 460,480,500,520, 540, and 560 K.

                                                          
1 Rosen, J.M. and N.T. Kjome, Backscattersonde: a new instrument for atmospheric aerosol research, $SSO��2SW����, 1552-1561, 1991
2 Larsen, N., B.M. Knudsen, J.M. Rosen, N.T. Kjome, R. Neuber, and E. Kyrö: Temperature histories in liquid and solid polar

stratospheric cloud formation, -��*HRSK\V��5HV.  102, 23505-23517, 1997.

Figure 1. University of Wyoming backscatter sonde.
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In the 19 January case it can be seen that temperatures at the highest altitudes have been close to the ice
frost point 6-10 days prior to the observations and freezing could have taken place during this period.
Any solid particles would probably remain in the solid phase since temperatures do not rise above the
sulphuric acid tetrahydrate (SAT) melting temperature (≈ 215 K). On the other hand, nitric acid in the
particles would have evaporated in the warming 3-4 days prior to the observations since temperature
rise well above TNAT. If the process of melting upon cooling takes place3, solid particles might turn into
liquid STS particles in the subsequent cooling prior to entering the mountain region.

                                                          
3 Koop, T. and K.S. Carslaw, Melting of H2SO4•4H2O Particles upon cooling: Implications for Polar Stratospheric Clouds, 6FLHQFH

272, 1638-1641, 1996.
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Figure 2. 10 days trajectory temperatures (thick curves), calculated backward from 19 Jan 20000, 22.00 UT (67.0 N,
22.5 E). Thin curves show TNAT and Tice assuming 10 ppbv HNO3 and H2O from the frost point measurements (descent).



���������	
	 ��������������������� 19

The synoptic temperature histories of the particles observed on 25 January 2000 are much different. In
this case temperatures were very high at all altitudes 2-3 days prior to observations. Any solid particles
would probably have turned into the liquid state during this warming, and any freezing would probably
have take place in the mountain wave perturbations shortly before observation.

The modified potential vorticity has also been calculated along the 10-days backward trajectories. The
modified potential vorticity is defined here as

5.4
475






=

θ
*

�#�

where PV is the potential vorticity and θ is the potential temperature. The 10-days backward MPV
values of the calculated trajectories appear in Figure 4. Whereas the MPV values in the 19 January case
stay nearly constant, the MPV values in the 25 January case vary considerably backward in time,
indicating a mixture of external air into the polar vortex around 500 K. This could be the reason for the
highly variable H2O mixing ratios observed this day, compared to the 19 January case.
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Figure 3. 10 days trajectory temperatures (thick curves), calculated backward from 25 Jan 20000,  21.00 UT (66.8 N,
23.8 E). Thin curves show TNAT and Tice assuming 10 ppbv HNO3 and H2O from the frost point measurements
(descent).
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Figure 4. Modified potential vorticity of the same trajectories as in Figures ?? and ?? for the 19 January (upper panel) and
25 January 2000 case (lower panel), calculated at the potential temperature levels as indicated in the legend.
MPV units: 10-6K m2 s-1kg-1.
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Nonhydrostatic simulations of the moderate lee waves in the area surrounding Kiruna in connection
with the 25 January 1998 test balloon flight have been performed using the first installation-version of
the RAMS-model. The meteorological simulations have been described in detail by #
  ��	��� ���
0��	�� [1999]. The main grid of the model in this first version was centered at 21°E, 68°N and covered
an area of 2400 × 2400 km with a horizontal grid size of 16 km. A nested grid, cocentered with the
main grid, had a grid size of 4 km, and for both grids the vertical spacing was between 100 and 300 m.
Analysis fields from the ECMWF and UKMO were used to start the integration of the model at January
24, 1998, 2000 UT. Air parcel trajectories were computed on the nested grid to coincide with the
balloon as it reached the floating height. Isentropic temperature histories on the 491 K potential
temperature surface, derived from the air parcel trajectories, were used as input to the
microphysical/optical model to calculate the particle sizes, chemical compositions, and optical
properties as the particles move over the mountains. Before January 24, 2000 UT, when the air parcels
are located over the North Atlantic, a linear temperature decrease were approximated from synoptic
temperature analysis.
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The purpose of these simulations is to establish the temperature and pressure history of the
stratospheric air parcels of which the polar stratospheric cloud (PSC) contents was observed during the
balloon flight on 25 January, 2000, 19:47-23:25 UT. We first summarize the meteorological situation
and the waves present in the balloon data including the standard radiosoundings. The ’European Centre
for Medium-Range Weather Forecasts’ (ECMWF) analysis and forecast fields were used to initialize
and force the high-resolution simulations. The model θ-level fields are used directly to interpolate the
RAMS fields. With the T319 resolution of the ECMWF fields this has the advantage that gravity waves
of 300 km wavelengths and larger already are present in the starting fields of the RAMS integration.

The balloon, launched at Esrange (21.08E,67.89N) at
19:47 UT on 25 January, 2000 covered the
stratosphere  100-500 km downstream of - and in a
southeastward direction normal to the ridge .
Figure 5 shows the temperature and wind profiles
observed during the upleg. A bottom inversion 400 m
above groundlevel is present in the temperature, a
warm front at 4 km, a thermal tropopause at 12 km, a
warm layer at 13-16 km altitude and the stratospheric
temperature minimum at 22 km altitude where the
solid PSC are observed. A low level jet is present at
2-4 km altitude, the jetstream is at 11 km altitude. The
three dashed curves are the corresponding profiles
interpolated in space and time from the ECMWF
fields at 18, 21, and 00 UT (25-26 January) to be
discussed later.

Figure 6 is a vertical cross section of the ECMWF
potential temperature and temperature at 21 UT in a
plane containing the complete balloon trajectory. The
qualitative features of the ECMWF fields do not
change during the balloon flight, and the comparison
shall be limited to the 21 UT plot, although it applies
in time to the first part of the flight shown in Figure 5
only.

Figure 5.� Temperature (K, red, top scale), zonal
(blue), and meridional (green) wind (ms-1, bottom
scale) as function of altitude (m). Dashed profiles
based upon ECMWF fields.
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The balloon temperature profile in Figure 6 is plotted as a function of the height along a horizontal
temperature axis, the origin of which is placed at the trajectory. The scale is such that a point at the
trajectory corresponds to 190 K and the separation between the vertical grid lines drawn every 100 km
corresponds to 50 K. The bottom inversion 400 m above ground level (see also Figure 6) is not well
reproduced in the ECMWF temperature field. The hot, Foehn effect, is seen 100-200 km to the east 300
m above groundlevel. The high thermal tropopause is due to the large scale lee waves forming over the
Scandinavian mountain ridge, lifting and adiabatically cooling the air around 12 km altitude. A
horizontal plot shows indeed that these waves form parallel to the ridge. This orientation may also be
seen in satellite pictures of the tropospheric clouds. The cooling in the lee wave extends the
tropospheric lapse rate upward by 1-2 km. The warmer region above the thermal tropopause is not
quite well reproduced in the ECMWF field as seen in Figures 5 and 6.

The upper part of the trajectory shows that the lowest temperatures (the red curve to the left of the
trajectory) are placed near the top of a wave in the ECMWF fields. The agreement however breaks

Figure 6.�Vertical cross-section of the ECMWF fields at 21 UT in a plane containing the balloon trajectory.  The abscissa is zonal
displacement (km) with respect to 21ºE, 68ºN. Height (km) is shown on the left axis. Potential temperature (light black) is
contoured in 10 K, and the regular temperature (heavy black) in 2 K intervals. The Scandinavian mountains are cross-hatched. The
balloon trajectory is shown as a black light curve, and the balloon temperature as a red curve. (See text for explanation).
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down in the subsequent down- and uplegs. At the top of the first upleg a temperature minimum in the
data coincide with a hot region region in a wave valley and at the bottom of the first downleg the
temperatures are in opposite phases. The 00 UT at 26 January ECMWF fields are different from the 21
UT fields, but the agreement with the last part of the data is not better.

As explained above, the RAMS model is initialized and forced using the ECMWF fields. We have
made two runs, starting at 00, and 12 UT, 25 January. The RAMS model is formulated in polar
stereographic coordinates, in this case with the pole placed at 21ºE, 68ºN. The grid points are
equidistant in the projection plane with a separation of 24 km. This should be compared to the T319
ECMWF truncation corresponding to a minimum wavelength of 360/319=1.1º greatcircle or 42 km
gridspacing if three points are required to resolve a wavelength. In practice we apply the ECMWF
fields at a T213 truncation as little information is present in the shorter wavelengths. At the start time
the RAMS fields are identical to the ECMWF fields except for the differences in the orography. During
the integration the RAMS fields are nudged along the boundary of the 2400 km times 2400 km model
region using a linear interpolation of the 3-hourly ECMWF fields. The run for the first part of the day
is tested against two radiosoundings from Esrange made during the morning that reached 35-37 km
altitude. The data are interesting because of the very strong wave activity. The problems seen in
comparing to the ECMWF fields are seen as well, but the RAMS model simulates more of the height
variations because of the much better vertical resolution.

Figure 7 shows the comparison with the PSC balloon flight in the same format as Figure 6. In
comparing Figures 6 and 7 it is seen that the lee behind the Scandinavian mountain range is stronger in
the ECMWF simulation whereas more Atlantic air is swept over the range in the RAMS simulation.
The stronger winds over the range cause the waves to form nearer to the range. It is seen in the
tropopausal wave and in the stratospehric waves. Until we understand why the RAMS model is
behaving like this it is of less value to make simulations with higher resolutions. The RAMS model
uses a climatological sea-surface temperature, which has a slightly warmer Gulf Stream than the actual
sea surface temperatures from the ECMWF analysis for 25-26 January, 2000. The higher temperatures
make the Atlantic troposphere more unstable allowing the air to easier pass the mountains. The actual
SST shall be used in the RAMS simulations. In the RAMS simulations  presented here, the thickness
of the model layers is 100 m in the troposphere which should be compared to a higher layer density in
the ECMWF model. RAMS simulations with 50 m layer thickness at the surface shall be performed.
The  simulations have been made with two nested grids, both centred at Esrange, having the same
vertical resolution and 8 and 2 km horizontal resolutions. This was to test if the drag from smaller scale
gravity waves could create the reduced wind speed over the mountains, but this is not the case. The 2-
km fields show very large cooling rates resulting in temperatures of 179 K. These are however earlier
in the day and do not affect the air parcels that are observed during the PSC balloon flight. Trajectories
have been integrated using the RAMS field values at each model integration step for all simulations
and made available to the PSC modelling.

In conclusion, much can be learnt from the ECMWF fields using the full information available in the
ECMWF model level data. These have been used as well to initialize and force the RAMS simulations.
The RAMS simulations contain lee waves of a different, and incorrect nature, having larger wind
speeds over the mountains. There is qualitative agreement only with the observed stratospheric
temperature variations in both ECMWF and RAMS.
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Figure 7. RAMS simulations in the same format as Figure 6.



���������	
	 ��������������������� 25

#
���%'�	
����!�������)���%!���	�

Polar stratospheric cloud particles, observed in the lee of mountains as in this project, could be exposed
to strong temperature fluctuations as the air passes over the mountain ridge. Liquid type 1b PSC
particles are generally believed to be composed of supercooled ternary solutions (STS)
(HNO3/H2O/H2SO4). When the temperature decreases nitric acid and water condenses on the particles,
changing the composition into a nearly binary nitric acid solution at very low temperatures. Due to
slow diffusion of nitric acid in the gas phase, the rapid temperature fluctuations imply that only the
smallest cloud particles in the size distribution will obtain equilibrium with the gas phase. Thereby the
composition of the liquid particles is expected to depend on their radius with the smallest particles
obtaining the highest HNO3 concentration at low temperatures.

A new version of the DMI microphysical PSC model has been developed which allows for the non-
equilibrium simulation of liquid type 1b PSC particles [0��	��, 2000a]. The model takes as input the
time-dependent ambient air temperature, pressure, and mixing ratios (partial pressures) of H2O and
HNO3, and calculates the time-dependent PSC size distributions and gas phase concentrations,
assuming an initial size distribution of background sulphate aerosols. The exchange of mass between
the gas and condensed phase during particle growth and evaporation is calculated by the basic vapour
diffusion equation4. The model uses STS vapour pressures5 and takes into account kinetic surface,
latent heat, and the Kelvin effects. The model applies “Lagrangian” particle growth in radius space;
that is, the model calculates the time-dependent radius of individual particles in a number of size
classes, each size class having a fixed number of particles per kilogram of air. This eliminates problems
with numerical diffusion when using fixed size bins, and the calculation of the particle size distribution
is exactly reversible in repeated condensation-evaporation cycles. The Lagrangian approach allows for
non-equilibrium simulation of particle growth in fast changing temperature conditions where slow
HNO3 diffusion in the gas phase will imply that only the smallest particles quickly obtain equilibrium
with the gas, giving rise to a size-dependent composition of the STS particles. This is particularly
important for simulation of PSCs in mountain lee wave conditions6. The model also simulates the
growth and evaporation of type 1a PSC particles (assumed to be composed of NAT) and type 2 PSC
ice particles once these particles are formed by homogeneous freezing of liquid type 1b PSC particles
below the ice frost point7. The optical model takes as input the liquid particle size distributions from
the microphysical model and calculates from Mie theory8 the expected aerosol backscatter ratios at 940
and 480 nm and thereby the colour index as observed by the University of Wyoming backscatter sonde.
The calculations take account of the angular distribution of the reflected light into the backscatter
sonde. The composition-dependent (and thereby size-dependent) real parts of refractive indices of STS
are calculated9, assuming a negligible imaginary part (10-7). For the calculations shown below, 500 size
classes have been applied in the microphysical model

                                                          
4 Pruppacher, H.R., and J.D. Klett, 0LFURSK\VLFV�RI�&ORXGV�DQG�3UHFLSLWDWLRQ, 2.ed., Kluwer Academic Publishers, Dordrecht,

Boston, London, 954 pp., 1997.
5 Luo, B., K.S. Carslaw, T. Peter, and S.L. Clegg, Vapour pressures of H2SO4/HNO3/HCl/HBr/H2O solutions to low stratospheric

temperatures, *HRSK\V��5HV��/HWW����, 247-250, 1995.
6 Meilinger, S., T. Koop, B.P. Luo, T. Huthwelker, K.S. Carslaw, U. Krieger, P.J. Crutzen, and T. Peter, Size-dependent

stratospheric droplet composition in mesoscale temperature fluctuations and their potential role in PSC freezing,
*HRSK\V��5HV��/HWW�����, 3031-3034, 1995.

7 Tabazadeh, A., S.T. Martin, and J.S. Lin, The effect of particle size and nitric acid uptake on homogeneous freezing of sulfate
aerosols, *HRSK\V��5HV��/HWW������� 1111-1114,�2000�

8 Bohren, C.F. and D.R. Huffman, 1983, $EVRUEWLRQ�DQG�6FDWWHULQJ�RI�/LJKW�E\�6PDOO�3DUWLFOHV, J. Wiley & Sons, New York, 530
pp.

9 Krieger, U.K., J.C. Mössinger, B. Luo, U. Weers, and T. Peter, Measurements of the refractive indices of H2SO4/HNO3/H2O

solutions to stratospheric temperatures, $SSO��2SW�����, 3691 – 3703,  2000.
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The DMI microphysical model was used, so far, for analysis of the results from the test flight in
January 1998 (cf. Figure 1 in Part A of this report) [0��	���������- 2000] and of the PSC-analysis flight
on 25 January 2000 (Figure 5 in Part A of this report).

���,��"����.��/���	��

The temperature histories, calculated by the RAMS model for the 25 January 1998 case have been used
as input to the microphysical model. Result appear in Figure 8. The upper left panel of Figure 8 shows
as functions of time the air temperature (Tair), TNAT, Tice, and gas phase mixing ratio of HNO3. The
upper right panel shows as functions of time the volume-averaged H2O:HNO3 molar ratio, approaching
a value of 6 at temperatures lower than 190 K, the volume averaged HNO3 and H2SO4 weight fractions,
and the HNO3 weight fraction of particles in every 20 of the applied 500 individual size classes, where
the smallest activated particles obtain the largest HNO3 weight fractions. The middle right panel shows
as functions of time the radii in the same size classes. Particles with radii smaller than ≈ 0.005 µm do
not grow due to the Kelvin effect, while the smallest of the activated particles with radii between
approximately 0.01 and 0.1 µm show the fastest response to changes in temperature. The curves in the
middle left panel show as functions of time the aerosol backscatter ratio at 940 nm, the colour index,
and the total particle volume. The aerosol backscatter ratio and volume display the characteristic sharp
increases in a narrow temperature range, with the colour index staying nearly constant between 6.5 and
7. The solid square symbols in the lower left panel show a scatterplot of the calculated aerosol
backscatter versus volume, and those in the lower right panel show the aerosol backscatter ratio versus
H2O:HNO3 molar ratio (results shown for every 0.1 hours throughout the simulation). The backscatter
ratios increase significantly above the background levels only when the molar ratios are lower than ≈
10. In the actual volume and temperature range, a nearly linear relationship between aerosol
backscatter and volume in the lower left panel is derived with an aerosol backscatter-to-volume ratio of
4.8 (µm3 cm-3)-1 at 940 nm wavelength. At the time of the measurements (0212-0218 UT, or 2.2-2.3
UT hours) the model calculates aerosol backscatter ratios around 3 and H2O:HNO3 ratios around 7,
both significantly lower than measured.

For representative stratospheric sulphate concentrations and gas phase mixing ratios of nitric acid and
water vapour, the measured chemical composition of the particles with H2O:HNO3 values between 10
and 30 (cf. Figure 1 in Part A) would correspond to particle volumes lower than 0.7 µm3cm-3, assuming
the particles to be composed of STS in equilibrium with the gas phase. Using the derived aerosol
backscatter-to-volume ratio, 4.8 (µm3 cm-3)-1, this particle volume would be expected to give rise to an
aerosol backscatter ratio around 3.4. This also seems to contradict the measured aerosol backscatter
with values up to 11 in the PSC at 8000 s.

Taken separately, the chemical and optical measurements could be explained assuming that the PSC
particles are composed of supercooled ternary solutions. However, the particles are very dilute in
HNO3, so, according to both equilibrium and microphysical model results, they would be interpreted as
STS particles with a low volume, corresponding to a relatively small uptake of HNO3 and H2O. The
predicted low STS particle volume would give rise to a much smaller aerosol backscatter ratio than
actually observed. Non-equilibrium effects induced by mountain lee wave temperature perturbations do
not seem to explain the discrepancy. Uncertainties in the assumed refractive indices of the particles
could be a straightforward explanation, but the required high values of the real part refractive indices
(>1.50 at 940 nm) are in disagreement with previous laboratory experiments and theoretical
predictions10, although more consistent with recent Arctic observations11.

                                                          
10 Luo, B., U.K. Krieger, and T. Peter, Densities and refractive indices of H2SO4/HNO3/H2O solutions to stratospheric

temperatures, *HRSK\V��5HV��/HWW����, 3707-3710, 1996.
11 Deshler, T., B. Nardi, A. Adriani, F. Cairo, G. Hansen, F. Fierli, A. Hauchecorne, and L. Pulvirenti, Determining the index of

refraction of polar stratospheric clouds above Andoya (69°N) by combining size-resolved concentration and optical
scattering measurements, -��*HRSK\V�5HV�, 105, 3943-3953, 2000.
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Figure 8. Time plots showing a microphysical and optical simulation of the 25 January 2000 test flight
case. The temperature history of the observed particles on the 491 K potential temperature surface,
provided by the meteorological mesoscale model, has been applied. Time is relative to January 25,
1998, 00.00 UT, and the particles are observed around 02.12-02.18 UT (2.2-2.3 UT hours). Upper left
panel: Air temperature (�air, black curve), �NAT (upper blue), �ice (lower blue), and gas phase mixing
ratio of HNO3 (green). Upper right panel: Volume averaged H2O:HNO3 molar ratio (magenta), HNO3

(green) and H2SO4 (red) acid weight fractions, and HNO3 weight fractions in 25 of the 500 applied size
classes (black curves). Middle right panel: Particle radii in the same 25 size classes. Middle left panel:
Aerosol backscatter ratio at 940 nm (red), color index (blue dashed), and volume (black curve). Lower
left panel: Scatterplot of the aerosol backscatter ratios versus particle volumes. A linear fit gives an
aerosol backscatter-to-volume ratio of 4.8 (µm3 cm-3)-1. Lower right panel: Scatterplot of aerosol
backscatter ratios versus H2O:HNO3 molar ratio.
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Two layers of particle observations are of particular interest in this case, namely the layer of liquid STS
particles observed around 530-535 K at 76100 and 76900 UT seconds (21.14 and 21.36 UT dec. hours)
and the layer around 500-510 K with solid NAT particles (cf. Figure 5 in Part A of this report). The
latter particles were encountered several times during the flight at 75700 (21.03), 77500 (21.53), 78400
(21.78), 79700 (22.14), and 81000 (22.50) UT seconds (UT dec. hours). The mesoscale trajectory
analysis indicate that in fact the balloon hit nearly the same airparcels during these encounters, i.e. for
each encounter the mesoscale model indicates the same airparcel. Temperature histories from the
mesoscale model at these two altitudes were extended backward in time from a location west of the
Scandinavian mountains well outside the mountain wave region and combined with synoptic
temperature histories (cf. Figure 3) backward in time until the maximum temperatures were met 2-3
days prior to observation. This will give a good starting point for the microphysical simulations as the
particles under these warm conditions could be assumed to be liquid sulphate aerosols.

The upper left panel of Figures 9 and 10 shows as functions of UT time (dec. hours) the air
temperature, TNAT, and Tice. The upper right panel shows the radii of particles in every 20 of the applied
500 individual size classes; red curves for liquid and blue curves for solid particles. The middle right
panel shows the total particle volume densities of different types of particles. The curves in the middle
left panel shows total number of particles (CN, upper curve) and the integral (accumulated) particle
size distributions N(>r) in radii classes corresponding to the University of Wyoming optical particle
counter, i.e. the number concentration of particles with radii > r (cf. lower panel in Figure 5 in Part A
of this report). The lower left panel shows the gas phase and total concentrations of nitric acid (HNO3,
green, ppbv) and water (H2O, blue, ppmv) and the total condensed sulphuric acid (H2SO4, red, ppbv).
The lower right panel shows the volume-averaged H2O:HNO3 molar ratio (magenta), and the volume
averaged HNO3 (green) and H2SO4 (red) weight fractions.

Figure 9 shows a simulation of the PSC evolution on the 530 K potential temperature surface where
liquid STS particles were observed. The results are shown as function of UT dec. hours, ending at
21.36 dec. hours ≈ 76900 UT seconds. Only the time interval after 15.00  dec. hours is shown where
the airparcel passed over the mountain area before observation��The model was initialised at –39 hours,
where temperatures were above 210 K, with a sulphate aerosol unimodal lognormal size distribution,
characterised by a total number concentration of Nt=25 cm-3, median radius rm=0.075 µm, and
geometric standard deviation σ=1.35, consistent with the OPC heated inlet measurements.�The model
simulates a total particle volume of 0.3-0.5 µm3 cm-3 in good agreement with the observations (cf.
Figure 5 in Part A of this report) and calculates H2O:HNO3 molar ratios between 4 and 7, consistent
with the measurements. In Figure 11 are show the calculated integral size distributions at 76100 (21.14)
and 76900 (21.36) UT sec. (dec. hours), compared with the measurements (dots). The total number of
particles and the size distributions are in good agreement with the measurements. The temperature
reaches 3-4 K below the ice frost point around 19.00 UT dec. hours which induces freezing only among
the few largest particles. After the temperature increases above Tice, the ice evaporates, leaving behind
a small concentration of relatively large NAT particles, which do not contribute significantly to the
total particle volume and the average particle composition. However, these large particles do show up
as a shoulder in the measured and simulated accumulated size distributions. The observed slight
increase in particle sizes between the two measurements, separated by 800 seconds, is reflected in the
simulations.
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Figure 9. Simulation of PSC evolution 25 January 2000 on the 530 K potential temperature level. Time is in UT hours,
ending at 21.36 dec. hours ≈ 76900 UT sec.  Liquid STS particles were observed at 21.03 and 21.35 UT dec hours at this
altitude, cf. Figure 5 in Part A of this report.
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The simulation of the particle formation around 500-510 K where solid NAT particles were observed is
shown in Figure 10. Only the time interval after UT dec. hours is shown where the airparcel passed
over the mountain area before observation. In this simulation an initial bimodal lognormal size
distribution of sulphate aerosols, existing at temperatures around 220 K 2-3 days prior to observation,
was assumed. Consistent with the OPC heated inlet measurements the following bimodal lognormal
parameters Nt=(20.0 cm-3; 8.0⋅10-3 cm-3), rm=(0.045 µm; 0.5 µm), and σ=(1.68; 1.15) were adopted.
The model simulates a total particle volume of 1-2 µm3 cm-3 in good agreement with the observations
(cf. Figure 5 in Part A of this report). The model calculates H2O:HNO3 molar ratios of 3, consistent
with the measurements of NAT particle compositions. The temperature drops more that 8 K below the
ice frost point around 19-20 dec. hours which induces a freezing into type 2 ice PSC particles of a
substantial fraction of the liquid particles. The type 2 PSC particle volume rises shortly to values above
100 µm3 cm-3 before the ice evaporates above Tice, leaving behind a relative large concentration of type
1a PSC particles, composed of NAT which dominate the total particle volume. In Figure 11 is show a
comparison between the measured (dots) and calculated accumulated size distributions at time 75700
(21.03), 77500 (21.53), 78400 (21.78), 79700 (22.14), and 81000 (22.50) UT seconds (UT dec. hours).
The model simulates the size distribution a radius between 0.3 and 1.25 µm reasonably well. However,
it is difficult for the model to represent the small concentrations of larger particles with radii > 1.75
µm, and the model tends to underestimate the concentrations of small particles. The freezing process
depends strongly on the temperature history going through the temperature minimum and small errors
in the mesoscale temperatures may introduce large changes in calculated size distributions. Also the
adopted initial sulphate aerosol size distribution has an influence of the calculated PSC sizes. In this
and the above example, a parameterised model for the homogeneous freezing process has been used. In
this model version volume-proportional freezing is assumed to take place in a ∆T=8.8 K symmetric
temperature interval around Tice. At the upper temperature end (Tice+4.4K), freezing is assumed to be
extremely slow (100 days to freeze a 1µm STS particle) while at the low-temperature end (Tice-4.4K),
freezing takes place instantaneously (1 sec). The freezing temperature is variable since the first formed
ice particles take up water vapour by condensation further reducing the water partial pressure and the
ice frost point. Using this parameterisation, the calculated size distributions become strongly dependent
on ∆T, and ∆T has been adjusted to make the best representation of the measured size distributions in
the two cases, measured at 530 and 508 K potential temperature altitude. The modelling of
homogeneous freezing, based on parameterisations from laboratory measurements12, has also been
attempted. However, using this (presumably more physically correct model) generates an even smaller
concentration of large particles and the concentration of small particles would be too high, compared to
the observations. Further work on improvements in de modelling of the freezing process is in progress.

                                                          
12 Tabazadeh, A., S.T. Martin, and J.S. Lin, The effect of particle size and nitric acid uptake on homogeneous freezing of sulfate

aerosols, *HRSK\V��5HV��/HWW������� 1111-1114,�2000�
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Figure 10. Simulation of PSC evolution 25 January 2000 on the 508 K potential temperature level. Time is in UT hours,
ending at 22.50 dec. hours ≈ 81100 UT sec. Solid NAT particles were observed around 21.03, 21.53, 21.78, 22.14, and
22.50 UT dec. hours cf. Figure 5 in Part A of this report.
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III           DEVIATIONS FROM TECHNICAL ANNEX AND REASONS.

There are no deviations from the technical annex in the DMI tasks.

V. CONCLUSIONS:

The objectives of the project have all been achieved. Modelling tools are now available and are being
used for further analysis of the comprehensive data set obtained throughout the balloon flights. The
unique data set offers outstanding possibilities to obtain new in-depth knowledge about the PSC
formation processes. Due to the relatively short period between the field experiments and the formal
termination of the project, the data analysis has not been fully completed. However, work is in progress
for further analysis, and a number of papers are in preparation for the special issue of Journal of
Geophysical Research about results from the THESEO-2000/SOLVE campaign.

Figure 11. Comparison of calculated (curves) and observed integral (accululated) particle size distributions (dots). The left
panel shows the measured STS particle size distributions measured by the University of Wyoming optical particle counters
(OPC) around 530 K potential temperature at 76100 (21.14) and 76900 (21.36) UT sec. (dec. hours) in comparison with
the model output at the same time. The right panel shows the measured NAT particle size distributions at time 75700
(21.03), 77500 (21.53), 78400 (21.78), 79700 (22.14), and 81000 (22.50) UT seconds (UT dec. hours), compared with the
model calculated size distributions at the same time. Some points and curves may be overlapping and therefore not visible.
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OBJECTIVES

Polar stratospheric clouds (PSCs) grow in the winter polar vortex from the stratospheric background
sulfate aerosol at sufficiently low temperatures, i.e., below about 195 K, by condensation of mainly
H2O and HNO3. Both liquid and solid PSC particles provide surfaces for the heterogeneous reactions
leading to active chlorine- and bromine-containing species, which under the action of sunlight form
catalytically ozone-destroying radicals. The only in-situ measurement of the chemical composition of
PSCs before the present project has been performed in January 1998 during a flight from Kiruna with
the balloon-borne apparatus developed for the THESEO campaign. The PSCs probed had formed in lee
waves east of the Scandinavian mountains. The molar ratios H2O/HNO3 were consistently found above
10 at temperatures between 189 and 192 K, indicating supercooled ternary solution (STS) droplets of
H2O, HNO3, and H2SO4 [1].

The main objective of MPIK within the framework of the present THESEO project was to accomplish
more detailed analyses of PSC particles during two balloon flights. This required several modifications
of the PSC-analysis instrument to improve its sensitivity, and to build a second duplicate instrument.
Integration of the instruments of the partners (particle counters, backscatter sondes, hygrometer,
temperature sensors) into two identical common balloon gondolas was also a task of MPIK. Two
complete flight-ready gondolas enable two balloon flights without re-calibration and check-up of the
instruments.

Due to the unfavorable weather conditions in January 1999, the planned balloon flights had to be
cancelled. But in late January 2000, the Arctic stratosphere was unusually cold with the polar vortex
above the North Atlantic and Scandinavia, so that there were a lot of PSCs above Kiruna and the flights
could be performed successfully. Meanwhile further technical improvements of the PSC-analysis
instruments were realized and extensively tested.

MAIN RESULTS OBTAINED

�'������1����	
	�2�	��"!���
The instrument, depicted in ������� �, combines an aerodynamic lens [2, 3] which collimates the
aerosol particles into a narrow beam providing a separation of gaseous and condensed matter, a small
particle evaporation sphere to convert the aerosol into a gas, and a mass spectrometer to measure the
composition of the evaporated particles. High-speed differential pumping, provided by two LHe
pumps, increases the aerosol-to-ambient-air ratio by a factor of >3×105 [4].
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Aerosols are drawn into a 100 mm long cylindrical tube with an inner diameter of 6 mm containing, at
regular distances, seven circular orifices with diameters decreasing from 1.4 to 0.5 mm. These orifices
concentrate aerosol particles with diameters of 0.1 to 4 µm towards the optical centerline so that a
tightly collimated aerosol beam will be formed. At the exit the particles pass through a nozzle of 0.45
mm diameter where they become accelerated into the first vacuum chamber. This nozzle acts as a
critical orifice controlling the gas flux through the lens of 15 cm3/s. The lens is held in a manipulator to
adjust the beam. The width of the aerosol beam is 1-2 mm in diameter at a distance of 95 mm so that a
capillary tube (skimmer), 30 mm behind the lens is able to separate the aerosols from most gas
molecules, which are rapidly dispersed after leaving the nozzle and condensed on the surface of the
first LHe pump which will provide, at a pumping speed of more than 2000 L/s, a pressure of about 10–3

to 10–4 mbar. The skimmer is 30 mm long with an entrance opening of 0.8 mm and an exit of 1.6 mm
in diameter.

Through the skimmer, the aerosol beam enters a second vacuum chamber also containing a LHe pump
which provides a pressure of 5×10–8 mbar. (The pressure within the mass-spectrometer chamber should
be as low as possible to reach a low detection limit for the signals produced by the evaporated aerosol
particles.) Finally, 95 mm behind the lens exit inside the second chamber, the particle beam enters,
through a capillary of 5 mm length and 2.5 mm diameter, a small heated gold sphere of 10 mm
diameter where the aerosols are stopped and immediately evaporate. The evaporation sphere is
thermostatted at 80 oC (better than ±0.1 oC). The gas leaves the sphere through another small capillary
tube with a length of 4.5 mm and a diameter of 3.5 mm which focuses the gas molecules towards the
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ion source, a crossing electron beam of 70 eV. The ions formed are drawn into a magnetic mass
spectrometer equipped with two channeltron multipliers for mass separation.

Due to the capillaries, about 70% of the evaporated aerosols leave the evaporation sphere towards the
ion source, while 30% will be lost through the aerosol entrance and are not available for analysis. The
residence time for inert gases within the evaporation sphere is about 1 ms. For molecules such as H2O
and HNO3 that adsorb easily, the residence time is as large as hundreds of milliseconds to even
seconds. A shutter in front of the sphere can either be retracted or block the beam from entering the
sphere. In the latter position background-gas measurements are made.

The mass spectrometer is operated in a stepping mode where the height of selected mass peaks is
monitored sequentially. This mode allows a higher time resolution compared to a scanning mode. The
measuring time for each data point is ~250 ms. During a balloon flight, every 2 s a set of peaks due to
HNO3 and H2O, and every 17 s a set of peaks due to other aerosol components is monitored; gas-phase
and background peaks follow every 2 min. At a balloon descent/ascent velocity of 1 m/s, this
corresponds to a vertical resolution of a few meters for HNO3 and H2O and approximately 20 m for
other aerosol components.

The aerosol particles need about 30 ms to traverse the lens. During this time, the particles remain under
almost the same environmental conditions (pressure, temperature) as present in the atmosphere. During
the balloon flight, both thermal isolation of the gondola and placement of the lens entrance 80 mm
outside of the gondola reduce the heat transfer between experiment and lens keeping the latter as close
as possible to the outside temperature. Calculations with a non-equilibrium model [5, 6] indicate that
the composition change within the lens is negligible. The main pressure drop within the nozzle
accelerates the aerosol particles to about 200 m/s. With such a high speed, PSC particles will reach the
spherical collector at a distance of 95 mm within 0.5 ms. During this very short transition time, a
perceptible change in chemical composition of the very fragile PSC particles in vacuum is unlikely.

The entire PSC-analysis system was extensively tested in the laboratory either using synthetic
H2SO4/H2O [17], H2SO4/HNO3/H2O, and (NH4)2CO3/H2O aerosols or with N2 to characterize the
influence of background gas; see [4].

The mass spectrometers were calibrated by a pressure-related dynamic expansion procedure providing
a known and constant gas flow of H2O or HNO3 at pressures as low as during PSC analysis. The
desired gas is supplied to a volume at an accurately determined pressure and allowed to expand through
a small orifice (under molecular flow conditions) into a sphere held at ultrahigh vacuum by LHe pumps
and connected to the mass spectrometer. The pressure-related sensitivity for water, i.e., the
background-corrected count rate at mass 18 divided by the H2O partial pressure immediately before the
orifice is plotted in �������* vs. the H2O partial pressure immediately before the orifice. The values are
approximately constant showing that the ion detectors work linearly in this range. The first data point
with its large uncertainty was obtained at a pressure in the sphere below 10–9 mbar, the lower limit of
realizable pressures. For the calibration of nitric acid, thermal decomposition in vacuum according to 4
HNO3 � ����2 + 2 H2O + O2, probably occurring mainly at the walls of the vacuum system, and
adsorption at the walls have been considered. The resulting molar sensitivities (counts/mol) are
accurate to about ±1% for H2O or ±8% for HNO3 when molar ratios are determined; if absolute
amounts are required, the respective accuracies are only ±8% or ±11%. Details are outlined in [7].
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Major improvements of the instrument compared to the version used for the previous flight, which
resulted in an about 50 times higher sensitivity, comprise replacement of the quadrupole mass
spectrometer by a more sensitive magnetic instrument, improvement of the mass-spectrometer
electronics, and optimization of the instrument’s geometry. Furthermore, the gondola was modified and
enlarged to carry the additional instruments, and the protective frame surrounding the gondola was
redesigned to reduce its weight substantially.
�'����������3�
$'�	

The two gondolas were launched on January 19, 2000 at 20:43 UT and January 25, 2000 at 19:46 UT
from Esrange near Kiruna, Sweden, in the framework of the THESEO 2000 campaign. The balloons
were equipped with valves and ballast, so that the operators of CNES were able to perform repeated
ascent and descent maneuvers of the balloons at altitudes between 20 and 24 km. The instruments
worked very well during all the PSC penetrations of both flights.

������� 1� shows a vertical cross section of the temperature distribution along the flight track (black
line) of the second flight (25.01.2000) at 22:00 UT, simulated with a mesoscale meteorological model
[8, 9]. The balloon encountered the extension of a cold that had developed over the Scandinavian
mountains due to adiabatic expansion of ascending air masses in mountain-induced gravity waves. The
measured temperatures agree well with the simulated values but showing small-scale fluctuations. The
very low simulated temperatures within the cold suggest that a fraction of the particles observed
onboard the balloon gondola could have nucleated above the Scandinavian mountains.
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The mass-spectrometric count rates due to condensed water and nitric acid obtained during this flight
are displayed in �������A together with backscatter ratios at two wavelengths (measured by DMI and
CNR), particle number densities for three size classes (measured by UW), atmospheric temperature,
and altitude. A close correlation is visible between H2O, HNO3, backscatter ratios (being markers for
the presence of PSCs), and particle counts. In contrast to the previous measurement [1, 18], however, a
close correlation between low temperatures and the presence of PSCs is absent; this reflects the
different meteorological situations in January 1998 and January 2000.

A layer of particles with median diameters of 1.5 to 2 µm and concentrations of less than 0.5 cm–3 was
penetrated several times around 75700, 77500, 78400, 79700 and 81000 s UT. In the clouds, strong
fluctuations of the H2O and HNO3 signals result from low particle number counting statistics, given
each data point corresponds to particles contained in 4 cm3 air; i.e., each point represents only a few (or
even no) incoming particles. Particularly between 77500 and 78300 s, the H2O data demonstrates that
single particles can be resolved individually. The H2O signal response is fast and shows no influence of
the previous measurement 2 s before, while the response for HNO3 is slower and the signals are
slightly smoothed. There are water measurements, however, which do not show such a strong variation
in the count rates. Around 75000, 76000, and particularly near 77000 s UT, a smooth H2O signal
distribution was recorded, resulting from the measurement of high concentrations (1-10 cm–3) of small
particles with a median diameter between 0.3 and 1 µm.
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With the aid of the laboratory calibrations, the count rates of H2O and HNO3 were converted to molar
ratios of H2O/HNO3 and averaged over longer periods to minimize the statistical error. The resulting
molar ratios are plotted in ������� 3 together with the particle volume and the difference of the
measured temperature both to TICE (the frost point of H2O, determined by CNRS-LMD) and TNAT (the
calculated equilibrium temperature of HNO3·3H2O). Most of the molar ratios are found to be
H2O/HNO3 = 3±0.5, proving these particles to consist of HNO3·3H2O (nitric acid trihydrate, NAT).
The corresponding clouds exhibit particle volumes of 1 to 2 µm3/cm3 air in close agreement with model
calculations [10]. In clouds producing a smooth water signal distribution, the particles have molar
ratios of H2O/HNO3 ≥ 4.5 and volumes of <0.5 µm3/cm3 air at temperatures up to ~3 K above TICE,
consistent with calculations for supercooled ternary solution droplets [10, 11]. At 78600 s UT,
HNO3·3H2O particles are present despite T > TNAT; this may indicate that solid HNO3·3H2O particles
evaporate rather slowly [12].
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The air parcels encountered during the first flight on January 19, 2000 had experienced minimum
temperatures that were somewhat higher than six days later, but the temperatures met by the gondola
were in the same range. Due to adiabatic cooling on traversing the Scandinavian mountains, lee waves
had developed which induced the formation of PSCs. The upper panel of �������B shows the mass-
spectrometric count rate due to H2O, registered during a part of the flight covering two PSC
penetrations. The high count-rate peaks most probably correspond to individual large NAT particles,
the calculated diameter of which ranges between about 1 and 2.5 µm and is displayed in the second
panel. The averaged molar ratios H2O/HNO3 for the two cloud penetrations are above 3 but clearly
below the lower limit of 4.3 for supercooled ternary solution droplets suggesting the simultaneous
presence of NAT particles and STS droplets. The lower count rates measured between the high peaks
also indicate small STS droplets or background aerosol. This interpretation is consistent with the
relatively low backscatter ratios registered by the partners. During the part of the flight not shown in
figure 6, mainly STS droplets were observed.
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Data evaluation in collaboration with the partners is not yet fully completed. More details will be
outlined in a forthcoming Ph.D. thesis [13].

DEVIATIONS FROM THE TECHNICAL ANNEX AND REASONS

As already explained in the progress report, the initially planned measurements of gaseous nitric acid
were dropped. After the meteorological situation in January 1999 had prevented balloon flights, it was
decided to postpone the campaign by one year to December 1999/ January 2000. This required a half-
year extension of the project duration.

CONCLUSIONS

The in-situ chemical analysis of polar stratospheric clouds, performed in January 2000 with balloon-
borne instruments above Scandinavia, revealed the presence of particles consisting of nitric acid
trihydrate (NAT, HNO3·3H2O) in the Arctic stratosphere. Besides these NAT particles, liquid
supercooled ternary solution (STS) droplets were registered with H2O/HNO3 molar ratios above 5 as
predicted by model calculations. A temperature hysteresis in the PSC particles' life cycle is
demonstrated by the detection of STS droplets at lower temperatures than NAT particles.

Thus, our measurements confirm the prediction [14-16], originally made for the Antarctic stratosphere,
that solid NAT particles exist in polar stratospheric clouds at temperatures above the frost point of
water and near the equilibrium temperature of NAT.

��"��� ��'�� ����.%�����! '�"�!��������!?����/G0

[1]* Schreiner, J., Voigt, C., Kohlmann, A., Arnold, F., Mauersberger, K., Larsen, N.: Chemical
analysis of polar stratospheric cloud particles. Science *,1, 968-970 (1999).

[2] Schreiner, J., Voigt, C., Mauersberger, K., McMurry, P., Ziemann, P.: Aerodynamic lens system
for producing particle beams at stratospheric pressures. Aerosol Sci. Technol. *9, 50-56 (1998).

[3]* Schreiner, J., Schild, U., Voigt, C., Mauersberger, K.: Focusing of aerosols into a particle beam
at pressures from 10 to 150 torr. Aerosol Sci. Technol. 1�, 373-382 (1999).

[4]* Schreiner, J., Voigt, C., Zink, P., Kohlmann, A., Knopf, D., Mauersberger, K.: A mass
spectrometer system for analysis of polar stratospheric aerosols. Rev. Sci. Instrum., submitted.

[5] Tsias, A., Prenni, A.J., Carslaw, K.S., Onasch, T.P., Luo, B.P., Tolbert, M.A., Peter, T.:
Freezing of polar stratospheric clouds in orographically induced strong warming events.
Geophys. Res. Lett. *A, 2303-2306 (1997).

[6] Meilinger, S.M., Koop, T., Luo, B.P., Huthwelker, T, Carslaw, K.S., Krieger, J., Crutzen, P.J.,
Peter, T.: Size-dependent stratospheric droplet composition in lee-wave temperature fluctuation
and their potential role in PSC freezing. Geophys. Res. Lett. **, 3031-3034 (1995).

[7]* Kohlmann, A.: Kalibration von Massenspektrometern zur Aerosol-Analyse durch dynamische
Expansion von Wasserdampf, HNO3 und HCl. Ph.D. Thesis, Heidelberg 2000.

[8] Leutbecher, M., Volkert, H.: Stratospheric temperature anomalies and mountain waves: A three-
dimensional simulation using a multi-scale weather prediction model. Geophys. Res. Lett. *1,
3329-3332 (1996).

[9] Dörnbrack, A., Leutbecher, M., Kivi, R., Kyrö, E.: Mountain-wave induced record-low
stratospheric temperatures above Northern Scandinavia. Tellus 3��, 951-963 (1999).

[10] Carslaw, K.S., Luo, B.P.; Clegg, S.L.; Peter, T.; Brimblecombe, P.; Crutzen, P.J.: Stratospheric
aerosol growth and HNO3 gas phase depletion from coupled HNO3 and water uptake by liquid
particles. Geophys. Res. Lett. *�, 2479-2482 (1994).



���������	
	 ��������������������� 45

[11] Tabazadeh, A., Turco, R.P., Jacobson, M.Z.: A model for studying the composition and
chemical effects of stratospheric aerosols. J. Geophys. Res. 99
, 12897-12914 (1994).

[12]* Voigt, C., Schreiner, J., Kohlmann, A., Zink, P., Mauersberger, K., Larsen, N., Deshler, T.,
Kröger, C., Rosen, J., Adriani, A., Di Donfrancesco, G., Cairo, F., Ovarlez, J., Ovarlez, H.,
David, C., Dörnbrack, A.: Nitric acid trihydrate (NAT) in polar stratospheric cloud particles.
Science, submitted.

[13]* Voigt, C. Ph.D. Thesis, in preparation.

[14] Crutzen, P.J., Arnold, F.: Nitric acid cloud formation in the cold Antarctic stratosphere: a major
cause for the springtime "ozone hole". Nature 1*A, 651-654 (1986).

[15] Toon, O.B., Hamill, P., Turco, R.P., Pinto, J.: Condensation of HNO3 and HCl in the winter
polar stratosphere. Geophys. Res. Lett. �1, 1284-1287 (1986).

[16] Hanson, D.R., Mauersberger, K.: Laboratory studies of the nitric acid trihydrate: implications
for the south polar stratosphere. Geophys. Res. Lett. �3, 855-858 (1988).

[17]* Knopf, D., Zink, P., Schreiner, J., Mauersberger, K.: Calibration of an Aerosol Composition
Mass Spectrometer with Sulfuric Acid/Water Aerosol. Aerosol Sci. Technol., submitted.

[18]* Voigt, C., Tsias, A., Dörnbrack, A., Meilinger, S., Luo, B., Schreiner, J., Larsen, N.,
Mauersberger, K., Peter, T.: Non-Equilibrium Polar Stratospheric Cloud Compositions
Measured in Lee Waves. Geophys. Res. Lett., submitted.



���������	
	 ��������������������� 46

���������	
���
����������

Contractor: Laboratoire de Météorologie Dynamique (LMD), UMR 8539

Leading scientist : Joëlle Ovarlez
Scientific staff: Henri Ovarlez, Jacques Crespin, Bertrand Gaubicher

Address : Ecole Polytechnique, 91128 Palaiseau cedex, France.
Tel : 33 (0)1 69 33 48 00
Fax : 33(0)1 69 33 30 05
E-Mail : joelle.ovarlez@polytechnique.fr

 I.           OBJECTIVES

The amount of water vapour has a strong influence on the threshold temperatures for the existence of
Polar Stratospheric Clouds (PSC). The knowledge of the stratospheric water content profile is essential
for the determination of the temperatures at which the Polar Stratospheric Clouds may form and persist,
and is necessary for the modelling of the mechanism of formation of the different types of PSC
particles. From the water vapour measurement in the polar stratosphere, the threshold temperature for
ice particles existence (“the frost-point temperature”), and the threshold temperature for the
condensation of Nitric Acid Trihydrate (TNAT) can be known to be compared to the air temperature. So
the possibility of the formation and persistence of PSC particles can be deduced (Hanson and
Mauersbergersberger, 1988, Larsen et al, 1997).

To perform the necessary water vapour content measurement the PSC Analysis gondola was equipped
with a frost-point hygrometer designed and operated by LMD.

II.           MAIN RESULTS OBTAINED:

The LMD payload, as part of the PSC Analysis gondola, is composed of a cryogenic frost-point
hygrometer, and an air pressure and an air temperature sensor. These instruments have been used for
several times during previous balloon campaigns, and among those the European experiments EASOE
and SESAME, as described by Ovarlez and Ovarlez, 1994, 1996, and have been used also during the
WAVE/THESEO program (de La Noe et al, 2000). The air temperature is measured by a micro bead
thermistor from Victory Engineering Corporation and the air pressure is measured by a sensor from
Paroscientific instruments. The frost-point hygrometer is designed by LMD and is based on the chilled-
mirror technique. In this technique a layer of condensate is detected by an optical system, and the
temperature of the mirror at which this layer is detected is measured and represents the frost-point of
the air passing over the mirror. The mirror temperature is controlled cryogenically: the mirror is cooled
through a copper road immersed in a liquid nitrogen bath enclosed in a dewar container, and the
heating is produced by a resistance wire wrapped around the copper road. Then, the hygrometer
measures directly the frost-point temperature, which is an important parameter to be compared to the
air temperature for the study of the occurrence of the different types of PSCs. The measurement of the
air pressure allows the determination of the water vapour ����	
�	��������������
�� ���
������� ��
0.3C for the frost-point temperature, and 5% on the mixing ratio.

For an easy integration in the whole gondola, the LMD payload is set as a parallelepiped box
120x45x45 cm, for a weight of 40 kg including batteries. In the frame of THESEO/PSC Analysis
program, the data transmission was performed through the common telemetry of the gondola as set up
by MPIK. To prevent contamination of the water vapour measurements, the LMD payload is arranged
so that the air inlet for the water vapour measurement is below and far from the whole gondola, and the
measurements are made during night-time.

Two balloon flights of the common gondola were scheduled during the THESEO winter 1998-1999
campaign from Kiruna, Sweden. Then two complete gondola have been prepared on the field on the
beginning of 1999 to be ready to fly as soon as there were conditions for occurrence of PSCs.
However, there was no opportunity to have a flight in the conditions propitious to Polar Stratospheric
Clouds occurrence as the stratospheric mean temperature inside the vortex during winter 1998/1999
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were the warmest that have been observed from the 10 previous years (EORCU, 1999). Consequently
the instruments returned from KIRUNA after the THESEO winter campaign, and new tests and
calibration checks have been made in the laboratory, before the instruments were sent again to Kiruna
for the 1999-2000 winter campaign (THESEO 2000). During the winter 1999-2000 the stratospheric
vortex was very cold and a lot of PSCs events occurred (EORCU 2000). Then the two flights of the
PSC Analysis gondola were performed in lee wave-induced PSCs above Scandinavia, respectively on
19 and 25 January 2000.

4��������(	��)��
��	:

During the first flight, on 19 January, water vapour measurements were made during the first ascent,
first descent and beginning of second ascent inside the cloud, then a failure of the main telemetry -
telecommand system occurred at the beginning of the second ascent, so that water vapour
measurements could no be made from that time. The air temperature profile from the LMD payload
compared to the air temperature profiles from the temperature sensors operated by the other partners of
the projects shows a systematic difference of about 2C all over the altitude range, from the ground level
to the upper altitude level. As the thermistor used for the temperature measurement is broken when the
payload is recovered, a calibration of this sensor could not be made. A careful error analysis let us
conclude that this can be explained only by a human error by using bad calibration coefficients.
However the air temperature data from the second flight were in agreement with the data from the other
sensors within less than 0.5C.

The air temperature profiles for the 2 flights are very fluctuating, particularly inside the clouds, and the
temperature minima inside the clouds was about –85C on 19 January and –88C on 25 January. The
temperature was always above the frost point temperature except in a thin layer at around 22 km
(500K) on 25 January.

The water vapour profiles for the two flights show very different features:
For the 19 January flight, ascent and descent profiles are similar together, showing that the way of
integration of the hygrometer and associated air inlet prevents any pollution from the whole gondola.
Moreover the mean H2O profile is similar to the inside the vortex profiles as measured without PSCs
during previous years, as it is shown on figure 1.

Considering the water vapour content of 25 January, many perturbations occur inside the cloud,
together with air temperature perturbations, but the mean mixing ratio lays in the range of the more
stable inside the vortex profiles that are shown on figure 1. In fact the PSC investigated on 25 January
was very inhomogeneous.
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5���
����&�
$'��.��,��"���:

During the balloon flight of 19 January 2000, a PSC has been investigated in a large altitude range,
between about 17,5 and 23,5 km (420k and 560K ). A time series of the water vapour and air
temperature data for this flight is displayed on figure 2, where the time series of potential temperature
shows the ascent and descent inside the cloud. The time period when the balloon is inside the PSC are
deduced from the measured backscatter ratio (DMI and CMR Part B reports). As explained above the
water vapour measurements were not made in the last part of the balloon flight.

The air temperature is very changeable inside as well outside the PSC investigated. Inside the cloud,
the air temperature is always above the frost-point temperature and even, for thin layers, around and
slightly above the equilibrium temperature for NAT particles. A detailed study on the composition of
the particles of that PSC is given in the Part B-report from MPI.

A decrease of the water vapour mixing ratio occurs�at around 21 km (~500K on figure 1, around 83000
seconds on the upper panel of Figure 2). Though very small this decrease could be attributed to
dehydration as shown, by Schiller et al (2000) as similar decrease has been measured at the same
altitude level from other in situ measurements inside the vortex during that cold winter.
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Figure 1. The water vapour profile during ascent (black) and first descent (red) on 19 January 2000 flight are very similar together
with a mean slope similar to the one of previous profiles measured inside the vortex with the same instrument but without PSCs (green
line, Winter 94/1995 - SESAME; blue line, Winter 1998/1999 - WAVE).  The water vapour profile on 25 January 2000 (not shown) is
much more fluctuating, but also around the inside the vortex profiles. The purple line is the mid latitude profile measured during
spring 1999 from Aire sur l’Adour (WAVE/THESEO program)
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Figure 2.  The upper panel displays the water vapour mixing ratio together with the potential temperature THETA. The lower
panel displays the air temperature TA compared to the frost –point temperature TD. TA is from the Vaisala radiosonde onboard
the gondola, as the LMD temperature sensor shows some discrepancies as explained in 3.1. The penetrations inside the Polar
Stratospheric clouds during the first ascent and descent are shown.
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On 25 January the observed PSC from the balloon flight laid between about 20 and 24 km (between ~
475K and 530K). A time series of the water vapour and air temperature data from this balloon flight is
displayed on Figure 3. The corresponding potential temperature is also shown in order to locate the
ascent and descent inside the PSC. In agreement with the other partners of the project, the cloud has
been separated in 5 parts, corresponding to different layers investigated separately with respect to the
particle composition analysis, as it appeared that the cloud had a very complex structure. The time
series of potential temperature, on Figure 3, shows how the control of the piloting of the balloon was
done with high accuracy by the CNES team in order to make several ascents and descents inside the
cloud.

Compared to the data from the 19 January flight on Figure 2, the water vapour content is very
perturbed inside the cloud, but stays always in the range of the expected stratospheric content from
previous observations, that is to say below ~7 ppmv. At the same time a lot of large variations occur on
the air temperature measurements. The air temperature variability is such than the difference between
the air temperature and the frost-point temperature, inside the cloud, varies in a large range. Inside the
PSC, the air temperature ranges from about 1C below the frost-point to about 2C above TNAT. Then
many layers containing different types of particles can be investigated, and it is shown that NAT
particles were surviving above TNAT.
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During the first ascent the air temperature was as low as –88C (cloud 1 on Figure 3) and possibly
below the frost-point temperature at around 22km (500 K). Unfortunately as seen on Figure 3, the
hygrometer was enable to make measurement at that time, as a disequilibria of the control loop of the
instrument occurred, perhaps because of the large perturbations encountered in that layer. However the
extrapolation of the data let us think that the air temperature was about 1 to 2C below the frost-point
temperature. However the data from the particle detector and backscatter sondes do not indicate the
presence of ice particles in the corresponding thin layer. This is not surprising as the back trajectory
calculations, in the layers in the altitude range where the PSC was encountered by the balloon, indicate
that the temperature of the corresponding air masses has not been low enough to form ice particles, but
has been below TNAT for 20 hours prior to sampling (Voigt et al, 2000).

III           DEVIATIONS FROM TECHNICAL ANNEX AND REASONS.

There are no deviations from the technical annex.
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Figure 3.  The upper panel displays the water vapour mixing ratio (blue line) together with the  potential temperature (black
line) for the flight of 25 January. The lower panel displays the air temperature (red line) compared to the frost point
temperature (blue line). The time when the balloon was inside the PSC are marked by 1 to 5; and it is seen than from about
75000 to 82300 secondes, the measurements were almost always made inside the PSC except at the 2 first ceilings of the
balloon (between 1 and 2 and between 2 and 3)
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IV.          CONCLUSIONS.

The water vapour measurements performed with the LMD frost-point hygrometer, together with air
temperature and air pressure sensor, on board the PSC Analysis gondola during 2 flights in January
2000 allowed the determination of the threshold temperature for ice and NAT particle existence, and
help to the study of the particle properties. The air temperature inside the PSCs investigated was very
changeable. The mean water vapour mixing ratio profile inside the PSC of 19 January is quite smooth
and similar to those measured without the occurrence of PSCs. However, on 25 January, the water
vapour profile is much perturbed inside the investigated PSC. That PSC has a very inhomogeneous
structure and is composed of many layers with different particles properties. The data from the LMD
payload have been put very early after the field campaign in the data-base available to the other
partners of the project.
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To contribute to the project’s multi-instrumental study of polar stratospheric clouds in terms of
measurements of their optical properties.

To use optical techniques to measure the structure of the cloud, its optical density and its
thermodynamic phase (i.e. if constituted by liquid or solid particles).

In order to achieve this main scientific goal, a LAser Backscatter Sonde in a new version had to be
designed, built and flown on the PSC-Analysis gondola along with the other instruments contributing
to the project.

22��#12��;��<0���7��12��5

22�.��2���;<#���1�27�

The design of the new version of LABS has been developed during the first months of the first year of
the contract.

The new LABS can use 2 lasers at the wavelengths of 532 and 685 nm: a miniaturised polarised Nd-
YAG laser and a laser diode respectively. The sonde has three receiving channels: two at the 532 nm
wavelength for polarised (polarisation parallel to the laser emission) and cross-polarised backscattered
light. A third channel is for the 685 nm wavelength. The laser emissions are modulated with a
frequency of 0.5 Hz for an acquisition period of 2 s. Both backscattered signal and atmospheric
background signal plus electronic noise are acquired in successive times within the acquisition period.
The spatial vertical resolution depends on the balloon speed. The LABS is shown in the photograph
below.
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The new LABS can give measurements of backscattering ratios and the backscattering coefficients of
the particles along with depolarisation and colour ratio 685/532. The primary information is the
backscattering ratio (BR) which gives a measurement of the amount of light backscattered from the
particles with respect to that one backscattered from the molecular atmosphere. The backscattering
ratio, BR, is proportional to the concentration and the size of the particles. It depends on the altitude
and it can be considered as a particle mixing ratio. From this parameter it is possible to get direct
information about the cloud structure and its optical density. BR is defined by the formula:

P

PS�;
β
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where βS and βP are the particle and molecular volume backscattering coefficients respectively.

The backscattering coefficient, βS, is approximately proportional to the surface of the particles and it
does not depend on the altitude at which it is calculated. It is also directly related the extinction of the
cloud. The molecular backscattering coefficient depends on the atmospheric pressure and temperature
and on the laser wavelength. It can be calculated by the formula:
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where K is the Boltzman constant. Then, the backscattering coefficient is:
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The depolarised backscattered light from particles is particularly important in the study of polar
stratospheric clouds. In fact, through the depolarisation measurements it can be assessed if the polar
stratospheric cloud under study contains solid particles inside. Also the colour ratio can give a
complementary information on the phase of the cloud particles and a rough information about the size
of the particles. Moreover, the use of the 532 nm wavelength can permit a direct comparison of LABS
data with ground-based and airborne lidars using such wavelength during the THESEO campaign.

Depolarisation can be defined in different ways [Cairo et al., 1999], although volume depolarisation
ratio or aerosol depolarisation ratio are mainly used from the scientific community. The aerosol

depolarisation ratio
S

δ  is probably the most suitable depolarisation parameter for inter-comparison

among different lidars and LABS. In terms of volume backscattering coefficients, it is defined as:
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where the subscript % refers to particles, and the superscripts ⊥ and = refer respectively to the cross and
parallel component of the volume backscattering coefficient, with respect to the polarisation plane of

the output laser beam. 
S

δ  has the advantage of giving a specific description of the particle, since it

does not vary with respect to changes in the number density of the particles, as long as the average

shape of the particles is not changed. On the other hand, 
S

δ  tends to became noisy when the aerosol

burden is low.

In terms of quantities of common usage in the lidar practice, 
S

δ  assumes the form:
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where ∆ is the ratio of the background corrected raw signal from the cross and parallel channels,
normalized to 1 in regions where no aerosol are present,
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βδ  is the depolarisation expected from a purely molecular atmosphere.

It has often been assumed, following theoretical considerations of Young (1980), a value of 1.4% for

P
δ . That value has been confirmed both theoretically and experimentally (Bridge and Buckingham,

1960; Bates, 1984; Cohen and Low, 1969).

However, the most commonly used parameter is the total volume depolarisation, D, defined as
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The calibration constant, C, is calculated assuming a pure molecular atmospheric depolarisation ratio
equal to 1.4% where the signal is coming from a range of the atmosphere free of particles, BR=1
[Young, 1980]. In this report we are going to use the definition of the volume depolarisation D.

The relative error on BR can be estimated on the order of 5% with an absolute minimum value of ±0.05
for every BR. The relative error on the depolarisation can be estimated to be on the order of 10-15%
with an absolute minimum value of ±0.25 for every D below 20 km and ±0.5 for every D above that
level.

After completing the design, a first prototype of the sonde was built. The prototype was flown twice to
test the functionality on the optical and mechanical components and the electronics as single parts and
the all instrument as a whole. The first test of the new LABS was hold in Leon, Spain, in late March
and the second from Laramie, Wyoming, USA, in early August. The first test revealed the necessity of
a better conditioning of the photomultipliers (used in the detection of the signal) for low-pressure
working conditions. Modifications of the photomultipliers were operated in our laboratories. From the
point of view of the other components, the prototype worked properly. The second flight was done with
upgraded photomultipliers and all worked successfully. During such flight, the interface for telemetry
with University of Wyoming optical particle counter (OPC) was also tested. During the experiments,
LABS used the OPC telemetry for transmitting data to the ground station.

Three instruments had been prepared for the experiment which had to be held during the 1998-1999
winter from Kiruna, Sweden. However, the unfavourable stratospheric condition during that winter did
not permit to carry out the experiment. The stratosphere was generally too warm for stratospheric cloud
formations.

The instruments were then flow during the successive winter, 1999-2000, in the frame of the THESEO
2000 programme.
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The general description of the experiments in which the two LABS instruments had been flown is
given in the general part of this report. Only the observations performed by LABS are then reported
and described hereafter.

LABS was flown twice on 19 and 25 January 2000. In both flights the payload was flown inside a polar
stratospheric cloud. Preliminary results are respectively reported in Figure 1 and Figure 2. In those
figures the backscattering ratios at 685 nm and the volume depolarisation ratios calculated at 532 nm
are depicted.
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LABS on PSC Analysis: Kiruna, 19 January 2000

Figure 1

As the accuracy of the green laser power monitors was poor in both flights, the backscattering ratios at
532 nm are not given in the figures. Moreover, as the no-reliability of the emitted laser power
measurements yield to a poor accuracy of the absolute calibration on the green channel, a calculation of
the colour ratios is not possible. The same issue applies to the aerosol depolarisation ratio calculations.
On the other hand, the calculation of the volume depolarisation ratios is not depending on the accuracy
of the laser power monitoring because the laser power fluctuations weight in the same way on both
polarised and depolarised channels. Therefore, the depolarisation is reliable inside the clouds, where
the signal to noise ratio is significantly high also in the receiving channel for depolarised signal (for a
pure molecular atmosphere the depolarised signal is of the order of 1/100 of the polarised channel).
Finally, a failure of the photomultipier receiving depolarised signal occurred in both flights. Then, it
was not possible to calculate the depolarisation ratios for all the flights. The cause of the failures was
attributed to the influence of electromagnetic fields generated by the electronics inside the sonde on
that specific photomultipier. Such failures never occurred during ground tests preceding the field
experiments. In fact the failure was strictly connected to the physical position of the photomultiplier
inside the sonde. Solutions to solve such a problem have been already studied for the next experiments.
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LABS on PSC Analysis: Kiruna, 19 January 2000

Figure 2

During the first flight (Figure 1) the payload crossed a stratospheric cloud approximately located
between 480 and 590 K (approx 20-24 km) for 3 times (2 ascents and 1 descent). Looking at the
combination of backscattering ratio and depolarisation during the first ascent, this cloud looks quite
homogeneous in terms of particles contented. The cloud was probably constituted of solid NAT
particles in all level. However, the structure of the cloud was very layered. In the second part of the
flight the payload partially crossed the same cloud which was presumably formed by the same kind of
particles (depolarisation measurement are not available in the second part of the cloud).
At lower potential temperatures (altitudes), just below the main layered cloud and between 420 and 460
K (approx. 17.5-19 km), a thin liquid cloud was observed.

Figure 2 zooms the first part of the flight where depolarisation measurements were available.
Backscattering coefficient and depolarisation are plotted versus potential temperature. Atmospheric
temperature and geometrical altitude are also given for comparison. βS is more sensitive to the particle
concentration variation and it can better use to identify the fine structure of the cloud. The cloud was
quite optically thin as the backscattering ratios reach a maximum of 3 at 560 K but it is usually lower
than 2 (Figure 1). The backscattering coefficient varies between 1 and 5 10-8 m-1sr-1 (Figure 2). It can
be noticed that the cloud is present only when the temperatures is lower than 195 K and their optical
thickness is higher at higher temperatures. Also volume depolarisation values are low and range
between 2% and 4%.
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LABS on PSC Analysis: Kiruna, 25 January 2000

Figure 3.

The interaction of low tropospheric winds with the Scandinavian Alps can create mesoscale
perturbations which propagate up to the middle atmosphere. In particular, the observation of 25
January was done on a PSC which formed under the temperature anomalies induced by such a
mesoscale perturbation. The second flight is depicted in Figures 3 and 4. During this flight the payload
crossed a polar stratospheric clouds for 6 times (3 ascents and 3 descents). Unfortunately, the
depolarisation measurements were available only during the first crossing (see Figure 3). Also in this
case the cloud looks quite stratified and the stratification was induced by the mesoscale perturbation.
This flight was particularly most favourable than the first one and all the instruments on the payload
were performing in their best conditions. The cloud was observed between 470 and 540 K of potential
temperature (approximately 21-23 km). It was confined in only 2 km and
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LABS on PSC Analysis: Kiruna, 25 January 2000

STS ? NAT STS

Figure 4.

its vertical structure was very stratified. The cloud was optically thicker than that one observed during
the first flight. Some layer presented a vertical thickness of few hundred meters. A detail of the first
part of the flight, where the LABS data set was complete, is reported in Figure 4. Backscattering
coefficient and depolarisation are depicted versus potential temperature. Air temperature and
geometrical temperature are given as reference. In this case the temperature is lower that the first flight
and the cloud in structured with layer of different type of particles. Four type-layers are encircled in
square boxes. The cloud appear like a sandwich: solid particles in the central part surrounded by liquid
particles on top and at the bottom. The signature of this is in the comparison of backscattering
coefficients and depolarisation. In the boxes identified by STS (Supercooled Ternary Solution), the
depolarisation is lower than pure molecular atmosphere and the backscattering coefficient reaches
values between 9 and 11x10-8m-1sr-1. Moderate high depolarisation (values between 3 and 6%) are
measured in the inner part of the cloud identified by NAT (Nitric Acid Tetrahydrate) due to the
presence of solid particles. The identification of the composition was given by the MPI mass
spectrometer mounted on the payload. Backscattering coefficients are scattered in a range 8-13x10-8m-

1sr-1. There is a thin layer at the interface between the STS and the NAT layers, identified by the “?”,
which present a no-clear signature and cannot be either in NAT or in STS typology. This fact is
confirmed by mass spectrometer measurements as well. This part of the cloud would need a more
detailed analysis by the comparison among the different instruments.
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In this report preliminary results have been reported. A more multi-instrumental data analysis is now in
progress. A certain number of publication have been already planned to be submitted for publication in
the next 1-2 years.
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OBJECTIVES FOR THE REPORTING PERIOD

In this project, Service d’Aéronomie was responsible for the deployment of the airborne lidar
LEANDRE, mounted on the French « Avion de Recherche Atmosphérique et de Télédétection »
(ARAT), a Fokker 27. The measured parameters, backscatter and depolarisation ratios at 532 nm, are
complementary to the balloon data. As for the balloon-borne instrumentation, LEANDRE operation
during THESEO included three different kinds of activities :

1.  Preparation of the instruments and of campaign logistics
2.  THESEO campaign
3.  Data interpretation

The reporting period corresponds to the THESEO campaign and data interpretation. During
the preparation phase, the instrument was tested and settled up for an optimal running and was installed
in the aircraft. Flight procedures were defined, in terms of flight authorisations for the aircraft and co-
ordination with the balloon flights. Then, during the campaign, data were acquired.

II. MAIN RESULTS OBTAINED: (methodology, results and discussions)

LEANDRE (Pelon et al., 1990) is a backscatter lidar. The Nd:Yag laser is frequency-doubled
to emit 10 pulses per second at a wavelength of 532 nm. The beam is emitted at 20° to the vertical and
perpendicular to the flight direction. The backscattered signal is collected on a 30 cm diameter
telescope and split into components polarised parallel and perpendicular to the laser emission, which
allows to distinguish between spherical and non-spherical scatterers. Each component is then detected
by a photomultiplier tube. Pulse energy and receiver gains are monitored. The signals are time resolved
using waveform transient recorders with a 2.5 Hz bandwidth and a resolution time of 200 ns. The data
is stored on magnetic tape for further analysis. Real time visualisation is available during flight.

During the preparation phase, both the LEANDRE instrument and the ARAT logistics were
prepared. The ARAT with LEANDRE on board arrived in Kiruna on 18 January 1999. Two ARAT
flights were planned in connection with each balloon flight : one upwind flight before balloon launch,
and a second flight tracking the balloon after launch.

The LEANDRE backscatter lidar on board the French reseach aircraft, ARAT/Fokker27, flew
in coordination with the PSC Analysis gondola on 25/01/200 evening. Two flights were performed.
The first flight, upwind before PSC Analysis launch, was made between Kiruna and Andoya, and
lasted almost 2 hours (take off at 18:30 UT, landing at 20:15 UT). The ARAT flew almost parallel to
the stratospheric winds at 50 hPa and 30 hPa (cap ~110-120, wind coming from cap ~300). During this
first flight, PSCs were observed between Kiruna and approximately the Norwegian boarder, between
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about 21 and 25 km in altitude. They presented a layered structure and strongly depolarized the lidar
signal. Backscatter ratio reached values up to 63 for the bottom layers and120 for the upper layers (see
figure 1). The depolarization, despite a higher backscatter ratio on perpendicular channel for the upper
layers was stronger for the bottom layers, respectively around 17% and 23% (see figure 2). Above and
after the Norwegian mountains, the signal was dominated by tropospheric clouds (between 8 and up to
12 km, likely the tropopause level). Nevertheless, between approximately the Norwegian boarder and
the region where tropospheric clouds were observed, no PSC was detected.

Figure 1 : Backscatter ratio at 18 :44 UT during the first
LEANDRE/ARAT flight on 25/01/200

Figure 2 : Depolarization ratio at 18 :44 UT during the first
LEANDRE/ARAT flight on 25/01/200

The second flight was made between Kiruna and South-East of Rovaniemi. The ARAT took off at
20:44 UT, that is, one hour after the PSC Analysis balloon launch, and landed at 23:15 UT. The
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position of the balloon was communicated in real time to the ARAT through the VHF station in
Esrange. The ARAT catched the balloon position at 21:05 UT, then reduced its flight speed in order to
follow the balloon at best. One track back was made slightly before reaching Rovaniemi. The tracking
of the balloon was very efficient. The "go back" decision was taken for safety reasons at 21:55 (landing
in Rovaniemi for refuelling would have been dangerous, due to bad surface meteorological conditions).
During this second flight, PSCs were observed on a very short distance, between Kiruna and the mid-
distance between Kiruna and the Finnish boarder, between about 20 and 22 km in altitude. As for the
PSCs observed during the first flight, they presented a layered structure. Meanwhile, the backscatter
ratio may be slightly less than for the first flight PSC. On the main part of this flight, PSC observation
was precluded by a more than 5 km thick layer of tropospheric clouds.

5�21�27���3;7#����6�2�10�1���>�1�5�;�1�7��

During a previous campaign, one of the air-screw of the ARAT was blasted by a lightning.
The time to repair and the ARAT only arrived in Kiruna the day of the first PSC Analysis gondola
flight, but too late in the evening to accompany the balloon.

V. CONCLUSIONS

The objectives for the reporting periods have been partly reached. Due to inexpected technical
problems on the aircraft, the ARAT was not able to make first coordinated flight with the PSC Analysis
balloon. For the second flight the procedures and the co-ordination were very good, in particular the
tracking of the balloon through VHF communication was very efficient. Unfortunately, meteorological
conditions were not suitable to provide good measurements during the downwind flight. Therefore,
during the upwind flight, strong PSCs were observed. Data were delivered to the Nilu database.
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I.            OBJECTVES

The main objective for the first reporting period was to prepare the modelling algorithms for the
analysis of the data of the  THESEO Campaign. The responsibility of the University of Geneva lies in
the provision of  analysis algorithms to investigate the micro-physical characteristics of the PSC
particles.  During this preparation stage, the algorithms had to be updated for the analysis  of lidar
depolarisation data in conjunction with in-situ measurements for the validation of the results of the
lidar retrieval.

The second period corresponds to the central part of the THESEO Campaign. The lidar depolarisation
data will be analysed in detail using non spherical scattering calculations. The particle size distribution,
calculated using  the OPC data results will be used for the validation of the  retrieval of the micro
physical characteristics of the PSC particles obtained using the  lidar data.

MAIN RESULTS OBTAINED

The wok of the University of Geneva have been centred on the update of the already existing
algorithms and on the development of new numerical tools for the analysis of the non spherical
scattering from the PSC particles. Particular attention has been devoted to the development of
algorithms for the estimation/ retrieval of the particle size form depolarisation measurements. The
relative influence of the refractive index and the particle shape, which is of a particular importance for
the joint analysis of the chemical and micro-physical properties of the PSC’s particles  have been
studied in detail. Numerical simulation of the scattering properties have been performed for small non-
spherical particles up to 2 �	���� ���� ��
� ��������� ��� ��� ���� �	�� ��
� �� ���
������ �����
���
calculations for small particles in a range between 0.1 and 2  �	� � ���
� �

� �����
�� ���� ����
algorithms based on “ Extended Boundary Condition Method” . The scattering properties of big ice
crystal particles have been performed using a geometrical optics. In both cases, a great variety of
particles  have been used. Results show that a mixture of different shape is the best approximation of
the micro-physical properties of the atmospheric cloud particles
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RQ� JHRPDJQHWLVP� VRODU�WHUUHVWULDO SK\VLFV� DQG SK\VLFV RI WKH PLGGOH DQG XSSHU DWPRVSKHUH�

5HSRUWV LQ WKH VHULHV ZLWKLQ WKH ODVW ILYH \HDUV�

1R� ����

3HWHU 6WDXQLQJ DQG 7�-� 5RVHQEHUJ�

+LJK�/DWLWXGH� GD\�WLPH DEVRUSWLRQ VSLNH HYHQWV

�� PRUSKRORJ\ DQG RFFXUUHQFH VWDWLVWLFV

1RW SXEOLVKHG

1R� ����

1LHOV /DUVHQ� 0RGHOOLQJ RI FKDQJHV LQ VWUDWRVSKH�

ULF R]RQH DQG RWKHU WUDFH JDVHV GXH WR WKH HPLVVLRQ

FKDQJHV � &(& (QYLURQPHQW 3URJUDP &RQWUDFW 1R�

(9�9�&7�������� &RQWULEXWLRQ WR WKH ILQDO UHSRUW

1R� ����

1LHOV /DUVHQ� %M¡UQ .QXGVHQ� 3DXO (ULNVHQ� ,E

6WHHQ 0LNNHOVHQ� 6LJQH %HFK $QGHUVHQ DQG

7RUEHQ 6WRFNIOHW -¡UJHQVHQ� ,QYHVWLJDWLRQV RI

R]RQH� DHURVROV� DQG FORXGV LQ WKH DUFWLF VWUDWRVSKH�

UH � &(& (QYLURQPHQW 3URJUDP &RQWUDFW 1R�

(9�9�&7�������� &RQWULEXWLRQ WR WKH ILQDO UHSRUW

1R� ����

3HU +¡HJ DQG 6WLJ 6\QGHUJDDUG� 6WXG\ RI WKH GH�

ULYDWLRQ RI DWPRVSKHULF SURSHUWLHV XVLQJ UDGLR�

RFFXOWDWLRQ WHFKQLTXH

1R� ����

;LDR�'LQJ <X� ;LDQJ�<X +XDQJ DQG /HLI /DXU�

VHQ DQG (ULN 5DVPXVVHQ� $SSOLFDWLRQ RI WKH +,5�

/$0 V\VWHP LQ &KLQD� KHDY\ UDLQ IRUHFDVW H[SHUL�

PHQWV LQ <DQJW]H 5LYHU 5HJLRQ

1R� ����

%HQW +DQVHQ 6DVV� $ QXPHULFDO IRUHFDVWLQJ V\VWHP

IRU WKH SUHGLFWLRQ RI VOLSSHU\ URDGV

1R� ����

3HU +¡HJ� 3URFHHGLQJ RI 856, ,QWHUQDWLRQDO &RQ�

IHUHQFH� :RUNLQJ *URXS $)*� &RSHQKDJHQ� -XQH

����� $WPRVSKHULF UHVHDUFK DQG DSSOLFDWLRQV XVLQJ

REVHUYDWLRQV EDVHG RQ WKH *36�*/21$66 6\VWHP

1RW SXEOLVKHG

1R� ����

-XOLH '� 3LHWU]DN� $ FRPSDULVRQ RI DGYHFWLRQ

VFKHPHV IRU RFHDQ PRGHOOLQJ

1R� ����

3RXO )ULFK �FR�RUGLQDWRU�� +� $OH[DQGHUVVRQ� -�

$VKFURIW� %� 'DKOVWU|P� *�5� 'HPDUpH� $� 'UHEV�

$�)�9� YDQ (QJHOHQ� (�-� )¡UODQG� ,� +DQVVHQ�

%DXHU� 5� +HLQR� 7� -yQVVRQ� .� -RQDVVRQ� /� .HH�

JDQ� 3��� 1RUGOL� 7� 6FKPLWK� 3� 6WHIIHQVHQ� +�

7XRPHQYLUWD� 2�(� 7YHLWR� 1RUWK $WODQWLF &OLPD�

WRORJLFDO 'DWDVHW �1$&' 9HUVLRQ �� � )LQDO UHSRUW

1R� ����

*HRUJ .M UJDDUG $QGUHDVHQ� 'DLO\ UHVSRQVH RI

KLJK�ODWLWXGH FXUUHQW V\VWHPV WR VRODU ZLQG YDULDWL�

RQV� DSSOLFDWLRQ RI UREXVW PXOWLSOH UHJUHVVLRQ� 0HW�

KRGV RQ *RGKDYQ PDJQHWRPHWHU GDWD

1R� ����

-DFRE :RJH 1LHOVHQ� .DUVWHQ %ROGLQJ .ULVWHQ�

VHQ� /RQQ\ +DQVHQ� ([WUHPH VHD OHYHO KLJKV� D

VWDWLVWLFDO WLGH JDXJH GDWD VWXG\

1R� ����

-HQV +HVVHOEMHUJ &KULVWHQVHQ� 2OH %¡VVLQJ &KUL�

VWHQVHQ� 3KLOLSSH /RSH]� (ULN YDQ 0HLMJDDUG� 0L�

FKDHO %RW]HW� 7KH +,5/$0� 5HJLRQDO $WPRVSKH�

ULF &OLPDWH 0RGHO

1R� ����

;LDQJ�<X +XDQJ� +RUL]RQWDO GLIIXVLRQ DQG ILOWH�

ULQJ LQ D PHVRVFDOH QXPHULFDO ZHDWKHU SUHGLFWLRQ

PRGHO

1R� ����

+HQULN 6YHQVPDUN DQG (LJLO )ULLV�&KULVWHQVHQ�

9DULDWLRQ RI FRVPLF UD\ IOX[ DQG JOREDO FORXG FRYH�

UDJH � D PLVVLQJ OLQN LQ VRODU�FOLPDWH UHODWLRQVKLSV

1R� ����

-HQV +DYVNRY 6¡UHQVHQ DQG &KULVWLDQ �GXP

-HQVHQ� $ FRPSXWHU V\VWHP IRU WKH PDQDJHPHQW RI

HSLGHPLRORJLFDO GDWD DQG SUHGLFWLRQ RI ULVN DQG H�

FRQRPLF FRQVHTXHQFHV GXULQJ RXWEUHDNV RI IRRW�

DQG�PRXWK GLVHDVH� &(& $,5 3URJUDPPH� &RQWUDFW

1R� $,5� � &7�������

1R� ����

-HQV +DYVNRY 6¡UHQVHQ� 4XDVL�DXWRPDWLF RI LQSXW

IRU /,1&20 DQG 5,038))� DQG RXWSXW FRQYHUVL�



RQ� &(& $,5 3URJUDPPH� &RQWUDFW 1R� $,5� �

&7�������

1R� ����

5DVKSDO 6� *LOO DQG +DQV +� 9DOHXU�

(YDOXDWLRQ RI WKH UDGDUVDW LPDJHU\ IRU WKH RSHUDWLR�

QDO PDSSLQJ RI VHD LFH DURXQG *UHHQODQG

1R� �����

-HQV +HVVHOEMHUJ &KULVWHQVHQ� %HQQHUW 0DFKHQ�

KDXHU� 5LFKDUG *� -RQHV� &KULVWRSK 6FKlU� 3DROR

0LFKHOH 5XWL� 0DQXHO &DVWUR DQG *XLGR 9LVFRQWL�

9DOLGDWLRQ RI SUHVHQW�GD\ UHJLRQDO FOLPDWH VLPXOD�

WLRQV RYHU (XURSH� /$0 VLPXODWLRQV ZLWK REVHUYHG

ERXQGDU\ FRQGLWLRQV

1R� �����

1LHOV /DUVHQ� %M¡UQ .QXGVHQ� 3DXO (ULNVHQ� ,E

6WHHQ 0LNNHOVHQ� 6LJQH %HFK $QGHUVHQ DQG

7RUEHQ 6WRFNIOHW -¡UJHQVHQ� (XURSHDQ 6WUD�

WRVSKHULF 0RQLWRULQJ 6WDWLRQV LQ WKH $UWLF� $Q

(XURSHDQ FRQWULEXWLRQ WR WKH 1HWZRUN IRU 'HWHFWLRQ

RI 6WUDWRVSKHULF &KDQJH �1'6&�� &(& (QYLURQ�

PHQW 3URJUDPPH &RQWUDFW (9�9�&7��������

'0, FRQWULEXWLRQ WR WKH ILQDO UHSRUW

1R� �����

1LHOV /DUVHQ� (IIHFWV RI KHWHURJHQHRXV FKHPLVWU\

RQ WKH FRPSRVLWLRQ RI WKH VWUDWRVSKHUH� &(& (Q�

YLURQPHQW 3URJUDPPH &RQWUDFW (9�9�&7���

����� '0, FRQWULEXWLRQ WR WKH ILQDO UHSRUW

1R� ����

(� )ULLV &KULVWHQVHQ RJ &� 6N¡WW� &RQWULEXWLRQV

IURP WKH ,QWHUQDWLRQDO 6FLHQFH 7HDP� 7KH �UVWHG

0LVVLRQ � D SUH�ODXQFK FRPSHQGLXP

1R� ����

$OL[ 5DVPXVVHQ� 6LVVL .LLOVKROP� -HQV +DYVNRY

6¡UHQVHQ� ,E 6WHHQ 0LNNHOVHQ� $QDO\VLV RI WUR�

SRVSKHULF R]RQH PHDVXUHPHQWV LQ *UHHQODQG� &RQ�

WUDFW 1R� (9�9�&7������� �'* �� '7((��

'0,¶V FRQWULEXWLRQ WR &(& )LQDO 5HSRUW $UFWLF

7URSKRVSKHULF 2]RQH &KHPLVWU\ $5&72&

1R� ����

3HWHU 7KHMOO� $ VHDUFK IRU HIIHFWV RI H[WHUQDO

HYHQWV RQ WHUUHVWULDO DWPRVSKHULF SUHVVXUH� FRVPLF

UD\V

1R� ����

3HWHU 7KHMOO� $ VHDUFK IRU HIIHFWV RI H[WHUQDO

HYHQWV RQ WHUUHVWULDO DWPRVSKHULF SUHVVXUH� VHFWRU

ERXQGDU\ FURVVLQJV

1R� ����

.QXG /DVVHQ� 7ZHQWLHWK FHQWXU\ UHWUHDW RI VHD�LFH

LQ WKH *UHHQODQG 6HD

1R� ����

1LHOV :RHWPDQ 1LHOVHQ� %MDUQH $PVWUXS� -HVV

8� -¡UJHQVHQ�

+,5/$0 ��� SDUDOOHO WHVWV DW '0,� VHQVLWLYLW\ WR

W\SH RI VFKHPHV IRU WXUEXOHQFH� PRLVW SURFHVVHV DQG

DGYHFWLRQ

1R� ����

3HU +¡HJ� *HRUJ %HUJHWRQ /DUVHQ� +DQV�+HQULN

%HQ]RQ� 6WLJ 6\QGHUJDDUG� 0HWWH 'DKO 0RUWHQ�

VHQ� 7KH *3626 SURMHFW

$OJRULWKP IXQFWLRQDO GHVLJQ DQG DQDO\VLV RI

LRQRVSKHUH� VWUDWRVSKHUH DQG WURSRVSKHUH REVHUYD�

WLRQV

1R� ����

0HWWH 'DKO 0RUWHQVHQ� 3HU +¡HJ�

6DWHOOLWH DWPRVSKHUH SURILOLQJ UHWULHYDO LQ D QRQOL�

QHDU WURSRVSKHUH

3UHYLRXVO\ HQWLWOHG� /LPLWDWLRQV LQGXFHG E\ 0XOWL�

SDWK

1R� ����

0HWWH 'DKO 0RUWHQVHQ� 3HU +¡HJ�

5HVROXWLRQ SURSHUWLHV LQ DWPRVSKHULF SURILOLQJ ZLWK

*36

1R� ����

5�6� *LOO DQG 0� .� 5RVHQJUHQ

(YDOXDWLRQ RI WKH 5DGDUVDW LPDJHU\ IRU WKH RSHUDWL�

RQDO PDSSLQJ RI VHD LFH DURXQG *UHHQODQG LQ ����

1R� ����

5�6� *LOO� +�+� 9DOHXU� 3� 1LHOVHQ DQG .�4�

+DQVHQ�8VLQJ (56 6$5 LPDJHV LQ WKH RSHUDWLRQDO

PDSSLQJ RI VHD LFH LQ WKH *UHHQODQG ZDWHUV� ILQDO

UHSRUW IRU (6$�(65,1¶V� SLORW SURMHNW QR�

33��33��'.� DQG �QG DQQRXQFHPHQW RI RSSRUWX�

QLW\ IRU WKH H[SORLWDWLRQ RI (56 GDWD SURMHNW 1R�

$2���'. ���

1R� ����

3HU +¡HJ HW DO�� *36 $WPRVSKHUH SURILOLQJ PHW�

KRGV DQG HUURU DVVHVVPHQWV

1R� ����

+� 6YHQVPDUN� 1� :RHWPDQQ 1LHOVHQ DQG $�0�

6HPSUHYLYD� /DUJH VFDOH VRIW DQG KDUG WXUEXOHQW

VWDWHV RI WKH DWPRVSKHUH

1R� ����

3KLOLSSH /RSH]� (LJLO .DDV DQG $QQHWWH *XOG�

EHUJ� 7KH IXOO SDUWLFOH�LQ�FHOO DGYHFWLRQ VFKHPH LQ

VSKHULFDO JHRPHWU\

1R� �����

+� 6YHQVPDUN� ,QIOXHQFH RI FRVPLF UD\V RQ HDUWK¶V

FOLPDWH



1R� �����

3HWHU 7KHMOO DQG +HQULN 6YHQVPDUN� 1RWHV RQ

WKH PHWKRG RI QRUPDOL]HG PXOWLYDULDWH UHJUHVVLRQ

1R� �����

.� /DVVHQ� ([WHQW RI VHD LFH LQ WKH *UHHQODQG 6HD

���������� DQ H[WHQVLRQ RI '0, 6FLHQWLILF 5HSRUW

����

1R� �����

1LHOV /DUVHQ� $OEHUWR $GULDQL DQG *XLGR 'L�

'RQIUDQFHVFR� 0LFURSK\VLFDO DQDO\VLV RI SRODU

VWUDWRVSKHULF FORXGV REVHUYHG E\ OLGDU DW 0F0XUGR�

$QWDUFWLFD

1R������

0HWWH 'DKO 0RUWHQVHQ� 7KH EDFN�SURSDJDWLRQ

PHWKRG IRU LQYHUVLRQ RI UDGLR RFFXOWDWLRQ GDWD

1R� �����

;LDQJ�<X +XDQJ� 9DULDWLRQDO DQDO\VLV XVLQJ

VSDWLDO ILOWHUV

1R� ����

+HQULN )HGGHUVHQ� 3URMHFW RQ SUHGLFWLRQ RI FOL�

PDWH YDULDWLRQV RQ VHDVRQHO WR LQWHUDQQXDO WLPH�

VFDOHV �3529267� (8 FRQWUDFW (19$��&7���

����� '0, FRQWULEXWLRQ WR WKH ILQDO UH�

SRUW�6WDWLVWLFDO DQDO\VLV DQG SRVW�SURFHVVLQJ RI

XQFRXSOHG 3529267 VLPXODWLRQV

1R� ����

:LOKHOP 0D\� $ WLPH�VOLFH H[SHULPHQW ZLWK WKH

(&+$0� $�*&0 DW KLJK UHVROXWLRQ� WKH H[SH�

ULPHQWDO GHVLJQ DQG WKH DVVHVVPHQW RI FOLPDWH

FKDQJH DV FRPSDUHG WR D JUHHQKRXVH JDV H[SHUL�

PHQW ZLWK (&+$0��23<& DW ORZ UHVROXWLRQ

1R� ����

1LHOV /DUVHQ HW DO�� (XURSHDQ VWUDWRVSKHULF PR�

QLWRULQJ VWDWLRQV LQ WKH $UWLF ,,� &(& (QYLURQPHQW

DQG &OLPDWH 3URJUDPPH &RQWUDFW (19��&7���

����� '0, &RQWULEXWLRQV WR WKH SURMHFW

1R� ����

$OH[DQGHU %DNODQRY� 3DUDPHWHULVDWLRQ RI WKH

GHSRVLWLRQ SURFHVVHV DQG UDGLRDFWLYH GHFD\� D UH�

YLHZ DQG VRPH SUHOLPLQDU\ UHVXOWV ZLWK WKH

'(50$ PRGHO

1R� ����

0HWWH 'DKO 0RUWHQVHQ� 1RQ�OLQHDU KLJK UHVROX�

WLRQ LQYHUVLRQ RI UDGLR RFFXOWDWLRQ GDWD

1R� ����

6WLJ 6\QGHUJDDUG� 5HWULHYDO DQDO\VLV DQG PHWKR�

GRORJLHV LQ DWPRVSKHULF OLPE VRXQGLQJ XVLQJ WKH

*166 UDGLR RFFXOWDWLRQ WHFKQLTXH

1R� ����

-XQ 6KH� -DFRE :RJH 1LHOVHQ� 2SHUDWLRQDO ZD�

YH IRUHFDVWV RYHU WKH %DOWLF DQG 1RUWK 6HD

1R� ����

+HQULN )HGGHUVHQ� 0RQWKO\ WHPSHUDWXUH IR�

UHFDVWV IRU 'HQPDUN � VWDWLVWLFDO RU G\QDPLFDO"

1R� ����

3� 7KHMOO� .� /DVVHQ� 6RODU IRUFLQJ RI WKH

1RUWKHUQ KHPLVSKHUH DLU WHPSHUDWXUH� QHZ GDWD

1R� �����

7RUEHQ 6WRFNIOHW -¡UJHQVHQ� $NVHO :DOO¡H

+DQVHQ� &RPPHQW RQ ³9DULDWLRQ RI FRVPLF UD\

IOX[ DQG JOREDO FRYHUDJH � D PLVVLQJ OLQN LQ VRODU�

FOLPDWH UHODWLRQVKLSV´ E\ +HQULN 6YHQVPDUN DQG

(LJLO )ULLV�&KULVWHQVHQ

1R� �����

0HWWH 'DKO 0HLQFNH� ,QYHUVLRQ PHWKRGV IRU DW�

PRVSKHULF SURILOLQJ ZLWK *36 RFFXOWDWLRQV

1R� �����

%HQ]RQ� +DQV�+HQULN� 2OVHQ� /DXVW� 6LPXODWL�

RQV RI FXUUHQW GHQVLW\ PHDVXUHPHQWV ZLWK D )DUD�

GD\ &XUUHQW 0HWHU DQG D PDJQHWRPHWHU

1R� �����

+¡HJ� 3�� /HSSHOPHLHU� *� $&(� $WPRVSKHUH

&OLPDWH ([SHULPHQW� SURSRVHUV RI WKH PLVVLRQ

1R� �����

+¡HJ� 3�� )$&(�,7� )LHOG�$OLJQHG &XUUHQW ([SH�

ULPHQW LQ WKH ,RQRVSKHUH DQG 7KHUPRVSKHUH

1R� �����

$OODQ *URVV� 6XUIDFH R]RQH DQG WURSRVSKHULF

FKHPLVWU\ ZLWK DSSOLFDWLRQV WR UHJLRQDO DLU TXDOLW\

PRGHOLQJ� 3K' WKHVLV

1R� �����

+HQULN 9HGHO� &RQYHUVLRQ RI :*6�� JHRPHWULF

KHLJKWV WR 1:3 PRGHO +,5/$0 JHRSRWHQWLDO

KHLJKWV

1R� �����

-pU{PH &KHQHYH]� $GYHFWLRQ H[SHULPHQWV ZLWK

'0,�+LUODP�7UDFHU

1R� �����

1LHOV /DUVHQ� 3RODU VWUDWRVSKHULF FORXGV PLFUR�

SK\VLFDO DQG RSWLFDO PRGHOV

1R� �����

$OL[ 5DVPXVVHQ� -HQV +DYVNRY 6¡UHQVHQ� 1LHOV

:RHWPDQQ 1LHOVHQ DQG %MDUQH $PVWUXS�

8QFHUWDLQW\ RI PHWHRURORJLFDO SDUDPHWHUV IURP

'0,�+,5/$0� 52'26�:*��71������� (8�

&RQWUDFW ),�3�&7�������



1R� �����

$�/� 0RUR]RYD� 6RODU DFWLYLW\ DQG (DUWK¶V ZHD�

WKHU� (IIHFW RI WKH IRUFHG DWPRVSKHULF WUDQVSDUHQ�

F\ FKDQJHV RQ WKH WURSRVSKHUH WHPSHUDWXUH SURILOH

VWXGLHG ZLWK DWPRVSKHULF PRGHOV

1R� �����

1LHOV /DUVHQ� %M¡UQ 0� .QXGVHQ� 0LFKDHO

*DXVV� *LRYDQQL 3LWDUL� (IIHFWV IURP KLJK�VSHHG

FLYLO WUDIILF DLUFUDIW HPLVVLRQV RQ SRODU VWUDWRVSKH�

ULF FORXGV

1R� �����

6¡UHQ $QGHUVHQ� (YDOXDWLRQ RI 660�, VHD LFH DO�

JRULWKPV IRU XVH LQ WKH 6$) RQ RFHDQ DQG VHD LFH�

-XO\ ����

�,Q 3UHVV�

1R� �����

&ODXV 3HWHUVHQ� 1LHOV :RHWPDQQ 1LHOVHQ�

'LDJQRVLV RI YLVLELOLW\ LQ '0,�+,5/$0

1R� �����

(ULN %XFK� $ PRQRJUDSK RQ WKH SK\VLFDO RFHD�

QRJUDSK\ RI WKH *UHHQODQG ZDWHUV

�,Q 3UHVV�

1R� �����

0LFKDHO 6WHIIHQVHQ� 6WDELOLW\ ,QGLFHV DV ,QGLFD�

WRUV RI /LJKWQLQJ DQG 7KXQGHU�

1R� �����

%MDUQH $PVWUXS� .ULVWLDQ 6� 0RJHQVHQ DQG

;LDQJ�<X +XDQJ� 8VH RI *36 REVHUYDWLRQV LQ

DQ RSWLPXP LQWHUSRODWLRQ EDVHG GDWD DVVLPLODWLRQ

V\VWHP�

1R� �����

0DGV +YLG 1LHOVHQ� '\QDPLVN EHVNULYHOVH RJ

K\GURJUDILVN NODVVLILNDWLRQ DI GHQ M\VNH N\VW�

VWU¡P�

1R� �����

.ULVWLDQ 6� 0RJHQVHQ� -HVV 8� -¡UJHQVHQ�

%MDUQH $PVWUXS� ;LDRKXD <DQJ DQG ;LDQJ�<X

+XDQJ� 7RZDUGV DQ RSHUDWLRQDO LPSOHPHQWDWLRQ

RI +,5/$0 �'�9$5 DW '0,�

1R� �����

.DL 6DWWOHU DQG ;LDQJ�<X +XDQJ� 6WUXFWXUH

)XQFWLRQ &KDUDFWHULVWLFV IRU � PHWHU 7HPSHUDWXUH

DQG 5HODWLYH +XPLGLW\ LQ 'LIIHUHQW +RUL]RQWDO

5HVROXWLRQV�

1R� �����

1LHOV /DUVHQ� ,E 6WHQ 0LNNHOVHQ� %M¡UQ 0�

.QXGVHQ� .� 0DXHUVEHUJHU� -� 6FKUHLQHU� &�

9RLJW� $� .RKOPDQQ� -� 2YDUOH]� +� 2YDUOH]� -�

&UHVSLQ� %� *DXELFKHU� $� $GULDQL� )� &DLUR� )�

&DUGLOOR� *� 'L 'RQIUDQFHVFR� 5� 0RUELGLQL� /�

3XOYLUHQWL� 0� 9LWHUELQL� &� 'DYLG� 6� %HNNL� *�

0pJLH� &� )OHVLD� $� 6WDUNRY� 7� 'HVKOHU� &�

.U|JHU� -� 5RVHQ DQG 1� .MRPH� ,Q�VLWX DQDO\VLV

RI DHURVROV DQG JDVHV LQ WKH SRODU VWUDWRVSKHUH � $

FRQWULEXWLRQ WR 7+(6(2� (QYLURQPHQW DQG &OL�

PDWH 5HVHDUFK 3URJUDPPH� &RQWUDFW 1R (19��

&7�������� )LQDO 5HSRUW�

1R� �����

%MDUQH $PVWUXS� (8&26 REVHUYLQJ V\VWHP H[�

SHULPHQWV ZLWK WKH '0,�+,5/$0 2SWLPXP ,Q�

WHUSRODWLRQ DQDO\VLV DQG IRUHFDVWLQJ V\VWHP�




