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Abstract. During the European heat wave summer 2003demonstrates, Liou’s statement is still valid today . The zon-
with predominant high pressure conditions we performed aally averaged ice water contents (IWC) of the different cli-
detailed study of upper tropospheric humidity and ice parti-mate models that are used for the IPCC report (AR4) differ
cles which yielded striking results concerning the occurrenceby up to a factor of 10 (Soden, private communication). One
of ice supersaturated regions (ISSR), cirrus, and contrailsteason for this poor performance is that the formation of ice
Our study is based on lidar observations and meteorologiis a very complex process which can occur on different path-
cal data obtained at Lindenberg/Germany (8N214.T E) ways and are parametrised in the model in a rather simplified
as well as the analysis of the European centre for mediunway. Moreover, measurements of particles and water vapour
range weather forecast (ECMWF). Cirrus clouds were de-n the upper troposphere are difficult to conduct and sparse.
tected in 55% of the lidar profiles and a large fraction of In particular, there are a number of issues with different types
them were subvisible (optical dep#0.03). Thin ice clouds of sensors for water vapour in this altitude regi&iefy et al,
were particularly ubiquitous in high pressure systems. The2000).

radiosonde data showed that the upper troposphere was very Strom et al.(2003 found from in situ measurements “that
often supersaturated with respect to ice. Relating the rathe (interstitial) aerosol and cirrus clouds form a continuous
diosonde profiles to concurrent lidar observations reveals thasystem”. Depending on where the threshold for particle size
the ISSRs almost always contained ice particles. Persisterdr number density is set, a different cloud presence fraction
contrails observed with a camera were frequently embedded obtained. This implies that it depends on the instrument
in these thin or subvisible cirrus clouds. The ECMWF cloud used and its detection limits whether a sampled air parcel
parametrisation reproduces the observed cirrus clouds coris considered cloudy or cloud free, which explains the large
sistently and a close correlation between the ice water path idiscrepancy between observations of the cirrus coverage with
the model and the measured optical depth of cirrus is demondifferent sensors¥essler et a).2006 e.g.). A clear defini-
strated. tion of what should be classified a cirrus cloud is missing to
date. A lidar is a very sensitive device for detecting layers
of ice particle in the atmosphere and is capable of detecting
clouds with optical depths (OD) as low as 0 which oc-

cur quite frequently in the tropics, but also at mid-latitudes.
In his comprehensive workiou (1986 noted “that cirrus This collides with our current understanding of ice formation

clouds are one of the most important, yet least understood? the atmosphere since thin ice clouds should either evapo-
atmospheric elements in our weather and climate systems'ate in @ subsaturated environment or grow quickly to thicker
Extensive research efforts have been made to overcome th@0Uds in a supersaturated environmeicher 2002. Op-
problem. However, as the recent report of the Internationafic@lly thin ice clouds with OB:0.03 are often termed sub-

Panel for Climate Change (IPCGolomon et al.(2007) visible or subvisual cirrus3assen et 311989. This classifi-
cation may be meaningful for practical purposes, but there is

no indication for any difference in composition, size, or habit
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There is a large number of observation indicating that aclouds (“contrails”) and spreaded cirrus (“contrail cirrus”)
significant fraction of the upper troposphere is supersaturatedre believed to warm the atmosphere by absorbing long-wave
with respect to iceGierens et a).1999 Jensen et 312003 radiation Meerlotter et al, 1999. However, since the mi-
Spichtinger et a).2003. Due to the problems mentioned crophysical properties of contrails and their impact on cirrus
above it remains unclear whether these regions in generatlouds are not known very well, the overall impact of ice
contain ice particles or not. Frequently, relative humidities formed by aircraft exhaust is still highly uncertaiRgnner
above ice (Rif) of 130% and higher are observed suggestinget al, 1999.
that high supersaturations are required in order to nucleate In order to study cirrus, contrail, and upper tropospheric
ice. This is contrasted by recent studies which showed thatwater vapour we have performed a measurement campaign at
to a large fraction, ice nucleates on aerosol particles that dehe Richard-ARmann Observatory in Lindenberg, Germany
not require high supersaturation like dust, sea salt, and solig52.2 N, 14.7° E) with a Mobile Aerosol backscatter and
ammonium nitrate@ziczo et al.2004 Abbatt et al, 2006). Raman Lidar (MARL) from May to October 2003. Water

It is reasonable to assume that ice formation in the up-vapour was measured by radiosondes (Vaisala RS-80) which
per troposphere occurs on different pathways depending owere launched 4 times a day in the frame of the German Me-
aerosol, humidity and dynamics. In order to improve our teorological Service (“Deutscher Wetterdienst”, DWD) rou-
understanding of ice formation numerous observations atine observation program. The humidity data of the radison-
different locations, different instrumentation, and different des were corrected using an algorithm suggestedimshe-
weather patterns are required. A lot of attention has beewich et al.(2001) which provides an accuracy of about 5% in
paid to the investigation of ice particles in the outflow of deep the upper troposphere at high humidities. We investigated
convection Heymsfield et al.2004), in orographic waves the frequency of ISSRs in the upper troposphere and their re-
(Heymsfield et al.1998 Toon and Miake-Lye1998 Gayet lation to the occurrence of thin and subvisible cirrus clouds
et al, 2006, synoptically forced cirrus along a warm con- and contrails and compare these observations to model data
veyor belt Heymsfield et al. 1998 and cirrus associated from the ECMWEF.
with jet streamsGayet et al.2004). However, little attention
has been given to thin cirrostratus that form in high pressure
systems. 2 Method

General circulation models like the ECMWEF integrated
forcast system (IFS) still have problems with correctly rep-2.1 The Mobile Aerosol Raman Lidar (MARL)
resenting clouds, in particular cirrusPalm et al.(2006
found a good agreement of the ECMWF 6 h and 48 h fore-The MARL detects elastic and inelastic backscatter from a
cast and cloud observations in 2003 with a satellite based lilaser beam that is emitted vertically into the atmosphere. A
dar (GLAS) for low clouds but less good agreement for high Nd:YAG laser with an output power of 350 mJ at 532 nm and
clouds. The model overestimated the high cloud fraction.355nm and 30 Hz repetition rate creates short laser pulses
Using again ECMWEF forecast data for 6 h and 4Blhler (At=7 ns) which are expanded to a beam of 10cm diame-
et al.(1999 sees qualitatively good agreement with observa-ter and emitted with a divergence of less then 0.2 mrad and
tions obtained by the Lidar in Space Technology Experimenta zenith angle of 6 mrad (=0.3¢ The lidar signals are de-
(LITE) in a preliminary assessment based on data from 1994tected by means of a 1.1 m diameter quasi-Cassegrain tele-
Hogan et al(2001]) used lidar and radar for a comparison and scope with a field-of-view of 0.4 mrad and a 10-channel de-
found again a good agreement for low and middle clouds butection system that uses analogue and single photon counting
poor agreement for high clouds which was mainly attributeddata acquisition simultaneousl$¢tafer et al, 1997. The
to the failure of the instruments to detect thin (subvisible) backscatter profiles are measured at 532 nm and 355 nm sep-
clouds. Li et al. (2005 compared opECMWF analysis with arated by polarisation. Raman signals of nitrogen and water
MLS observations of IWC and found discrepancies by fac-vapour are excited at 355 nm and detected at 387 nm and
tors of 2—4. 407 nm, respectively. The nitrogen Raman signal excited at

In summary, the capabilities of the ECMWF's cloud prog- 532 nm is detected at 607 nm. The temporal and vertical res-
nostic scheme seem to be good for the prediction of low andlutions are 140 s and 7.5 m, respectively.
mid-level clouds. However, there are still open questions re- The Raman signals are measured in single photon count-
garding cirrus. These issues are related to both, a lack of reling mode (PC) while the elastic backscatter signals (parallel
able observations and the shortcomings of the forecast modeind perpendicular polarisation) are measured simultaneously
to simulate ice clouds, while it is unclear to date which one with PC- mode and by analogue photo current measurements
is the more important problem. with a 12 bit A/D converter. This detection system was pro-

Another important issue is the formation of ice clouds vided by licel GbR, Berlin. The analogue and the PC signals
from aircraft exhaust and its climate impact. Commercial are merged at an altitude where both are linear, typically at
airplanes frequently pass near Lindenberg on their typicalB km altitude. Based on a conversion factor determined at
cruising altitudes of 10-12 km. Aircraft induced lineshaped that height, the analogue signal is used where the PC signal
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exceeds a counting frequency of 10 MHz. At those countdensation trails (contrails) from airplanes. These can be eas-
rates the PC signal becomes non-linear due to the effect afy identified by their line shape. We categorised the observed
coincident photons. Merging both signals thus provides aclouds into Cirrostratus (Cs), Cirrus (Ci), contrails (Co), and
large range of linearity which is particularly important for subvisible Cirrosstratus (sCs). The latter was labelled to an
cirrus measurements: the strong backscatter provided by thebservation when the lidar data indicated the presence of ice
ice crystals easily drives the PC signals to saturation whileparticles in the upper troposphere, while there was no indi-
at the edges of the cloud the backscatter signal goes dowaoation of the presence of clouds found on the camera im-
to the value of molecular scattering. Four orders of magni-ages. Contrails are further divided into lineshaped contrails
tude or more in the lidar return signal power may be covered(ICo), spreaded contrail (sCo) and contrails embedded in pre-
by a single cloud event, in particular in the cross polarisedexisting Cirrostratus (eCo).
channels.
Cirrus clouds, from the lidar perspective, are layers of par-2.2 Radiosonde data
ticles above 6 km altitude with a well defined upper and
lower boundary and a large vertical and temporal variability, The DWD launched four radiosondes (Type Vaisala RS-80)
that depolarise light and have a close to zero colour indexper day. We used the temperature profiles measured by the
The latter is the backscatter relarédgstrt')m coefficientand radiosondes for the determination of the thermal tropopause
expresses the wavelength dependence of the backscatter caad the cloud temperature. The humidity profiles of the RS-
efficient. White clouds (colour index=0) scatter equally effi- 80 sondes are known to have a significant dry bias in the up-
cient at all visible or near visible wavelengths. per troposphere which can be correctbdtilgshevich et al.
Clouds that do not cope with this definition were ex- 2001). Based on a comparison with the NOAA frostpoint
cluded from this study. Ice clouds are detected as in-hygrometer, the accuracy of the corrected RS-80 humidity
creased backscatter in the 532 nm cross polarised channelata was shown to be about 5% in the upper troposphere at
As demonstrated bymmler et al.(2007) the detection limit  high humidities Miloshevich et al,200§. A comparison of
of this system concerning ice clouds is extremely low andthe corrected RS-80 with the improved RS-92 version also
clouds with an optical depth of less than~fOcan be eas- showed very good result3ieffeisen et al.2007).
ily observed. The optical depth (OD) of a cloud is mea- For the determination of the relative humidity inside cirrus
sured either directly by virtue of the nitrogen Raman scat-clouds we selected those cases were coincident lidar mea-
tering Ansmann et a).1992 or by a method known as the surements were available. Coincident here means that the ra-
shadow-method: In order to obtain the optical depths the sigdiosondes, which were launched just a few 100 meters away
nal loss above the cloud is derived from a comparison of thefrom the lidar, flew in the upper troposphere during the time
logarithm of the measured signalf(x) with an synthesised period of the lidar measurements. Since for this anaylsis we
cloud free profile. The loss of signal which is due to the are using 1 h avarages of lidar data, it is garanteed or at least
clouds extinction can thus be determined. very likely that the radiosonde flew within the temporal and
Typically, the uncertainty of the direct measurement of horizontal frame of the lidar observation. For a direct com-
the optical depth is about 0.05 for both Raman and shadowparison of cloud occurrences and relative humidities, the high
method. The extinction-to-backscatter rafiowhich is also  resolution radiosonde data was interpolated on the altitude
termed lidar ratio, can be calculated as the ratio of opticalgrid of the lidar data (7.5 m). The relative humidity with re-
depth by the integrated backscatter by assuming that it iSpect to ice (Rl is calculated from the relative humidity
constant throughout one cloud layer. On average, we meawith respect to water, which is the standard output from ra-
sured a lidar rati&s of 16 for mid-latitude cirrus clouds with  diosondes, using Sonntags formunantag1994).
a standard deviation of 9. This value can be used to derive
the optical depth of optically thin clouds (Gf0.05) which 2.3 ECMWF data
can not be directly measured with the lidar. By multiplying
the observed patrticle backscatter coefficient with a lidar ratioln order to interpret our data we use the operational analy-
of 16 and integrating over the altitude range of the cloud wesis of the integrated forecast system (IFS) of the ECMWF
can derive a reasonable estimate for OD even for extremelyhich was made available by AWI Potsdam. The IFS uses
thin clouds. The error of this method is mainly caused by thethe prognostic cloud scheme described Tigdtke (1993.
uncertainty in S which is about 60%. This scheme was implemented in 1995 and has undergone
In order to determine cloud types a video camera was in-several revisions since. Version CY25R1 of the IFS was op-
stalled near the receiving telescope. During day time, a pic-erational in 2003 and is described in the documentation at the
ture of the sky above the lidar system was taken and storeeCMWF website fjttp://www.ecmwf.int/research/ifsdogs/
each time the lidar completed a measurement cycle. Th@f particular interest for this study is the scheme for the for-
camera pictures were used for cloud classification which wasnation of stratiform clouds, according to which new clouds
performed by visual inspection. Of particular interest was theform in a grid cell when the relative humidity exceeds a crit-
question whether observed ice particles were related to conical value RH,it which is 80% in the mid troposphere and
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30% F  — exponential decay 3.1 Cirrus occurrence and live cycle
exponential decay with overlap
25 % | —=— Lindenberg observation During 55% of the clear periods cirrus clouds were detected
20% | . by the lidar. These cirrus clouds are generally thin or subvis-
ible. The propability of encountering a cirrus with an opti-
15 % - cal depth between OD and OB®D decreases rapidly with
OD. The change of the propability is more gradual when con-
10% sidering the logarithm of OD. In other words, it is about as
59 L \ likely to detect a cirrus with an optical depth between OD
= and fOD, with f being some factor-1, for any value of
0% — ” = = = ' OD within the detection limit of the lidar. The observed
10 10 10 oD 10 10 10 probability density function (PDF) of log(OD) is plotted in

Fig. 1. This distribution, in particular its long tail towards
thin clouds, seems to be a general feature in the mid-latitudes

Fig. 1. Frequency of occurrence of optical depths measured withSince similar results were obtained form climatological stud-

the MARL lidar in Lindenberg from May 2003 to October 2003 i€s (Goldfarb et al, 2001 Sassen and Campbe200]). This

(blue line). The red and grey lines show simulated curves based o®bservations suggests that some simple, universal mecha-

an exponential decay of clouds with time allowing and not allowing nism is responsible for this behaviour. The fact that the prob-

for temporal overlap of clouds, respectively. ability of the occurrence of cirrus is a more even function of
the logarithm of the optical depths (OD) rather than of OD

] __itself suggests that cirrus decay according to an exponential
approaches 100% at the tropopause. The relative humidity ifg,,-

operational ECMWF analysis (opECMWEF) is defined with
respect to the saturation vapour pressig:g of water when  OD(#) =ODy : e, Q)
the temperature T is above zero. At lower temperatures RH

is defined with respect to ice whah<—23°C, while and an where OL is the initial optical depth and the livetime of
intermediate value ofsg is used for the definition of RH & Cirrus. The PDF of the OD in Fid. can be simulated by

for 0°>T>—23C. There are no further differences made @SSUMing an exponential decay given by Eq.df sponta-

between the formation of ice and water clouds. Upper tro-neously 'occur.ring cirrgs with random optical depth between
pospheric humidity as well as observations of thin or sub-0 a_nd 1in asimple, Slngle-l_ayer box-model_ When the total
visible cirrus clouds are not assimilated in the operational®Ptical depth of the clouds in the box is sampled frequently

analysis. Therefore, a comparison of opECMWF data with@ random times, the PDF of the If@D(1)] is even when

observations can be considered as a validation of the prOgglouds occur so rarely that it is very unlikely to observe two
nostic clouds scheme. clouds at a time (grey line). A cloud was considered as dissi-

pated when its optical depth has dropped below the detection
limit which was set to 10°. If the frequency of cloud oc-
3 Results currence is increased in the model and there is some chance
for a temporal overlap, it is more likely to observe thicker
From April 2003 to October 2003 the MARL was operated at clouds, since they will dominate the measurement. The PDF
Lindenberg (52.2N, 14.T E). An intensive observation pe- il then slightly increase with log(OD) (red line in Fig).
riods (IOP) was carried out in August and September 2003 ' |n summary, the shape of the PDF of the optical depth of
where the lidar and the camera were fully operational andstratiform cirrus suggests that their live cycle is dominated
extended coherent data were obtained since the system W@? an exponentia| decay_ An exponentia| decrease of OD of a
running in automatic mode. The system operated day angjoud by time is expected if the decay is due to sedimentation
nlght It is the cloud coverage that defined its Operation Sta'of partides with different sizes and fall Spee(&)(chtinger
tus: opaque clouds caused the system to shut down and #t al, 2006. Unfortunately, the life time of cirrus clouds
restarted automatically when these clouds have disappearegan not be inferred from the lidar observation. However, the
The data presented below therefore refer to periods withoufact that the distribution in Figl does not change when the
low and mid-level clouds, which are generally opaque. Inintegration time is changed from minutes to hours suggests
the following, we will refer to such conditions as “clear”, re- thatz is at least of the order of hours.
gardless of the occurrence of cirrus. Overall almost 400 h
of lidar observations were carried out during this IOP on 403.2 Cirrus and synoptic pattern
days. The cirrus coverage determined on these days is shown
in Fig. 2. The summer 2003 was characterised by persistent high pres-

sure systems residing over central Europe which were oc-
casionally perturbed by lows that passed northly from west
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Fig. 2. Cirrus cloud coverage per day for all available measurements in August and September 2003 at Lindenberg. The days with a cyclonic
wind field at the ground level are marked with an L, those with an anticyclonic wind field with an H. The arrows on top mark those days,
where persistent contrails were observed with the sky camera. The “?” marks the days were the camera was not operational.

to east. These troughs were often accompanied by thundefrequency of ISSRs, because our correction algorithm quite
storms. Figure2 shows the cirrus coverage calculated for often yielded supersaturation with respect to ice in the UT
each day where lidar measurements were performed in Auwhile this was not obtained when no or the Leiterer algorithm
gust and September 2003. According to weather charts fromwvas used. Further more, we were investigating a special time
00:00 UTC provided by the DWD, the bars are labelled with period which could show quite some differences from the cli-
an “H” when the ground level wind field in the region of matological mean.
Lindenberg was anticyclonic (isobars curve towards the right The following analysis is based on 1h-integrated lidar data
hand side, looking in the direction of the flow). In such a and radiosonde profiles that were measured at about the same
wind pattern the characteristics of a high pressure system aréme (=30 min). If we consider only those profiles where si-
dominant while cyclonic wind fields are related to lows. The multaneous lidar and radiosonde observations exist, the anal-
days with a cyclonic wind field are marked with “L”". Intrigu- ysis will be biased towards cloud free, i.e. drier, conditions
ingly, the cloudiness was particularly high in the high pres-in the lower and middle troposphere. Surprisingly, the per-
sure systems, while the sky was often free of cirrus undercentage of ISSRs occurrence in those profiles rises to 68%.
cyclonic conditions. The reason for this is that good lidar observation conditions
On days with anticyclonic characteristics, i.e. all day are more frequent during high pressure weather systems. In
marked with an “H” in Fig.2, the cirrus coverage was on anticyclones the tropopause is higher and colder than in cy-
average 67% while it was only 37% on clear days with cy- clones and because of the lower temperatures the relative hu-
clonic characteristics. On periods dominated by a low pres-midity in the uppermost troposphere is high and often above
sure system the cirrus coverage can be very high which isce saturation.
usually related to the warm conveyor belt (e.g. 08.09.2003) Based on the concurrent lidar and radiosonde observations
or very low which is related to the period after the passageit is possible to study the relation between cirrus formation
of the cold front (e.g. 24.09.2003). High pressure systemsand ice super saturation in those regions and we found that
are mostly related with high cirrus coverage except for somegenerally thin cirrus stratus is present where|R&larger
occasions where the high pressure was still in an early stagthan 100%. In about 90% of all cases where ISSRs were

(e.g. 11.08.2003 or 14.09.2003). present between 8 and 13km altitude, cirrus was detected
by the lidar. By volume, we found that 85% of the ISSRs
3.3 Water vapour and cirrus (RH;>100%) contained clouds. There are only very few

cases (15% vol.) of particle-free ISSRs. Errors to this as-
About 60% of all radiosonde profiles measured in Augustsessment arise primarily by temporal and local differences
and September 2003 showed supersaturation in the upper trbetween the lidar and the radiosonde which are difficult to
posphere (8-13 km).Spichtinger et al(2003 carried out  asses since changes in the vertical profiles occur in an un-
a study of upper tropospheric water vapour based on rapredictable way. However, it is reasonable to conclude that
diosonde data from Lindenberg from 2000 and 2001 whichwithin the error limits our observations suggest that ISSRs
were corrected by the DWD algorithraditerer et al.1997). generally contain ice particles.
They found a much smaller value of 28%. The correction Figure 4 shows the PDF of RHinside clouds which is
algoritm we were using generally yields higher humidities in typically around 100% in good agreement with in situ obser-
the upper troposphere than the algorithm use8ightinger  vations Qvarlez et al.2002. Supersaturations higher than
et al. (2003. This is one reason for this discrepancy in the 130% are relatively rare. The thickest clouds are observed at
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Fig. 4. PDF of the relative humidity above ice measured by ra-

diosondes in the altitude ranges where the lidar detected cirrus
clouds. For comparison, in situ measurements from the INCA cam-
paigns (Northern Hemisphere: green, Southern Hemisphere: cyan)

) ] are shownQvarlez et al.2002.
RH, between 100% and 120% and with backscatter ratios of

10 in average. We could not detect a strong relation between
RH, and the optical depth of cirrus. At higher supersatura-even in those moments when the pictures show no evidence
tions RH>130% however, clouds tend to be optically very for the presence of contrails or clouds. The contrails are em-
thin suggesting that cirrus are just about to form and have nobedded in a partly subvisible cirrostratus. This is a typical
yet depleted the water vapour in the gas phase. situation for a clear summer day of 2003 and was observed
The probability of encountering ISSRs is highest at 11—on all the days marked with an arrow in FRy.
12 km altitude (Fig3, the major cruising altitude of aircrafts, Figure6 regroups the cirrus that were observed by the Ii-
where by volume we found taht 50% of the air was supersatdar in Lindenberg into the different types mentioned earlier
urated. This number dropped to 5% at 8 km. On the othetbased on the images that were taken by the digital camera.
hand at these lower altitudes the ISSRs are always cloudost of the ice clouds were thin Cirrostrati followed by sub-
while the probability of finding particle-free ISSR is largest visible cirrus clouds which account for about one third of the
near the tropopause at 13 km altitude where “only” 80% vol. total cirrus amount. As shown in Fig. persistent contrails
of supersaturated air was found to be cloudy. This is alsowvere observed frequently during days with high cirrus cov-
demonstrated in Fig3 which shows that ISSRs extend fre- erage. The simultaneous inspection of the camera pictures
guently into tropopause region around 13 km while cirrusand the lidar data revealed that the majority of these con-

Fig. 3. Altitude distributions of ISSRs based on radiosonde obser-
vations (red) and cirrus based on lidar observations (green).

tend to stay below this altitude range. trails are embedded into pre-existing cirrus. Contrails that
are not embedded in cirrus were either short lived or occurred
3.4 Cirrus types and contrails shortly before stratiform cirrus was detected. Such a case

was observed on 15.09.2003 where some persistent contrails
While the lidar measures the altitude and the optical depth®ccurred in cloud free air during about 1 h before a thick cir-
of clouds with high precision it is difficult to assess the cloud rostratus moved in which was generated by a warm conveyor
types from the lidar observations alone. Therefore, we usedelt. In its leading edge moist air provided the conditions for
images from the sky taken by a video camera (Sony DFV-persistent contrails but cirrus clouds have not yet formed.
V300) to identy cloud types. Figurg shows in its upper Since contrails are mostly embedded in pre-existing cir-
panel pictures from that camera that were stored automatirostratus, it is difficult to identify the contrails from li-
cally along with each lidar profile on day time. These imagesdar backscatter profiles. Contrails show somewhat stronger
show a clear sky with some persistent contrails and cirrusbackscatter and sometimes seem to have different depolari-
clouds passing by occasionally. Contrails are observed evergation behaviour than the “natural” clouds, however, we did
10 to 15 min at the zenith as a consequence of heavy air trafrot find any unambiguous way to identify contrails based on
fic in the southeast of Berlin. The lidar probes a small spot inthe lidar data alone. One reason for this is that the averaging
about the centre of the camera pictures. The backscatter sigime of the lidar is 140 s while it takes only some seconds for
nals reveal that cirrus is always present during the entire timehe contrail to pass over through the laser beam. Therefore,
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Fig. 5. The upper panel contains images from a video camera taken from the zenith above the lidar system which was located at Lindenberg.
The lower panel shows a time-altitude section of the lidar backscatter ratio. The contrails that are observed by the camera are embedded in
cirrus that covers the altitude range from 10 km to the tropopause (red dashed line) at 12.2 km. The most prominent cloud at about 15:50 UT
is a cirrus spissatus which is also clearly visible in the lidar data. The plot on the right side BHoed) and RHl (green) measured by a
radiosonde launched at 16:45 UT.

the effect of the contrail is smoothed out in the lidar data. The

. - . . 60%
changes induced by the airplanes to the optical properties of  40%- 500/2
the cirrus are rather subtle from the “lidar perspective” even 3504 40%
though it is clearly evident for the bare eye. 30% 30%
- 0
The combination of lidar and sky camera allowed us to ’ %802‘:
demonstrate, that the majority of stable contrail are embed- 25%+ 0%
ded in pre-existing, mostly subvisible cirrus clouds. This 20%+ eCo sCo 1Co
finding is not surprising given the result of the previous sec- 15%
tion, where we demonstrated that ice particles are generally ’
present in ISSRs. The plot on the right hand side of Big. 10%+4
shows the RIH in the altitude range where RH100% sub- 59
visible cirrus and contrails are observed. Supposing that both 0% . m
require not more and not less than supersaturation with re- .
sCs Cs Ci Co Ac

spect to ice in order to persist, its obvious that both are regu-

larly observed simultaneously. As a consequence, one should

think of contrails as a rearrangement of an existing cloudFig. 6. Classification of cirrus clouds observed during August and

rather than a creation of a new, artificial cloud. September 2003 at Lindenberg by lidar and CCD Camera. Cs: Cir-
rostratus, Ci: Cirrus, Co: contrails, sCs: subvisible ice cloud, ICo:

3.5 Comparison with the cloud prognostic variables of line shaped contrails, sCo: spreaded contrail, eCo: contrails embed-
OpECMWF ded in pre-existing cirrostratus.

Figure7 shows a comparison of lidar observations of cirrus

clouds with the IWC represented by opECMWEF. The agree-its strengths. This agreement is striking since the model was
ment is amazingly good, the ECMWF model captures thenot expected to reproduce cirrus clouds properly. An earlier
cloud events in its temporal and vertical extend as well as inattempt to compare ECMWF with lidar observation based
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Fig. 7. The upper plot shows lidar observations of cirrus clouds in term of the backscatter ratio at 532 nm for one week in September
2003. The lower plot shows the corresponding cloud ice water content of opECMWF for the same time period at the nearest gridpoint to
Lindenberg (52, 14°). Periods where no lidar data was available are painted in grey.

on the data from campaigns in 200n(ler and Schrems  and the output of the ECMWF model suggesting that strati-
2002 was less clear. The reasons why the cirrus observedorm clouds in general are well captured by the models prog-
at Lindenberg compare much better may be the following:nostic clouds scheménimler et al, 2007). The good agree-
First, at Lindenberg we were sampling mainly anticyclonic ment between the observation of stratiform cirrus and its pre-
cirrus while during previous campaigns the focus was on cir-diction in the ECMWF model supports our conclusion that
rus formed in frontal system or in orographic wav€mayet ice particles are present in air that is saturated with respect
et al, 2006. Presumably, the model reproduces the anticy-to ice, independently from the radiosonde data. Since upper
clonic cloud formation better than the more complicated, dy-air radiosonde observation are not assimilated to the analysis,
namical processes in fronts and small scale waves. Secondlthe humidity of upper tropospheric air and consequently the
the cloud formation scheme and the assimilation of humid-occurrence of clouds in the model are consequences of verti-
ity observations in opECMWF have changed between 200Qal transport and cooling of air masses. As we have pointed
and 2003 and the newer schemes seems to perform better ast in Sect.2.3 stratiform clouds are formed by the model
far as their effects on the occurrence of mid-latitude cirrus iswhen saturation is reached. The agreement between model
concerned. and observations demonstrates that this rather simple con-

Starting from 2004 we conducted a number of campaign<c€Pt works well in the conditions that were investigated here.

in the tropics. Thin ice clouds in the tropical tropopause re- Differences between the observations and the model data
gion were extensively studied with the same lidar instrument.occur mainly because of a temporal delay between the two
Again, we found a close relation between cloud observationslatasets: clouds in the opECMWF often occur one time step
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later than they were actually observed. Also the vertical ex- o oylonic  iop0D) <057+ 056 (-005) boWP) RS ¢ — 150 um. N 4 1
tent sometimes differs by one or two model levels. The first || = anticyclonic iog(0p) =053 +051 (007 *logWP) R081 .
can easily be corrected for and the latter can be ignored if .
vertically integrated parameters are compared. This is done
in Fig. 8 where the cloud OD measured by the lidar, aver-
aged to the model scales, are plotted against the integrate
ice water content (= Ice water path, IWP) of opECMWF on a
double logarithmic scale. The correlation coefficient of 0.93
demonstrates that model and observations agree very well.
We did not find a systematic difference between clouds ob-
served during cyclonic (blue) and high pressure (red) weather oo —
systems. Figur® provides an empiric relation between the
(prognostic) variable IWP (which can be easily translated to s 4 T 001 o
an IWC when considering a specific layer) and the optical Cloud ice water path (kg m-2)
depth of stratiform cirrus clouds that can be very useful for
modelling the radiative properties of these cloud types.
Moreover, it allows an estimation of the typical effective
particle size. IWP and OD scale linearly with the total parti-
cle number in a columnX;). On the other hand, OD scales
with the square of the effective particle radiusvhile IWP
scales with-3. The slope of about 0.6 of the regression indi-
_cates that an_mcrease_of the QD of str_atlfor_m cirrusis primar-,  ~o 1 isions
ily due to an increase in effective particle siz¢ ather than
particle number &;). If a change in number is dominant, a
slope close to unity is expected, while a smoother slope o

2 . .
£ was expected wheN is assumed constant while IWP and ) :
3 P observations as well as opECMWEF data. Cirrus clouds were

OD varies withr. o . . o
. . . . found to ubiquitous in particular in high pressure systems
Based on this consideration, a rough estimate of the effec- L
. . L . - . - where the coverage with cirrus was on average 67%. Ice su-
tive particle radius is obtained by assuming spherical parti-

cles with a size that is large compared to the wavelengths Opersaturated regions occur very often in the uppermost tropo-

. : : s . sphere (8 km to tropopause) in particular within anticyclonic
the light. In this case OD is to a good approximation obtalnedweather patterns and are generally cloudy: by volume, 85%

832 nm

0.14

Optical depth a

Fig. 8. Comparison of the observed total cirrus cloud optical depth

determined from lidar observations with the Ice Water Path of the
nearest grid-point of the opECMWF data for August and September
2003.

iNe studied the formation of thin cirrus and contrail at a mid-
atitude location (53N) on the basis of lidar and radiosonde

by: of the observed ISSRs contained ice particles. The almost
OD=2N, 7 r2 @) even I_DDF qf optlcal depths of Cirrus across seyeral orders of
magnitude indicate an exponential decay of cirrus, suggest-
and the ice water path by ing that sedimentation is the most important process for their
dissipation.
4 -
IWP=2 N, 73 p 3) The occurrence of cirrus and ISSR are closely related and
3 our observations clearly demonstrate that cirrus and contrails

are generally present where the upper troposphere is super-

saturated with respect to ice. The majority of persistent con-

trails were embedded within pre-existing cirrus. This is an
31IWP important result for assessing the impact of aircraft exhaust

P — 4 .
r 3, 0D (4)  onclimate.

wherep is the density of ice. Solving these equationsifor
yields:

The occurrence of stratiform clouds in the upper tropo-
While the particles of subvisible clouds (OD=0.02, sphere is well reproduced by the ECMWF prognostic cloud
IWP=0.1g/n%, Fig. 8) have effective radii of about 10m, scheme. Radiosonde humidity measurements, lidar obser-
the optical properties of thick cirrus clouds (OD=0.02, vations of ice clouds and prognostic model output thus pro-
IWP=100 g/n?) are dominated by much larger ice crystals vide a consistent picture of the occurrence of stratiform cirrus
with typical sizes of more than 1m. Assuming a typi- clouds at mid-latitudes. The correlation between observed
cal cloud with a thickness of 2 km, one can conclude that thetotal OD of ice clouds and modeled ice water path indicates
number density of the optically active particles (i.e. the par-that changes in the optical depth of a thin cirrus is primarily
ticles that are responsible for the majority of the scattering)linked to the particle size. Stratiform cirrus clouds seem to
of stratiform cirrus is on the order of 10 particles per litre, be composed of a relatively small number (10 particles per
independently of the clouds optical depth. litre) of large particles with effective radii on the order of
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10um for subvisible clouds and over 1@0n for thick cir- Dessler, A. E., Palm, S. P.,, Hart, W. D., and Spinhirne,
rus with OD around 1. Our results contrast the large amount J. D.: Tropopause-level thin cirrus coverage revealed by ICE-
of small particles that were found in cirrus clouds formed —Sat/Geoscience Laser Altimeter System, J. Geophys. Res., 111,
by strong dynamical forcing like jet streams or orographic P08203, doi:10.1029/2005JD006586, 2006.
waves Gayet et al.2008. Gayet, J.-F., Ovarlez, J., Shcherbakov, V.,08tr J., Schumann,

The relation between OD and IWP found in our study can U., Minikin, A., Auriol, F., Petzold, A., and Monier, M.: Cirrus

. . . . cloud microphysical and optical properties at southern and north-

be helpful for parametrising the optical properties of cirrus

) ern midlatitudes during the INCA experiment, J. Geophys. Res.,
clouds in models. However, we do not know whether our 109, D20206, doi:10.1029/2004JD004803., 2004.

findings are a typical feature only for the particular location Gayet, J. F., Shcherbakov, V., Mannstein, H., Minikin, A., Schu-
of this study, or whether they can be applied to stratiform  mann, u., Siom, J., Petzold, A., Ovarlez, J., and Immler, F.: Mi-
cirrus in the upper troposphere in general. It would be inter-  crophysical and optical properties of mid-latitude cirrus clouds
esting to know whether the same results are obtained in re- observed in the southern hemisphere during INCA, , Q. J. Roy.
gions with less sources of pollution, in particular with less air ~ Meteor. Soc., 132, 2791-2748, doi:10.1256/qj.05.162, 2006.
traffic, for answering the question whether air pollution con- Gierens, K., Schumann, U., Helten, M., Smit, H., and Marenco, A.:
tributes to the high cirrus frequency that we have observed at A distribution law for relative_humidity in the upper troposphere
Lindenberg. and lower stratosphere derived from three years of MOZAIC

. measurements, Ann. Geophys., 17, 1218-1226, 1999,
In analogy to the results reported here, observations ob http:/www.ann-geophys.net/17/1218/1999/

tained during f’slcampalgn in the tropidm(nler et al,.2007) Goldfarb, L., Keckhut, P., Chanin, M.-L., and Hauchecorne, A.:
showed that cirrus clouds were generally present in supersat- cirrys climatological Results from Lidar Measurements at OHP
urated air in an altitude of 15-18 km, clearly above the flight (44° N, 6° E), Geophys. Res. Lett., 28, 1687—1690, 2001.
levels of airplanes. This suggests that aircraft emissions dgieymsfield, A. J., Miloshevich, L. M., Twohy, C., Sachse, G., and
not play a major role for the existence of thin cirrus cloud Oltmans, S.: Upper tropospheric relative humidity observations
layers. On the other hand, the impact of aircraft emissions and implications for cirrus ice nucleation, Geophys. Res. Lett.,
on the optical properties of clouds is often clearly observable 25, 1343-1346, 1998.
at mid-latitudes by bare eye in the form of visible contrails. Heymsfield, A. J., Schmitt, C. G., Bansemer, A., Baumgardner, D.,
The effects of anthropogenic emissions on the formation and Weinstock, E. M., Smith, J. T., and Sayres, D.: Effective ice
properties of ice particles in the upper troposphere are still particle der!fsltles for cold anvil cirrus, Geophys. Res. Lett., 31,
not readily understood to date and will be subject to further L02101, d0|.10.1029/20036L018311,' 2004.

. . . . . Hogan, R., Jakob, C., and lllingworth, A.: Comparison of ECMWF
studies. C_ontlnuo_us, long term lidar obsgrvatlon_s and simul- winter-season cloud fraction with radar-derived values, J. Appl.
taneous high quality water vapour soundings deliver valuable Meteorol., 40, 513-525. 2001.

information in this context and should play an integral role in jmmier, F. and Schrems, O.: Lidar measurements of cirrus clouds
such efforts. in the northern and southern hemisphere during INCA (65

53° S): A comparative study, Geophys. Res. Lett., 29, 1809, doi:
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