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Cirrus Climatological Results from Lidar 
Measurements at OHP (44 ø N, 6 ø E) 

L. Goldfarb, P. Keckhut, M.-L. Chanin, and A. Hauchecorne 
CNRS/Service d'A6ronomie, Verri•res-le-Buisson, France 

Abstract. A climatology of cirrus clouds over the Obser- 
vatoire de Haute Provence in France has been constructed 

from the analysis of ground-based lidar measurements taken 
from 1997 to 1999. During this period the high-resolution 
Rayleigh/Mie lidar collected 384 nights of measurements 
and cirrus profiles are observed in about half of these cases. 
We find subvisible cirrus (r < 0.03) constitute • 20 % of 
cirrus cloud occurrences and that the mean thickness of a 

subvisible cirrus cloud layer is less than i km. A discussion 
of the error associated with these determinations is also pre- 
sented. 

Introduction 

Cirrus clouds cover about 30 % of the earth's surface. 

They impact the radiation budget [Liou, 1986], which in 
turn governs the global climate. Cirrus clouds have also 
been invoked as a possible surface for heterogeneous reac- 
tions that could impact ozone concentrations in the upper 
troposphere and lower stratosphere (UT/LS) [Bowmann et 
at., 1996]. Characterizing cirrus occurrences and their op- 
tical properties is critical for climate models, but there are 
very few data. (See Penner et at. [1999] for an overview.) 

In particular characterizing optically thin cirrus has been 
acknowledged [Rosenfield et al., 1998] as an important, al- 
beit difficult, task for calculating heating rates. Cirrus 
clouds with optical thicknesses (r) less than 0.03 are known 
as subvisible cirrus (SVC)[$assen et at., 1989]. Most at- 
tention has been focused in the tropics where the highest 
occurrence frequency (• 20 %) of SVC have been observed 
by SAGE (Stratospheric Aerosol and Gas Experiment) II 
[Wang et at., 1996, 1998]. This satellite instrument is very 
sensitive to optically thin cirrus (•-tn•e•no•d • 2 x 10-4). 
The prevalence of these clouds in the tropics is important, 
because the radiative effects of SVC are expected to be the 
greatest (-[- 0.5 W m -2) [Wang et al., 1996] in this region. 
However, global cirrus statistics are needed for accurate cli- 
mate simulations. Ground-based measurements are an ex- 

cellent way to obtain high-resolution cirrus data to comple- 
ment satellite data. 

The objective of this study is to construct a cirrus clima- 
tology using lidar measurements from the Observatoire de 
Haute Provence (OHP), France. Our measurements have a 
high altitude resolution (75 m) and confirm the presence of 
SVC at northern midlatitudes. SVC have been observed by 
others using ground-based instrumentation at midlatitudes 
(e.g., Reichardt [1999]). Indeed, the SVC optical thickness 
threshold was determined using midlatitude (45 o N, 90 o W) 
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lidar data [Sassen et at., 1989]. Most ground-based studies 
of SVC have been limited in scope (e.g. see $assen and Cho 
[1992]) and thus extracting climatological data from lidar 
work has been quite challenging. Our findings are distinctive 
because they are based on the most exhaustive record of 
ground-based cirrus observations. 

Instrumentation 

The Rayleigh/Mie lidar at OHP makes measurements 
during the night throughout the year. OHP is situated at 
43.9 o N, 5.7 o E and at 679 m altitude. We give an overview 
of the instrumentation here; details can be found elsewhere 
[Keckhut et al., 1993; Hauchecorne et al., 1992]. A doubled 
Nd-YAG laser which emits a light pulse of • 10 ns at 532.2 
nm is operated at a repetition rate 50 Hz with an average 
pulse energy of 300 mJ. This zenith pointing lidar functions 
in cirrus mode between 100 - 150 nights per year. 

The OHP lidar has an extensive altitude range (1 - 80 km), 
but the description of the detection system given here is lim- 
ited to that which has been optimized for the UT/LS. The 
receiving telescope has an adjustable diaphragm that allows 
a maximum diameter of 20 cm. The altitude range for this 
telescope is between i and 25 km. The photon counting 
system has a 0.5 ms bin width corresponding to an alti- 
tude resolution of 75 m; the received backscatter signal is 
averaged over 160 seconds intervals. The lidar is operated 
in semi-automatic mode (i.e., signal collection is stopped 
only if precipitation occurs or with the onset of dawn). A 
typical measurement period is 6 hours. Presently the OHP 
lidar is not equipped with a polarizing detector, thus no 
information about the size or phase of the aerosols is ob- 
tained. Atmospheric temperature measurements are taken 
from high-resolution (Vaisala RS80) radiosondes launched 
from Nimes (• 120 km east of ¸HP). 

Analysis 

A scattering ratio (SR) is calculated from the sum of the 
Mie (aerosol) and Rayleigh scattering coetficients, 
•nayzeign, respectively), divided by the Rayleigh backscatter 
coetficient: 

$R- • ...... • + 
•Rayleigh 

The numerator corresponds to the raw lidar signal, corrected 
for the background and the altitude squared dependence. 
The denominator is obtained using a fourth degree poly- 
nomial fit to the backscattered profile after the removal of 
the Mie component. When no aerosols are present, the SR 
equals one. Typically, for clear-sky conditions, the SR stan- 
dard deviation at low altitudes (5- 6 km) is • 0.04 and 
increases to • 0.4 at high altitudes (18- 19 km). This rise 
in the standard deviation is due to the exponential decay in 
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Figure 1. Analyzed lidar data for the night of July 11 - 12, 
1998. The scattering ratio is shown in Panel (a); the scale is 
in the lower right. Only scattering ratios greater than tsR (see 
text) are shown in the color plot. The solid line is the height of 
the tropopause. Panel (b) displays the optical thickness, 7; the 
dotted line is the SVC threshold. For this particular observation, 
no clouds/aerosols are observed below 11 km. 
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Figure 3. A profile of cirrus cloud top heights for 1998. 
Stars denote the maximum cirrus altitude, the solid line is the 
tropopause height and the dotted line marks altitudes that cor- 
responds to - 25 o C. The tropopause and - 25 o C altitudes are 
determined from radiosondes measurements. 

the signal with altitude. The minimum detectable optical 
depth for the OHP lidar is i x 10 --3. 

The presence of cirrus is determined when the following 
two criteria are met: the SR is greater than the defined 
threshold (tsR) and the cloud layer is situated in an air 
mass with a temperature of- 25 ø C or colder. The tsR 
is defined as the sum of the nightly mean SR from 18 - 
19 km plus three times the SR standard deviation for this 
altitude range (dsR). Because the tsR is defined for each 
nightly determination (cloudy or clear sky), it is sensitive to 
the signal to noise of the particular observation. The ds R is 
slightly greater when thick clouds are present, thus there is a 
slight bias against seeing thin clouds under these conditions. 
The - 25 ø C threshold, as determined from the radiosondes, 
has been recognized (Heymsfield, private communication) 
as an indicator of cirrus. Cirrus occurrence frequencies are 
calculated from the number of cirrus occurrences divided by 
the total number of measurements. 

The optical thickness of a cirrus cloud is calculated from 
the integral of the extinction coefficient, a(z),: 

fz zmax .... = 
min 

where zmi• and Zmax represent the minimum and maximum 
cirrus altitude, respectively. Using the SR and the lidar 
ratio, LR -(a//• ...... •), we can derive the relationship used 
to calculate the optical thickness of cirrus: 

f z zmax Tci .... ---(Ll•) (TRayleig h T•air(Z)(Sl•(z)- 1)dz, 
min 

• 50 r •--]- N.o Cir-•-• 
40 = 

3O 
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Figure 2. A histogram of the number of cirrus occurrences and 
the total number of nightly measurements from 1997 - 1999 as a 
function of month. 

where, (TRayleigh ---- Rayleigh backscattering cross section, 
/•Ray• -- (TRay• na•(Z), and na•(z) -- density of 
air, as calculated by the MSIS-E-90 atmosphere model 
[ht t p://n ssdc. gsfc. n as a. gov/space/model/models/msis. ht ml]. 
A LR of 18.2 sr [Platt and Dilley, 1984] is used, and (TRay•i• 
(532 rim) = 5.7 x 10 -3•' m •' sr -1 . No corrections for multiple 
scattering are made. 

Results 

From 1997 to 1999 the lidar system took 384 nights of 
measurements. The capacity of the OHP lidar to accurately 
measure optical thicknesses of SVC is illustrated in Figure 1. 
As seen in Figure 2, cirrus clouds are observed in half of the 
cases (54 %). The cirrus occurrence frequencies for spring, 
summer, winter, and fall are 57 %, 42 %, 57 %, 60%, respec- 
tively. 

Figure 3 shows the location of the cloud top heights for 
1998 in relation to the tropopause; altitudes that correspond 
to- 25 ø C are also presented in the plot. We use the WMO's 
definition of the tropopause (the altitude where the temper- 
ature lapse rate decreases to 2 K km -• for at least 2 km). 
All temperatures are obtained from the radiosondes. Fig- 
ure 3 indicates that even with the daily variability of the 
tropopause height, the cirrus cloud tops tend to consistently 
track the tropopause. Results for 1997 and 1999 are simi- 
lar. A histogram of the location of the cloud top heights 
with respect to the tropopause is presented in Figure 4. A 
significant portion, 53 %, of the cirrus cloud top heights are 
within 0.75 km of the tropopause. 

Table i summarizes the statistics for cirrus frequencies 
for individual layers and their total thickness for the three 
years studied. A separation of 3 channels (corresponding 
to 225 m) is needed for a new layer to be declared. The mean 
cirrus thickness is 1.4 4- 1.3 km and centered at 10.0 4- 1.3 

kin, while the SVC are markedly thinner (0.8 4- 0.7 kin) but 
are located in the same region (10.4 + 1.5 kin). 

We present the seasonality of the optical thicknesses in 
Figure 5; the results are binned on a log scale to better 
perceive the cases of very optically thin clouds. The SVC 
occurrence percentages for spring, summer, fall, and winter 
are 23 %, 18 %, 21%, 25 %, respectively. When the mean 
for all three years is taken, cirrus with optical depths be- 
tween 0.03 and 0.1 are the most prevalent. This pattern is 
similar for the annual results, except for 1998 where cirrus 
with optical thickness between 0.01 and 0.03 are as frequent 
than those between 0.03 and 0.1. The SVC cloud occurrence 

varies from year to year, 22 % (1997), 27 % (1998), 17 % 
(1999). 
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Table 1. Cirrus cloud statistics for multilayer occurrences and mean cirrus cloud thickness. Values in parenthesis are for SVC only. 

1997 1998 1999 1997- 1999 

% Cloud Occurrence 

1 layer 36 (13) 38 (20) 30 (8) 36 (14) 
2 layers 14 (7) 14 (5) 21 (9) 16 (7) 
3 layers 4 (2) 2 (2) I (0) 2 (2) 

km 

Mean layer 1.5 (0.8) 1.3 (0.8) 1.5 (0.7) 1.4 (0.8) 
thickness 

Stdev 1.3 (0.6) 1.1 (0.6) 1.4 (0.8) 1.3 (0.7) 

No. of cirrus 75 (30) 80 (39) 51 (17) 206 (86) 
occurences 

Discussion 

The OHP data set offers a unique perspective on cirrus 
clouds at northern midlatitudes. Unlike campaign data or 
satellite observations, the lidar measurements presented here 
were systematically taken over the period of three years, 
with excellent altitudinal and temporal resolution. Analysis 
has revealed many optically thin and SVC events, with the 
latter composing 23 % of the occurrences. Profiles such as 
those shown in Figure 1 show that cirrus events can be highly 
variable both temporally and spatially. Annual variation for 
some of the cirrus statistics (e.g., the mean cirrus thickness) 
is observed. 

Certain considerations must be taken into account when 

analyzing the OHP lidar data. With the ground-based lidar 
technique it is not possible to make measurements when 
there are opaque/precipitating clouds. Consequently it is 
possible that our statistics may be biased, especially the 
number of cirrus occurrences in the optical depth range of 
0.3 - 1.0, category F in Figure 5. Generally at OHP there 
are only -- 50 nights where such conditions preclude the 
collection of data. Typically, multiple scattering effects are 
negligible for optical thicknesses less than 0.1, but for thicker 
clouds (r = 0.2 - 0.6) the correction can results in a 25 % 
increase in the optical depth [Reichardt, 1999]. We do not 
correct for multiple scattering effects for two reasons: first, 
because this correction would have been, at most, significant 
for small fraction of the cases involved (categories E and F 
in Figure 5), and second because the uncertainty (> 100 %) 
of this adjustment is larger than the correction. 

In the calculation of the optical thickness, we assumed a 
LR of 18.2 sr from Platt and Dilley [1984]. This value was 
determined from lidar measurements (1978- 1980) in the 
southern hemisphere. Platt and Dilley quote a 20 % error 
in their LR, but other studies [Ansmann et al., 1993, 1992; 
Reichardt, 1999], have shown that, depending on the alti- 
tude and composition of the cloud, the LR can vary sub- 
stantially. Therefore, the optical thickness errors are signif- 
icant (-- 10 - 50 % with the largest errors found at the 
cloud base and below) [Wandinger, 1998]. A reanalysis of 
our data using LRs 5 and 50 sr (two extreme values found 
in the work cited above), leads to SVC frequencies of 40 and 
10 %, respectively. Thus it is clear that the value of the LR 
dominates the error associated with the optical thickness 
determination. Work done by Ansmann et al. [1993] dur- 
ing the 1989 International Cirrus Experiment (ICE), used 

a LR (15 sr) similar to Platt and Dilley's when simultane- 
ous Raman measurements were not available to determine 

LR directly, and justified this choice for optically thin cirrus 
( r < 0.1). We choose the value from Platt and Dilley, 
because, the majority of cirrus observed were optically thin 
and this value has been used by others [Penner et al., 1999]. 

Another possible source of uncertainty is the tempera- 
ture measurements. Besides possible systematic errors of 
the sondes, there is the distance (• 120 km) between Nimes 
and OHP. Two sondes are launched per day from N•mes, one 
at noon and another at midnight (universal time). For this 
work we use the latter sonde, which typically temporally 
coincided with the lidar measurements. The temperature 
determinations of the N•mes' sondes are more accurate than 

the Raman lidar technique [Hauchecorne et al., 1992]. The 
tropopause altitude is determined from these measurements 
using the thermal definition; thus error may be introduced 
from the definition of the tropopause and from the temper- 
ature measurements. For example in Figure 3 there are two 
consecutive days where the tropopause is greater than 16.8 
km, but in both cases there was a second tropopause (• 10.8 
km), which did not meet the WMO definition. Also in Fig- 
ure 4, 5 % of the cloud top heights were observed at least 
1 km above the tropopause, but a more accurate quantifi- 
cation would necessitate temperature sonde launches from 
OHP. 

For the optical thickness measurements, the sondes were 
used to determine the - 25 ø C threshold. If any part of 

• 3O 

• 25 
• 20 

• •o 

o 

Figure 4. The occurrence distribution of the cloud top heights 
with respect to the tropopause for 1997 - 1999. Positive values 
denote cloud top heights above the tropopause. 
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Figure 5. Histograms of cirrus seasonal optical thicknesses 
binned on a log scale. The first letter of each month is given 
in the upper left. Lettering along the abscissa corresponds to op- 
tical thickness intervals, which are given above. The fifth panel 
shows the combined results for the three years of data. Categories 
A- C comprise the SVC component. 

the cloud layer was located at or above the corresponding 
- 25 ø C altitude, then the entire cloud was included in the 
calculation of the optical thickness. Hence, any errors in 
the temperature measurements would only slightly affect the 
optical thickness determinations. Finally, there have been 
differing ice threshold temperatures quoted for midlatitude 
cirrus [Heymsfield and Platt, 1984; Roscow et al., 1996; Riedi 
et al., 1999]. We conducted a reanalysis of our data using 
a threshold temperature of- 40 ø C. This colder threshold 
temperature raises the cut-off altitude from ,.• 7 km to 
,.• 9 km. Because most cirrus had cloud top heights above 
this altitude, this change in threshold had a minimal effect 
on our results (e.g., an augmentation of only 2 % in SVC 
occurrences). 

Conclusions 

Our findings of a SVC occurrence frequency of -0 20 % 
centered near 10 km confirm the existence of SVC at north- 

ern midlatitudes. This is in excellent agreement with the 
SAGE II zonally average cirrus cloud occurrences at 44 ø N. 
While one might expect the lidar to observe fewer cirrus 
than SAGE II, owing to the different sampling volumes 
(the SAGE II instrument samples horizontal distances of 
-- 200 km), our error analysis shows that there is a possi- 
ble factor of two uncertainty in the calculated optical thick- 
nesses. This uncertainty is tied to the errors associated with 
the LR; thus, accurately determining this quantity is essen- 
tial. 

The high altitudinal resolution of our lidar measurements 
shows that the mean thickness of a SVC is less than I km 

with the distribution skewed towards much thinner layers 
(-0 34 % are less than 0.4 km) and that cirrus cloud tops 
often occur at the tropopause. With nearly 2300 hours of 
measurements, this is the most extensive lidar study of cirrus 
available. These results help provide detailed cirrus climato- 
logical information that is needed to better model the effect 
of these clouds on the radiation budget. 
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