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Abstract

During the Arctic Study of Tropospheric Aerosol, Clouds and Radiation (ASTAR) in
March and April 2007, measurements obtained at the AWIPEV Research station in Ny-
Alesund, Spitsbergen (operated by the Alfred-Wegener-Institute for Polar and Marine
Research and the Institut polaire francais Paul-Emile Victor), supported the airborne
campaign. This included Lidar data from the Koldewey Aerosol Raman Lidar (KARL)
and the Micro Pulse Lidar (MPL), located in the atmospheric observatory as well as
photometer data and the daily launched radiosonde. The MPL features nearly continu-
ous measurements; the KARL was switched on whenever weather conditions allowed
observations (145h in 61 days). From 1 March to 30 April, 71 meteorological balloon
soundings were performed and compared with the corresponding MPL measurements;
photometer measurements are available from 18 March. For the KARL data, a statisti-
cal overview based on the optical properties backscatter ratio and volume depolariza-
tion can be given. The altitudes of the occurrence of the named features (subvisible
and visible ice and water as well as mixed-phase clouds, aerosol layers) as well as their
dependence on different air mass origins are analyzed. Although the spring 2007 was
characterized by rather clean conditions, diverse case studies of cloud and aerosol oc-
currence during March and April 2007 are presented in more detail, including temporal
development and main optical properties as backscatter, depolarization and extinction
coefficients. Links between air mass origins and optical properties can be presumed
but need further evidence.

1 Introduction

The Arctic is considered to be a sensitive indicator of climate change due to a large
number of special interactions and feedback mechanisms (Curry et al., 1996). Es-
pecially aerosols and clouds have a significant influence on the solar and terrestrial
radiation budget (Shupe and Intrieri, 2004; Quinn et al., 2007). Their evolution as well
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as sources and sinks respectively formation and dissipation are not yet entirely under-
stood. Therefore, data collection by ground-based and airborne experiments in this
remote region is important (Solomon and Qin, 2007).

The ASTAR 2007 campaign was a follow-up of two aircraft campaigns in the Arctic in
2000 (Yamanouchi et al., 2005) and 2004 (Engvall et al., 2008), mainly focused on the
measurement of aerosol and cloud properties in the polar troposphere. During ASTAR
2007, two research aircraft operating from the airport of Longyearbyen/Svalbard at 78°
North were supported by ground based measurements from the AWIPEV Research
station in Ny-Alesund amongst others. The campaign was conducted from 26 March
until 18 April to capture the end of the Arctic Haze season where pollution events are
expected to occur in the Arctic (Herber et al., 2002).

Arctic Haze (Quinn et al., 2007) in early spring and forest fires during summer (Stohl
et al., 2007) are considered to be the main sources of optically active aerosols entering
the Arctic. Although the non-seasalt (nss) sulphate transport into the Arctic in spring
time decreased significantly after the early nineties (Quinn et al., 2007), Haze events
remain one of the most important air pollution events in this region for at least two
reasons: first during snowmelt the Arctic is especially climatologically sensitive due to
the surface albedo effect (Stone et al., 2002) and second, the strongly developing east
Asian countries (and potentially Russia) will possibly contribute to relevant emissions in
the future (Koch and Hansen, 2005) at least in higher tropospheric layers (Stohl, 2006).
While our knowledge about the pollution pathways into the Arctic improved significantly
in recent years (Law and Stohl, 2007) a realistic aerosol forecast in this remote re-
gion is still not possible as aerosol removal processes are insufficiently known and
depend critically on the amount of water vapor and atmospheric trace gases. Particles
around 0.2 um size have the longest lifetime (Twomey, 1977) and can remain as long
as 30days in the dry wintertime Arctic troposphere with its inhibited turbulent mixing
(Shaw, 1995).

Herber et al. (2002) presented a 9 year time series of aerosol optical depth (AOD)
for Ny-Alesund, Spitsbergen derived by sun and star photometer which showed a con-
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stant level of aerosol contamination in time, despite of a general reduction of sulfur
measured at the near by Zeppelin station (Quinn et al., 2007). However, a continuous
time series of lidar observations for an analysis of the vertical distribution, size and
phase of occurring aerosol is still missing for Spitsbergen as lidar observations can
only be performed at clear sky conditions with thin clouds or aerosols that do not blind
the photomultipliers. Additionally, continuous measurements require a manpower that
is only available during campaigns like ASTAR.

While the ASTAR 2000 campaign was focused on tropospheric aerosol and radiation,
for ASTAR 2004 and 2007 the research field was widened to cloud analysis. So far,
Arctic clouds have mainly been investigated in different campaigns in the North Amer-
ican part of the Arctic e.g. during the Mixed-Phase Arctic Cloud Experiment (M-PACE
2004, Verlinde et al., 2007), the First International Satellite Cloud Climatology Project
Regional Experiment Arctic Cloud Experiment (FIRE ACE 1998, Curry et al., 2000) or
the Surface Heat Budget of the Arctic Ocean Project(SHEBA 1997-1998, Intrieri et al.,
2002). As the Spitsbergen area is influenced by the Gulf Stream and hence warmer
and characterized by different air mass pathways and a different orography than the
same latitudes in the North American part of the Arctic, occurrence, properties and
impact of clouds as well as aerosols can be very differing.

The total Arctic cloud cover varies seasonally with low cloud cover during winter (40—
80%) and higher values during summer (80—90%) (Curry et al., 1996; Intrieri et al.,
2002; Schweiger et al., 1999; Shiobara et al., 2003) as well as regionally e.g. due to
local meteorological conditions. Even an annual variation with North Atlantic oscillation
(NAO) phase is possible (Intrieri et al., 2002).

Clouds show a variety of different forms and therefore scattering properties. Within
the Arctic troposphere one can distinguish ice clouds, water clouds and mixed-phase
clouds whereas the latter ones are the most difficult to describe (Morrison et al., 2008).
Characteristic features of mixed-phase clouds include the occurrence of a liquid layer
on top of the cloud (Shupe et al., 2008) and the frequent existence of clouds within the
boundary layer close to temperature inversions (Kahl, 1990).
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The challenges for precise cloud parameterization in the Arctic were recently pointed
out by Wyser et al. (2008) in a comparison of 8 current regional climate models. The
models were validated against cloud properties obtained during the SHEBA campaign
(Curry et al., 1996). Currently, cloud parameterizations distinguish ice and liquid phase
of mixed-phase clouds mainly as a function of temperature alone and are in need of
improvement of Arctic cloud parametrization (Vavrus and Waliser, 2008). On the other
hand measurements have shown that the liquid water content at low temperatures is
sometimes higher than expected and that apart from temperature other parameters as
cooling rates must be considered as well (Pinto et al., 2001). The influence of Arctic
aerosol on climate and radiation budget has been discussed in Treffeisen et al. (2005)
and Rinke et al. (2004). Even small and uniformly distributed aerosol significantly al-
tered the atmospheric state. Hence, especially in this relatively pristine environment
the precise description of aerosol properties and clouds in climate models is of impor-
tance.

The AWIPEYV research station in Ny-AIesund, Spitsbergen, a uniquely well equipped
Arctic laboratory, provides long term remote sensing technologies. In this study we
combined lidar, sun photometer and balloon sounding measurements to characterize
the Arctic atmosphere in March and April 2007. As observational data in the Arctic are
sparse and model parameterizations are usually tested against older campaign data,
we used the special opportunity to run the KARL lidar (Ritter et al., 2004) between 1
March and 30 April at almost all times when there were no thick clouds, which would
have affected the photomultipliers. Removing all data sets where multiple scattering oc-
curred (predominantly at higher cirrus clouds), about 145 h of lidar data were gathered.
This allows us to give a statistical overview of the Arctic spring time in the year 2007.
Due to the high inter annual variability of the Arctic climate (Eckhardt et al., 2003) this
analysis is still only a snapshot, observations of other years might differ substantially.
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2 Meteorological conditions in March and April 2007

In this chapter, an overview on the meteorological data obtained with radiosonde
launches and photometer measurements as well as calculations of backward trajec-
tories are presented.

2.1 Balloon soundings

Within the analyzed two months period, 71 weather balloons with Vaisala RS92 ra-
diosondes (Vomel et al., 2007) have been launched at the AWIPEV base (38 in March
and 33 in April). The soundings provide profiles of air temperature, relative humidity,
wind speed and wind direction usually up to the mid stratosphere. The temperature
T is measured using a capacitive wire and can be obtained with a resolution of 0.1 K
and a total uncertainty of 0.2K in the troposphere. The relative humidity RH can be
measured between 0 and 100% with an accuracy of 5% and a resolution of 1% (Wahrn
et al., 2004) but is considered to be less reliable at cold temperatures and above the
troposphere (Treffeisen et al., 2007).

2.1.1 Temperatures

An overview of the temporal temperature evolution is given in Fig. 1. The temperature
on the ground varied between 255 and 275 K. The tropopause was calculated using
the World Meteorological Organization (WMO) definition (WMO, 2008) and is marked
with red dots in Fig. 1. Its height varied between 7 and 10 km with temperatures of 200
to 225 K. In mid April stratospheric temperatures increased due to the the break-up of
the polar vortex.

A frequent Arctic phenomenon are low level temperature inversions, which are com-
plicated to describe inhibiting the mixing of surface-level air with that of the overlying
free troposphere and thus playing an important role in the dynamics of the Arctic plane-
tary boundary layer (Kahl, 1990). We analyzed the occurrence of inversions below 6 km
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altitude using the 71 obtained temperature profiles in the original resolution of minimum
5s read-out, which equates to a resolution of ca. 25m. The algorithm added up the
temperature difference between two adjacent height steps as long as it was positive.
In Fig. 1 temperature inversions of more than 2K are marked with blue dots. In March
they were observed frequently, declining in April. The white dots mark the surface-
based temperature inversions above 0.25K, whose inversion base was below 25m
(Kahl, 1990), lower temperature differences were neglected due to signal noise. 16
out of the 20 surface-based inversions were observed in March, including the 4 events
with surface-based inversions above 2 K. By beginning of March, the radiation deficit
is reduced by a rapid increase in solar flux. Therefore the surface temperature rises in
spring and the thermal stability near the surface decreases. Simultaneously the cloudi-
ness also increases, weakening the inversion through the increased longwave radiative
flux to the surface.

2.1.2 Relative humidity

Another quantity measured by the Vaisala sondes is the relative humidity. It can be
seen that the relative humidity decreases with height as well (Fig. 2). Below 1 km the
relative humidity was above 30%, decreasing towards higher altitudes and no higher
values than 70% above 7 km. Also, it showed a very high day-to-day variability.

For comparison with lidar data, we calculated the relative humidity over ice using the
Goff Gratch equation (Buck, 1981). It showed higher values of up to 120%, saturation
also occurred in the upper troposphere and is often used for comparison with lidar data
(see Sect. 4).

2.2 Aerosol optical depth and backward trajectories

The optical depth was measured using a sun photometer type SP1A produced by
Dr. Schulz and Partner GmbH. The SP1A has a field of view of 1° and covers a spectral
range from 350 nm to 1050 nm in 17 channels. A detailed description of the instru-
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ment and the performed measurements in Ny-Alesund can be found in Herber et al.
(2002). Due to the polar night conditions, first measurements could not be done be-
fore 18 March. The obtained aerosol optical depth (AOD) at 500 nm was determined
to 0.05+0.02 in March with an increasing tendency in April (0.08+0.03). Compared
to the mean values for the period from 1995 to 2008 of 0.1 this is comparably low.
These low values already indicate that from the point of view of optical remote sens-
ing instruments the spring 2007 was very clear with a paucity of obvious Arctic Haze
events.

To determine the dominating weather patterns during March and April 2007, three-
dimensional backward trajectories were calculated using the Pole-Equator-Pole-Tracer
(PEP-Tracer) model (Orgis et al., 2009) with wind fields from the European Center for
Medium Range Weather Forecast (ECMWF). For each day 5-day backward trajectories
at 3 pressure levels (500, 700 and 850 hPa) and 4 starting times per day (00:00, 06:00,
12:00 and 18:00 UTC — coordinated universal time) were calculated using ensemble
calculations of ca. 1000 trajectories. The statistical spread of the trajectory ensembles
was determined to be £400 km. A use of longer trajectories is not reasonable as the cu-
mulative errors in the particle location become very large. Cluster analysis with a total
number of 8 clusters was performed to classify the trajectories into transport patterns,
analyzing the spacial variance between different trajectories. The number of 8 clusters
was found to be optimal for the Ny-Alesund region by Eneroth et al. (2003), who did a
similar analysis for the 10-year period from 1992-2001. For further analysis the trajec-
tories arriving at 700 hPa were considered as they characterize the mid-troposphere
and the main patterns were similar for the two other pressure levels. In Fig. 3 the
trajectories for the 700 hPa level merged to 8 different clusters are shown. The cluster
analysis in (Eneroth et al., 2003) identifies cluster 1, 2 and 4 (transport from Eurasia) to
be more frequent in March and April than during the rest of the year (47.1% compared
to 39.6%) for the 10-year-period 1992—-2001. In our analysis for 2007, the value is with
30.0% even lower than the annual mean (see Table 1).

Comparing the ASTAR time period (26 March to 18 April) with the whole two months,
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strong differences are apparent. During ASTAR, the clusters 6 and 7, representing
winds from the Canadian Arctic and the Beaufort Sea are prevalent (40.2% compared
to 31.1% in March and April), while cluster 2, 5 and 8, showing transport from the
European continent and the central Arctic are underrepresented (20.8% compared to
49.6% in March and April). This documents the very clean atmospheric conditions
during the ASTAR campaign possibly due to less pollution sources in northern Canada
(Law and Stohl, 2007).

3 Cloud statistics from lidar measurements

For the cloud statistics, the complete available dataset of the two lidar systems was
analyzed. The MPL data (1368 h) were used for a comparison with the temperature and
relative humidity profiles obtained with the proximate balloon sounding (Sect. 3.1.1)
and in a second analysis to retrieve a general overview in terms of cloud altitudes
(Sect. 3.1.2). The KARL data (145 h) were examined to separate between aerosol and
cloud events and to analyze trends in depolarization and backscatter values depending
on the altitude and corresponding backward trajectory.

For the analysis of the retrieved signal profiles, the Klett algorithm (Klett, 1981) was
used. Assuming a constant lidar ratio LR defined as the quotient between the aerosol
backscatter coefficient 3*°" (BC) and the aerosol extinction coefficient a®°" , profiles of
B2 were calculated. The backscatter ratio (BSR) for a given wavelength 1 at range z
is defined as

ray aer
BSR(1,2) = 4D+ (1.2) (1)
B™(A, z)
where B is the molecular Rayleigh backscatter coefficient. Note that aerosol
backscattering refers to larger particles which also includes cloud droplets or crystals.
If not further specified, BSR always corresponds to the particle/aerosol backscatter
ratio in 532 nm (523 nm for the MPL).
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Furthermore, the volume depolarization (VD) can be estimated measuring the
backscattered signal in parallel and perpendicular polarization to the polarization of
the transmitted beam.

perp
VD4, z) = P—(/lz) (2)
prar(}, z)
Assuming a background value of 1.4% which occurs due to Rayleigh scattering in the
clear atmosphere, the quotient is normalized in the aerosol and cloud free atmosphere
in 14km altitude. The volume depolarization is an indicator for particle shapes and
hence state of aggregation (Pal and Carswell, 1973) and can be measured with KARL
for the elastic 532 nm channel.

Measurement of the backscatter ratio at different wavelengths allow the calculation

of the color ratio CR, which is a measure of the particle size.

_ BSR(14,2) -1
" BSR(1,,2) -1
A color ratio close to unity indicates small particles, while large CR values indicate
large particles compared to the wavelength. In this paper CR in the visible (532 nm)

refers to Ay=1064nm and 1,=532nm, CR in the UV to 1,=532nm and 1,=355nm,

respectively.
The spectral dependence of the AOD 7 with the wavelength 1 is expressed by the
Angstrom exponent a

(1) x A~9 (4)

CR(11, 15, 2) with 1, > 1, (3)

The Angstrém exponent provides additional information on the particle size, the larger
the exponent, the smaller the particles.

Multiple scattering causes the lidar return signal from clouds to increase with increas-
ing receiver field of view (FOV) (Eloranta, 1998) and optical thickness of the cloud (Hu
et al., 2006; Cho et al., 2008). For the MPL multiple scattering can be neglected as it
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has no significant influence on the qualitative cloud altitude detection. KARL statistics
refer to rather clear conditions, a few data sets with clouds showing multiple scattering
(approx. at BSR>40 in 5 km altitude) have been removed.

3.1 MPL statistics

The micro pulse lidar (MPL) is a compact, continuously operating lidar system (Welton
and Campbell, 2002), that is running on a twenty-four hour operation basis at AWIPEV
research station and maintained by the base personnel since June 2003. It uses a
Nd:YLF laser (1=523.5nm) and a Schmidt-Cassegrain telescope with 20 cm diameter
for laser transmission and receiving. The main parameters of the system are listed in
Shiobara et al. (2003). The measured backscatter profiles cover a range of 60 km with
a vertical resolution of 30 m and a temporal average of 1 min. The system was working
continuously over the whole 2 months period with some data losses (14 days) due to
snow on the window, which has to be removed manually. For further analysis the data
from 1 March until 30 April was averaged to means of 10 min, background corrected
and cut above 21 km. For 10 altitude intervals of 1 km width, the retrieved BSR profiles
were analyzed to find cloud structures within the interval using different thresholds for
the difference between two adjacent BSR values. For each altitude interval beginning at
the surface, values above 0.1 increasing for at least 3 height steps or a single BSR peak
difference of minimal 0.2 were needed to detect a cloud. Furthermore, in case of low
cloud detection (below 5km) the detection of clouds above 5km was only accepted to
be true if the signal to noise ratio (SNR) between 5.5 and 10 km was above a threshold
value of 15. Therefore the data about the occurrence of clouds in the upper intervals
is less reliable. Profiles with snow on the window can also be detected, looking for a
strong backscatter peak at an altitude below 300 m.
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3.1.1 Comparison with radiosondes

As the balloons take about 30 min to reach the tropopause, the start time of the ra-
diosonde was used to find the three temporally following MPL profiles. The profiles
were averaged and the backscatter ratio was calculated with the Klett algorithm (Klett,
1981).

The following analysis was done for 57 balloon soundings as in the other cases the
MPL window was covered with snow. For the analysis shown in Fig. 4 the 57 temper-
ature profiles were averaged over the 10 altitude intervals, for each interval maximum
relative humidity was listed. On the x-axis, the relative humidity and temperature are
plotted respectively, on the y-axis the altitude interval, color coded is the frequency of
occurrence of clouds in the particular interval. One has to be aware of the fact that due
to the averaging process, peak values in temperature are suppressed. In addition the
movement of the balloons in zonal and meridional direction can not be ignored. The
comparison with the humidity data shows that below 7 km, no clouds at a mean relative
humidity below 60% were observed. For the humidity over ice, clouds were only de-
tected in altitude intervals with at least 50% relative humidity over ice (not shown). For
the actual formation of clouds, the peak values are expected to be higher as our anal-
ysis uses averaged data and is only suitable for estimating minimal values. Although
clouds mainly occur above 230K, clouds were also found in higher altitudes at temper-
atures of 210K . For the temperature analysis, the averaging error is small compared
to the general lack of high cloud detection due to thicker low clouds (Shiobara et al.,
2006). Further analyses with the KARL depolarization channel will be done in Sect. 3.2
to estimate the respective cloud phase.

3.1.2 Cloud altitudes and cloud fraction

As described in Lampert et al. (2009) the ASTAR 2007 cloud cover analysis over Ny-
Alesund showed an increasing fraction of low level and boundary layer clouds in the
second half of April. Here, this analysis is redone using the algorithm above for the
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whole set of 10-min profiles. The choice of 1-km-intervals within the troposphere can
be justified with the vertical resolution of current climate models (Pfeiffer, 2006), which
averages 9 to 10 levels between 850 and 300 hPa. The frequency of cloud occurrence
in the different altitude intervals is marked with the dashed green curve in Fig. 5. Pro-
files with snow on the window (14 days total) are not considered. Low clouds between
1 and 4 km dominate, while there is another peak for the higher clouds between 7 and
8 km. The clear sky fraction, which is the fraction of time where the MPL did not detect
any cloud in any altitude interval is estimated to be 33%. To calculate the total occur-
rence of cloud cover one would have to guess the cloudiness for the time fraction were
the window was snow covered. Assuming this cloudiness to be 100% in the worst case
and 67% as in the snow-free times in the best case, the total occurrence of clouds can
be estimated to be between 67 and 78%. Other measurements on site carried out by
Shiobara et al. (2003) showed about 85% cloud cover in March and April 2002. During
the SHEBA campaign the cloud fraction in March/April 1998 was detected to be 83%
while ISCCP satellite measurements for the Arctic regions in 1998 show lower values
of 63% (Intrieri et al., 2002; Curry et al., 1996).

3.2 KARL statistics

The Koldewey Aerosol Raman Lidar (KARL) is a Nd:YAG based Raman lidar. It mea-
sures the elastically backscattered light in three wavelengths (355 nm, 532nm and
1064 nm) as well as the N, shifted lines from the 2nd and 3rd harmonic. Additionally, a
water vapor channel at 407 nm as well as depolarization at 532 nm are recorded. From
the two N, shifted lines 387 nm and 607 nm, the extinction coefficient can be deter-
mined, making KARL a “3+2” Raman lidar. In the ASTAR 2007 configuration the field
of view of the 30 cm mirror was 0.83 mrad. In November 2006 a new laser (Spectra Pro
290-50), which works at 50 Hz and yields more than 10 W at 355 nm and 532 nm and
20W at 1064 nm, was installed in the lidar, increasing the energy output by a factor of 5
which significantly improved the data quality (Ritter et al., 2008). After beam widening
the laser had an effective divergence of 0.5 mrad. With 10 min integration time and
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60 m height resolution the elastic wavelengths are easily evaluable up to 25 km altitude
in daylight conditions.

KARL can only be operated when the backscattered fraction of the light is not too
strong in order not to damage the photomultipliers. This inhibits the evaluation of opti-
cally thick clouds with high backscatter, especially in the lower altitudes as the dynamic
range of lidar return signals is a function of distance Z%. Therefore, the available dataset
is much smaller than the MPLs data set and a statistical evaluation of cloud occurrence
in the strict sense is impossible.

However, we analyzed the frequency of occurrence of different atmospheric struc-
tures and classified them according to BSR and VD. For the following analysis all 798
10-min profiles were considered. Within this section, all values were calculated as
means in the same altitude intervals used for the MPL cloud analysis in Sect. 3.1.2,
while the case studies in Sect. 4 are conducted with the 10 min and 60 m resolution.
The mean backscatter ratio at 532 nm and depolarization values depending on the al-
titude interval can be seen in Fig. 5. Less or thinner clouds were observed between
3 and 5km, the strongest depolarization occurred between 6 and 10km. This fea-
ture of height-increasing depolarization has been found in different studies (Sassen
and Benson, 2001) but generally for higher tropospheric temperatures. A quantitative
comparison with the MPL data is not possible due to the different data sets and their
respective limitations.

Table 2 summarizes the occurrence of observed backscatter ratio at 532 nm for
selected height intervals. The median value and the percentile distribution of the
backscatter ratio for height intervals in the troposphere are given. The mean value
would have been affected by the few strongest cloud cases. As expected, generally
the backscatter ratio decreases with altitude. The strongest signals BSR>2, astonish-
ingly, are observed most frequently in a layer of 4-5km altitude. We rate this as a real
feature, because cases with BSR>10 which might have led to a saturation of the pho-
tomultipliers in low, but not in higher altitudes, have not been considered in this table.
These values are thought as a guideline for possible verification of climate modeling.
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3.2.1 Scatterplots

For the analysis of the backscatter ratio BSR and the respective volume depolarization
VD, Fig. 6 shows a scatter plot with different symbols for the different altitude intervals.
High depolarization with low backscatter values indicating thin cirrus clouds is found
between 4 and 8 km, while the opposite indicating water clouds can be found in the
lowest 3 intervals. The interval between 0 and 1 km was neglected as the data are not
reliable due to an incomplete overlap function. Mean values over the altitude intervals
are shown, some water clouds or water layers with little VD and BSR average out and
peak values can exceed the shown ones.

In Fig. 7 the characteristics for the two altitude intervals from 2 to 3 and 3 to 4 km de-
pending on the origin of the air masses are plotted. Each 10-min interval was assigned
to the temporally closest calculated backward trajectory in 700 hPa (see Sect. 2.2),
color coded is the corresponding cluster number. Volume depolarization below 1.8%
with increased BSR of more than 2 was only found for cluster 5, 7 and 8 which cor-
responds to air masses from Western Europe/East Atlantic, the Beaufort Sea and the
central Arctic. This might be due to cyclones originating over the Atlantic and bring-
ing warm air masses which leads to less formation of highly depolarizing ice particles.
High volume depolarization above 10% with BSR>2 occurred in air masses 3, 4, 6 and
7, originating over the Atlantic, Western Siberia and the Canadian Arctic. Medium VD
between 1.8 and 10% was detected in air masses from the Canadian and the Central
Arctic as well as from Europe (cluster 2, 6-8). The air masses originating from Europe
might contain a considerable amount of aerosols (Stohl, 2006), but reliable correlations
need a trajectory analysis over several years with corresponding lidar measurements.

3.2.2 Case classification

Despite overlapping properties of clouds and aerosols, we attempt a classification of
different features depending on the measured volume depolarization and backscatter
coefficient values (see Table 3). We distinguish clear sky conditions (C1), water clouds
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(C2), high BSR and low VD (C3) as well as the opposite (C4), thin and thick aerosols
(C5/6), thin and thick ice clouds with low VD (C7/8) and thin and thick ice clouds with
high depolarization (C9/10). Additionally, Fig. 8 gives an overview of the threshold
values for the 10 cases. Note that C1 should only contain profiles with VD larger
than 1.2 as there is no enhanced BSR from particles which could decrease the VD
background value.

This classification is an attempt to distinguish different measured phenomena with
a lidar according to their scattering properties. As these phenomena do not show up
separately at all times, additional measurements are needed to successfully analyze
lidar data, e.g. lidar data in different elastic and inelastic wavelengths, temperature or
relative humidity as well as AOD measurements or trajectory analysis. For instance,
some ice particles do not show any depolarization due to their special shape and ori-
entation (Hu et al., 2007) and aerosols also can have a wide variety of sizes, shapes
and materials which leads to a range of different scattering properties (Dubovik et al.,
2002). Especially in the outer regions of the diagram the information is quite valuable,
e.g. cases C1, C2, C4, C9, C10. For the central regions, superposition of different
phenomena is possible. A layer showing up in area C5 might be aerosol or a water
layer with a small fraction of ice particles. These mixed-phase clouds occur frequently
in the Arctic (Intrieri et al., 2002).

The statistical results for the different altitude intervals are given in Table 4. Within the
analyzed 145 h of data, the fraction where neither enhanced backscatter nor volume
depolarization was observed (C1) increases with height as well as the ice cloud fraction
(C7—C10) up to 8 km. Water clouds (C2), aerosols (C5/C6) and water clouds with a cer-
tain ice cloud fraction (C3-C6) decrease with height. With reference to the total num-
ber of detected clouds, pure water clouds (C2 1-7 km) account for 2.8%, mixed-phase
clouds and aerosols (C3—C5 1-7 km) account for 70.0% and the ice cloud fraction (C3—
C5 7-12km and C7-C10 1-12km) contributes to 27.2%. Although our system is not
suitable for measuring thick clouds and hence they are not included in the statistics,
this corresponds very well with the value of 73% of clouds containing water found by
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Intrieri et al. (2002) during the SHEBA experiment.

Table 5 shows the scattering characteristics according to different flow patterns. As
shown in Sect. 2.2, the ASTAR campaign was characterized by air masses mainly
coming from the Canadian Arctic, while within the whole two months period, flow from
Eurasia was much more frequent. All KARL profiles for the corresponding clustered
trajectories between 2 and 4 km altitude were analyzed with regard to their scattering
characteristics. For trajectories originating in the Canadian Arctic, the fraction of clear
sky measurements was significantly lower than for the Eurasian clusters, where the
thin aerosol fraction was significantly increased, as expected in the Arctic Haze season.
The ice cloud and water cloud fraction does not differ, while for Canadian air masses C4
is enhanced at the expense of C1, European air masses show opposite characteristics.

4 Case studies with KARL

Within this section case studies supporting our classification scheme are given using
the KARL data of 5 particular days with interesting cloud and aerosol structures (cf. Ta-
ble 3). Two more case studies observed with KARL during ASTAR 2007 are described
in Lampert et al. (2009), an optically very thin low level liquid layer on 19 April and a
multi layered ice cloud with varying LR on 21 April.

4.1 Low and medium depolarization C2—-C6

Layers with comparably low depolarization were observed on 8 March in 10.5km and
1.5km, on 13 March and 15 March in 2.8 km and 3.2 km respectively and on 7 April at
a temperature inversion in 0.6 km .

The lower layer on 8 March was observed from 14:45 to 16:50 UTC, the upper layer
is presented within the same time frame although it persisted longer. Noticeable in
the scatter plot Fig. 9 is the very low volume depolarization of below 1.8% for almost
the whole altitude range, which, in combination with enhanced backscatter, suggests
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the existence of spherical scatterers. The balloon sounding at 11:00 UTC (see Fig. 10)
showed enhanced relative humidity of 70 to 80% within the lower layer and around 50%
for the upper layer (the relative humidity over ice was ca. 85%, respectively), which
probably increased in the afternoon to enable cloud formation. The color ratio CR,
defined as the quotient of backscatter ratios at different frequencies, was determined
to be around 1 for the lower layer, which leads to the assumption of rather big particles
compared to the wavelengths (Ansmann et al., 2003), indicating a subvisible water
cloud layer. This independence of backscatter with wavelength is a typical result for
cloud particles larger than 5 um (van de Hulst, 1981).

Within the higher layer the temperature during the radio sounding was below 210K,
permitting the existence of fluid water droplets. Very low depolarization values for ice
particles can be observed for ice plates that are oriented horizontally (Hu et al., 2007;
Reichardt et al., 2002). The lowest part of the ice cloud (10.4-10.5km) showed a
slightly higher depolarization (see Fig. 10). A feasible explanation would be a less
perfect orientation of the plates than in the layer above. The lidar ratio of the ice cloud
could be determined to 10sr which leads to an optical depth of 0.001. The scatter
close to our detection threshold of 1.2x107%.

The scatter plots for the low cloud layers on 13 and 15 March are shown in Fig. 11
and Fig. 13, respectively. The layer under consideration is marked in green.

On 13 March at 16:00 UTC the formation of a cloud layer could be observed. As
can be seen in Fig. 12, at 15:47 UTC very little backscattering with no depolarization
between 2.8 and 3.0 km occurred. At 16:00 UTC the layer intensified between 2.7 and
3.0 km while the depolarization increased to about 3% in a lower layer at 2.6 km. During
the next 45 min, BC persisted at 3x107° between 2.6 and 3.0 km while the VD values
between 2.2 and 2.6 km increase to above 15%. This cloud obviously evolved as a
two-layer structure with spherical water droplets in the top layer and depolarizing ice
crystals below. From 15:35 to 16:11 UTC, the aerosol optical depth in the visible, calcu-
lated with LR=18 increased gradually from 0.002 to 0.10 within the water layer while it
only slightly increased within the ice layer (from 0.002 to 0.01). For the optically thicker
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water layer, the evolution of the Angstrdm exponent for backscattering decreased from
1.3 at 15:35 to essentially 0 at 16:11 UTC. Hence, we were able to observe the growth
of spherical water droplets in the top layer as have been reported by Pinto (1998) and
Shupe et al. (2008).

The further temporal evolution shows the formation of a pure ice layer which is stud-
ied in further detail in Sect. 4.2.

On 15 March, during the radio sounding at 11:00UTC 3 distinct layers with com-
pletely different characteristics could be observed (see Fig. 14). The two lower layers
show similar values for BC (2x10'7) with the middle layer featuring slightly more de-
polarization. Nevertheless, both layers are assumed to consist of spherical particles
since depolarization is below 4%. The main difference between these two layers is the
humidity. In Fig. 14 the radiosonde data is compared to the backscatter and depolar-
ization profiles at 11:20 UTC. The relative humidity between 4 and 7 km is not higher
than 30% which prohibits the formation of water clouds (see Sect. 3.1.2). Therefore
this layer is assumed to consist of aerosol particles and will be further discussed in
Sect. 4.3. Within the lower layer however, the relative humidity measured with the tem-
porally close radio sounding was determined to be higher than 80% and a reduction
in the temperature gradient just above the cloud in 3.4 to 3.6 km altitude occurred,
probably separating two different air masses.

On 7 April, simultaneously to the launch of a RS-92 sonde, a short living low level
subvisible cloud was detected in a temperature inversion around 600 m altitude. The
boundary layer cloud occurred at 255.5K in a temperature inversion of 1.5K. The RS
92 measured 82% relative humidity, corresponding to 98% relative humidity over ice.
Figure 16 depicts profiles of BC and VD and Fig. 15 the corresponding scatter plot.
The low depolarization of some 2% is slightly higher than for a pure water cloud but too
low for most ice crystals. As observed earlier, the layer of highest depolarization lies
geometrically 100 m below the maximum backscatter. If we assume that some liquid
water is mixed into this cloud which formed exactly at saturation then in the cloud the
water mixing ratio must have been 22% higher or the temperature 2.35K lower than
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measured by the sonde (Fig. 16), which would be an unusually high deviation. As the
cloud persisted for about 20 min (see Fig. 17) with a wind speed of 4 m/s this wet patch
had an extent of ca. 5 km. Unfortunately, the low altitude of this subvisible cloud results
in an incomplete overlap. Hence, it was not possible to calculate its extinction. The
presented backscatter and volume depolarization values are ratios of lidar profiles and
therefore not so strongly affected by incomplete overlap. Calculating BC for 355 nm and
532 nm by the ratio between the elastic and the N, Raman-shifted returns (Ansmann
et al., 1992), the color ratio was determined to be unity. Therefore we assume rather
large particles, which contrasts to an otherwise similar liquid precondensation layer on
19 April described in Lampert et al. (2009) in this issue.

4.2 High depolarization C7-C10

Highly depolarizing air masses were observed in the upper troposphere on 13 March
and 15 March, on 13 March the formation of a low level, depolarizing ice cloud be
observed as well (as indicated in Sect. 4.1).

From the start of the measurements on 13 march at 14:00 UTC until about 14:50 UTC
an ice cloud structure between 6 and 8 km was observed. lts depolarization is up to
20% while the backscatter values are relatively low (see Fig. 11). With an estimated
lidar ratio of 18 sr the optical depth at 14:17UTC was calculated to 0.035, which is
almost subvisible (Lynch et al., 2002).

Contemplating the temporal evolution of the lower layer, already described in
Sect. 4.1, one observes an interesting transition between 17:30 and 17:50UTC. As
can be seen in Fig. 12, the backscatter coefficient decreases by a factor of about 4
while the depolarization increases to up to 18%. This can no longer be a water layer
and thus, we observed a glaciation process. Supporting this theory, the temperature in
this layer, measured during a radio sounding at 10:48 UTC, was about 250 K. Due to
the decreasing backscatter coefficient the layer's AOD also decreases to about 0.02 at
17:55UTC. The accumulated ice cloud layer has similar scattering characteristics as
the first observed cirrus layer as can be seen in the scatter plot Fig. 11.
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Depolarization values of up to 12% were obtained for the high cloud layer on 15
March between 7.4 and 8.8 km altitude at 14:06 UTC when the observation started.
During the radio sounding at 11:00 UTC the relative humidity over ice in this layer was
well above 50%. Within the following one hour the ice cloud layer completely disap-
peared and the respective AOD decreased from 0.03 to 0.002, hence we observed a
very thin, short living cloud structure.

4.3 Aerosols C5-C6

During March 2007, two weak aerosol events (C5) were observed, while in April not
even weak aerosol could be definitely identified.

A persistent aerosol layer was observed from 14 March 20:40 UTC to the end of the
observation at 15 March 12:40 UTC, due to the low cloud described in Sect. 4.1. The
weak layer was observed in around 6 km altitude sinking to 5.3 km, and the correspond-
ing air trajectories suggest an origin of the air masses originate from central Europe
(see Fig. 19). It stands out due to its long lifetime, its considerable altitude — the major-
ity of Arctic Haze events occur in the lower free troposphere over Spitsbergen (Scheuer
et al., 2003) — its quite high depolarization of 5% and the considerable amount of pre-
cipitation of more than 20 mm which occurred in these air masses prior to their arrival.
Nevertheless in the scatter plot in Fig. 13 the layer can clearly be distinguished from
the cloud layer below. As can be seen in radiosonde data from 15 March 11:00UTC
in Fig. 14, the arriving air masses were with 35% relative humidity far too dry for cloud
formation and the derived lidar ratios of 64.3 sr for the 532 nm channel and 39.6 sr for
355 nm seem to be too high for clouds. The maximum AOD of this layer of 0.025 for the
UV and 0.01 for the visible occurred around 1:00 UTC at 15 March. As the VD values
are still quite low we neglect the particles asphericity and perform an inversion of the
lidar data with Mie theory according to Boeckmann (2001). As a result, an index of re-
fraction of n=1.6-0.011/, a mono-modal log-normal size distribution of 93 particles per
ccm (+£50%), effective radius rq4=0.199 um (£50%) and a distribution width of 0=1.58
(£10%) were found. This seems to be an appropriate value for a sulphate soot mixture,
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the main constituents of Arctic Haze (Yamanouchi et al., 2005).

Due to the insecurity of backward trajectories in the Arctic after more than 5 days it
seems impossible to ascribe this event to a precise cause or location. From the wind
speed of 4.5m/s in 6 km altitude from the sounding on 15 March, we estimate that
even in the unlikely case that the aerosol event stopped directly after the end of our
lidar observations, it had a horizontal extent of at least 260 km. On the other hand its
vertical extent never exceeded 900 m and over more than 50% in time was as small as
300 m.

Another weak Arctic Haze event occurred in the night from 18 to 19 March 2007.
As can be seen from Fig. 20, the backscatter ratio around 3 km altitude is enhanced.
At 2.5km a clear maximum of the extinction can be seen in both N, Raman channels
which yield to lidar ratios of 80 sr (+12) for 532 nm and 60 sr (£10) for 355 nm. These
values are higher than the lidar ratios obtained at different Haze events over the site.
Based on our (so far still partially unpublished) data the Arctic Haze typically has a lidar
ratio of 40—60 sr at 532 nm and 30-50 sr at 355 nm. However, the lidar ratio seems to
be almost always about 25% higher at 532 nm. The layer of increased extinction and
backscatter coincides with an increase of depolarization from 2% t0 2.5% .

The result of the inversion with Mie code gives a refractive index of n=1.56-0.01/
and the aerosol can best be described by a one-modal log-normal distribution with
343 particles per ccm (£30%), effective radius ry4=0.177 um (£10%) and a distribution
width of 0=1.59 (£10%) which is similar to the 15 March case. The corresponding
HYSPLIT trajectories (Draxler and Hess, 1998) are shown in Fig. 21. The trajectories
find a relation between European contamination and the arrival of air masses over Ny-
Alesund at 2400 m altitude — 100 m lower than our lidar observations suggest. Given
the sparse meteorological data in the high Arctic we consider this mismatch as justifi-
able. No precipitation occurred out of the trajectory, so that an uptake of aerosol over
the European continent seems possible.

On 7 April 2007 an increased AOD was measured by the photometer as summarized
in Fig. 18. It shows the aerosol optical depth at 532.8 nm and the Angstrém exponent.
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During the time period observed with lidar, the optical depth grows without any change
in the particle size, so no clear change of the air mass is seen, which is supported by
the air back-trajectories which came from European Russia (but with heavy precipita-
tion of more than 20 mm according to HYSPLIT). The value of the Angstrém exponent
is more “aerosol-like” the whole day and does not show any contamination with super-
micron particles. The short living cloud at 11:00 UTC described in Sect. 4.1 is invisible
in the sun photometer because lidar and photometer are looking in different directions
at our polar site. An inversion of the photometer AOD as well as the phase function
of scattering derived an index of refraction of 1.4 which is lower than expected for the
sulfate-soot mixtures of Arctic Haze (Yamanouchi et al., 2005) which typically shows
an refractive index of 1.5 or higher (Ritter et al., 2004). The low index of refraction was
approved by an inversion of the lidar data at several times during that day, although,
unfortunately the inversion of a size distribution turned out to be numerically unstable.
This might at least partly be explained by the weakness of the N, Raman channel
on that day. Moreover the scatter plot (Fig. 15) does not find any differences in the
afternoon as the AOD increases above 0.1 compared to the cleaner morning. The
radiosonde measured a slightly increased humidity in this 4 km altitude region and the
HYSPLIT back-trajectories showed air masses coming from Russia (see Fig. 22) but
with a precipitation of 20 mm. So at least some of the hydrophil aerosol should have
been washed out. Therefore Arctic Haze as the cause of this increased optical depth
seems to be unlikely. Probably small water droplets and ice crystals, which extend up
to 6.4 km altitude in the afternoon (as can be seen in Fig. 17), possibly mixed with an
insoluble aerosol component, gave rise to the AOD presented here.

This example clearly shows that “increased optical depth with low Angstrém expo-
nent and air mass from Russia” alone is not sufficient to adequately characterize the
polar troposphere. Moreover it emphasizes the need for future combined in situ and
remote sensing campaigns to fully describe aerosol cloud interactions especially in
humid air.
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5 Conclusions

In this work a statistics of the observations of (thin) clouds and aerosols at a site in the
high European Arctic has been presented.

During March and April 2007, temperature and relative humidity were observed
performing 71 balloon soundings, temperature inversion layers occurred frequently —
surface-based as well as in up to 2.5 km altitude due to the orography of nearby moun-
tains.

A statistics of the altitude dependent cloud cover from the MPL lidar has been pre-
sented, showing maximum cloud cover between 2 and 3km. The overall cloud cover
was determined to 73 (£5%) which is a little bit less than other ground based retrievals
for the site (Shiobara et al., 2003) and other Arctic locations. From the comparison of
MPL data with 54 radiosondes, we found some cases with relative humidity down to
60% sulfficient for cloud existence especially in altitudes above 4km. As never clear
super saturation in clouds has been observed, a dry bias of the RS-92 in extreme
environments must be considered, similar to the findings of Rowe et al. (2008).

The 145h lidar data obtained with our the Raman lidar KARL refer to “clear condi-
tions” with only thin cloud structures and aerosol layers. Case studies were performed
for 5 different days, featuring the wide variety of Arctic clouds and aerosols. On 8 March
a low (1.0-1.7 km), very weak and hence subvisible water cloud layer was observed
simultaneously with a very high non-depolarizing ice cloud, presumably consisting of
horizontally oriented ice plates. A boundary layer cloud at a temperature inversion was
observed on 7 April 2007 while on 13 March 2007 the transformation of a low level
mixed phase cloud with a liquid layer on top to a pure ice cloud be observed. Thin high
level ice clouds with high volume depolarization as on 13 March and 15 March 2007
occurred frequently. On 15 and 18 March 2007, Arctic Haze layers with a refractive
index of n=1.6-0.01/ were observed.

Being able to run the KARL whenever possible during March and April 2007, we
successfully performed a statistics where we classified the different cloud and aerosol
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structures according to their scattering properties VD and BSR. 10 case studies for
5 days have been described, leading to the conclusions that clouds with very strong
VD and low BSR as well as low VD and strong BSR can be identified to be ice cloud
layers or water layers respectively with a high certainty (with the exception of non-
depolarizing ice structures). Layers with enhanced BSR and VD values between 1.2
and 5% can refer to aerosols but also to a superposition of different particles. Cloud
classification is a powerful tool to have a first glimpse on the lidar data, further analysis
however is necessary to fully identify and describe a phenomenon as can be seen for
the ice cloud on 8 March and the assumed aerosol case on 7 April.

However, the year 2007 was characterized by a sparseness of aerosol events, as
can be seen in the low photometer AOD in March (measurements started after the two
haze events) and in the case of 7 April, where an increased AOD seems to be at least
partially connected with water vapor and a low refractive index. Therefore, our results
from Ny-AIesund suggest, that the spring 2007 was clearer than average from the point
of view of optical remote sensing instruments which allowed a statistical overview of
the Arctic spring time in 2007.

These clean conditions during spring 2007 might be related to the fact that only
30% of all backward trajectories during the two months under consideration came from
Europe, a lower value than typical. According to our results in Table 5, for our partic-
ular data set, air masses from Eurasia correspond to “clear’ conditions which means
a lack of both increased backscatter and any depolarization of the air. Our case C4
“depolarization without noticeable backscatter” — probably spurious ice crystals or, hy-
pothetically, spurious Asian desert dust remnants which came via the Canadian Arctic
towards Spitsbergen, are clearly underrepresented in the European trajectories. As
expected, the stronger “aerosol-like” cases are overrepresented in the European air
flow regime, but as discussed in the example of 7 April, not all increased AOD with
air from Europe is actually Arctic Haze. Hence, comparing backward trajectories with
our observed features, simple statements as “airflow from Eurasia especially with little
precipitation, produces Arctic Haze” must be rejected.

15477

ACPD
9, 15453-15510, 2009

Ground-based lidar
measurements from
Ny-Alesund during
ASTAR 2007

A. Hoffmann et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/15453/2009/acpd-9-15453-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/15453/2009/acpd-9-15453-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

A precise description of the necessary conditions for Arctic Haze and cloud forma-
tion and its optical effect in the Arctic troposphere is beyond the scope of this paper.
Such an intent would require additional long-term ground based data over at least a
decade, as well as aircraft campaigns for a comparison with in situ and remote sens-
ing instruments, which include measurements of both the gas phase and the particle
content along the possible pollution pathways.
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Table 1. Observed frequency of occurrence of the 8 different trajectory clusters, the * denotes

cluster analysis from Eneroth et al. (2003).
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1 2 3 4 5 6 7 8
March/April 2007 70 107 86 123 205 107 119 184
ASTAR 2007 8.3 0 115 177 104 198 219 104
Annual Mean 92-01" 152 133 9.2 111 83 167 94 16.9
March/April 92-01" 176 175 100 120 7.0 130 79 152
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Table 2. KARL backscatter ratio (BSR at 532 nm) according to altitude intervals. Given is the
median value as well as frequency of certain BSR values within the different altitude intervals.
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H medianBSR 10-3 32 2-15 15-12 12-11 1.1-1.05
9-10 1.093 0 0 0 1.3 31.2 67.5
8-9 1.100 1.0 1.7 1.3 4.3 43.8 44.0
7-8 1.103 22 22 3.0 5.7 42.8 44.0
6-7 1.105 30 22 3.2 8.9 43.4 39.2
5-6 1.112 23 28 5.8 11.4 42.8 34.9
4-5 1.124 49 52 6.1 15.8 38.2 29.8
3-4 1.126 21 03 3.0 16.8 51.8 25.9
2-3 1.142 1.5 14 4.4 22.4 45.8 24.6
1-2 1.178 1.3 141 2.1 33.2 37.2 24.9
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Table 3. KARL data classification cases with respective VD and BSR thresholds and case
studies.

BSR VD case studies
C1:  clear sky BSR<«1.2 VD<1.8 no case studies
Cc2: water BSR>1.2 VD<1.2 15.03.
C3: highBSR,lowVD BSR>1.2 1.2<VD<1.8 08.03./07.04./13.03.
C4: lowBSR, highVD BSR<1.2 VD>1.8 15.03.
C5:  thin aerosol 1.2<BSR<2 1.8<VD<5 15.03./18.03./(07.04.)
C6:  thick aerosol BSR>2 1.8<VD<5 not observed
C7: thinice, low VD 1.2<BSR<2 5<VD<16 13.03./15.03.
C8:  thickice, low VD BSR>2 5<VD<16 13.03./15.03.
C9:  thinice, high VD 1.2<BSR<2 VD>16 15.03.
C10: thickice, high VD BSR>2 VD>16 15.08.
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Table 4. KARL frequency of occurrence of cases C1 to C10 according to the data classification
in Tab. 3 for different altitude intervals. Percentages are within an accuracy of 1% , peak values
of VD and BSR average out.
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Hlkm] C1 C2 C3 C4 C5 C6 C7 C8 C9 Ci0
10-12 98 0 1 1 0 0 0 0 0 0
9-10 92 1 7 0 0 0 0 0 0 0
8-9 79 0 2 8 5 2 1 3 0 0
7-8 67 0 1 16 6 1 3 2 0 3
6-7 49 0 1 30 7 0 7 3 0 2
5-6 37 0 1 3 10 1 6 6 0 3
4-5 37 1 2 42 14 0 1 2 0 2
3-4 44 0 6 29 15 0 1 2 0 1
2-3 35 1 9 30 20 1 1 1 0 1
1-2 20 2 13 36 22 2 1 1 0 0
15487

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/15453/2009/acpd-9-15453-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/15453/2009/acpd-9-15453-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 5. KARL frequency of occurrence of cases C1 to C10 according to to the data classifica-
tion in Table 3 for two different air mass origin areas. Considered are the means of the altitude
intervals from 2 to 3 and 3 to 4km as this corresponds to the 700 hPa trajectories used for
the cluster analysis. Percentages are within an accuracy of 1%, peak values of VD and BSR
average out.

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Eurasia (Cluster 2, 5,8) 51 2 7 3 28 6 2 0 1 0
Canada (Cluster 6, 7) 13 3 11 37 28 1 5 2 0 0
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AWIPEV, Temperature 1 March — 30 April 2007
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Fig. 1. Temperature profiles obtained with 71 radio soundings from 1 March to 30 April 2007,
red dots: tropopause, blue dots: temperature inversions above 2 K, white dots: surface-based
temperature inversions above 0.25 K.
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Fig. 2. Relative humidity profiles obtained with 71 radio soundings from 1 March to 30 April

2007.
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Backward trajectories — total cluster number: 8

180°W cluster 1
cluster 2
cluster 3

cluster 6
cluster 7

cluster 8

90°E

S
o e 'VVJ\
7 Y
AR

";ju

t_‘,{' W\

Fig. 3. Cluster analysis for the 5-day backward trajectories (700 hPa level) performed with the
PEP-Tracer model.
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MPL cloud fraction [%] 1 March — 30 April 2007
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Fig. 4. MPL cloud fraction in 10 altitude intervals of 1 km width depending on relative humidity
and temperature, derived from the comparison of 57 radiosondes with respective MPL data.
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KARL & MPL altitude statistics
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Fig. 5. 1-km-means of BSR and VD for the KARL data and frequency of cloud occurrence for

the MPL data for 10 altitude intervals, MPL clear sky fraction was 33%.
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KARL: Scatter plot for different altitude intervals
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Fig. 6. Scatter plot of volume depolarization VD vs. backscatter ratio BSR (532 nm) for 9 altitude
intervals, the lowest interval was neglected due to high uncertainties. Dashed lines refer to BSR

and VD thresholds defined in Sect. 3.2.2.
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Fig. 7. Scatter plot of volume depolarization VD vs. backscatter ratio BSR (532 nm) for the
8 trajectory clusters (see Fig. 3). Dashed lines refer to BSR and VD thresholds defined in

Sect. 3.2.2.
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KARL: Data classification
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Fig. 8. KARL data classification according to VD and BSR threshold values.
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KARL: VD vs. BSR 532 - 8 March 2007, 15:43 - 16:17 UTC
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Fig. 9. VD vs. BSR for different layers and time frames on 8 March 2007.
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KARL: BC 532 & VD - 8 March 2007
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Fig. 10. Temporal evolution of BC (532nm) and VD profiles from 15:43 to 16:17UTC on 8
March 2007.
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KARL: VD vs. BSR 532 - 13 March 2007, 14:06 — 18:06 UTC
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Fig. 11. VD vs. BSR for different layers and time frames on 13 March 2007.
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KARL: BC 532 & VD - 13 March 2007
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Fig. 12. Temporal evolution of BC (532nm) and VD profiles from 15:47 to 17:54UTC on 13

March 2007.
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KARL: VD vs. BSR 532 - 15 March 2007, 11:08 — 12:05 UTC
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Fig. 13. VD vs. BSR for different layers and time frames on 15 March 2007.
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9, 15453-15510, 2009
KARL - 15 March 2007
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Fig. 14. Left: BC (532nm) and VD profiles at 11:20UTC on 15 March 2007, right: 7 and RH
profiles from the radiosonde launch at 11:00 UTC on 15 March 2007. _I
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KARL: VD vs. BSR 532 - 7 April 2007, 07:54 — 16:53 UTC
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Fig. 15. VD vs. BSR for different layers and time frames on 7 April 2007.
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KARL - 7 April 2007

VD [%] RH [%]
45 L5 2 2.5 3 452 50 100
— VD 11506 uTC
4 — BCILOsUTC 4 unch 11:00 UTC
35 35
3 3
g 25 25
T
2 2t
15 15
1+ 1
0.5f 0.5f
0 1 2 3 235 240 245 250 255 260
BC 532 [1/(m*sr)]y 107 T [K]

Fig. 16. Left: BC (532nm) and VD profiles at 11:06 UTC on 7 April 2007, right: 7T and RH
profiles from the radiosonde launch at 11:00 UTC on 7 April 2007.
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KARL: BC 532 - 7 April 2007
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Fig. 17. Temporal evolution of BC (532 nm) profiles on 7 April 2007.
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Fig. 18. AOD (532 nm) and Angstrédm exponent a derived from photometer measurements on

7 April 2007.

08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

15506

ACPD
9, 15453-15510, 2009

Ground-based lidar

measurements from

Ny-Alesund during
ASTAR 2007

A. Hoffmann et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/15453/2009/acpd-9-15453-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/15453/2009/acpd-9-15453-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

NOAA HYSPLIT MODEL
Backward trajectories ending at 1100 UTC 15 Mar 07
GDAS Meteorological Data

Source * at 7895N 1195E

Meters AGL

06 OD 181206 OO 1812 OSOD 181206 OD 181206 OO 1812 OSOD 1812
03/15 03/14 03/13 03/12 03/11 03/10

Job ID: 341381 Job Start: Wed Jun 24 11:47:43 GMT 2009
Source 1lat.. 78.95 lon.: 11.95 hgts: 5300, 5400, 3400 m AGL

Trajectory Direction: Backward Duration: 144 hrs  Meteo Data: GDAS1
Vertical Motion Calculation Method: Model Vertical Velocity
Produced with HYSPLIT from the NOAA ARL Website (hrtp Jwww arl.noaa.gov/ready/)

Fig. 19. Backward trajectories for aerosol layers on 15 March 2007 at 11:00 UTC, calculated
with the NOAA HYSPLIT model.

15507

ACPD
9, 15453-15510, 2009

Ground-based lidar
measurements from
Ny-Alesund during
ASTAR 2007

A. Hoffmann et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/15453/2009/acpd-9-15453-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/15453/2009/acpd-9-15453-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
9, 15453-15510, 2009

KARL: VD vs. BSR 532 - 18 March 2007, 23:06 — 23:51 UTC
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Fig. 20. VD vs. BSR for different layers and time frames on 18 March 2007.
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NOAA HYSPLIT MODEL
Backward trajectories ending at 2300 UTC 18 Mar 07
GDAS Meteorological Data

Source * at 7895N 1195E

Meters AGL

T T T T - ¥ T
1812060018120600181206001812060018 120600181206 00
03/18 03/17 03/16 03/15 03/14 03/13

Job ID: 360188 Job Start: Thu Jun 25 12:08:19 GMT 2009
Source 1lat.. 78.95 lon.: 11.95 hgts: 1600, 2400, 3200 m AGL

Trajectory Direction: Backward Duration: 144 hrs  Meteo Data: GDAS1
Vertical Motion Calculation Method: Model Vertical Velocity
Produced with HYSPLIT from the NOAA ARL Website (hrtp Jwww arl.noaa.gov/ready/)

Fig. 21. Backward trajectories for aerosol layers on 18 March 2007 at 23:00 UTC, calculated
with the NOAA HYSPLIT model.
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NOAA HYSPLIT MODEL
Backward trajectories ending at 11 UTC 07 Apr 07
GDAS Meteorological Data
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Job ID: 352768 Job Start: Mon Apr 14 11:47:11 GMT 2008
Source 1lat.. 78.95 lon.: 11.95 hgts: 2600, 2900, 3300 m AGL

Trajectory Direction: Backward Duration: 240 hrs  Meteo Data: GDAS1
Vertical Motion Calculation Method: Model Vertical Velocity
Produced with HYSPLIT from the NOAA ARL Website (hrtp Jwww arl.noaa.gov/ready/)

Fig. 22. Backward trajectories for aerosol layers on 7 April 2007 at 11:00 UTC, calculated with
the NOAA HYSPLIT model.

15510

ACPD
9, 15453-15510, 2009

Ground-based lidar
measurements from
Ny-Alesund during
ASTAR 2007

A. Hoffmann et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/15453/2009/acpd-9-15453-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/15453/2009/acpd-9-15453-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

