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Abstract. Ice supersaturation in the upper troposphere is al Introduction

complex and important issue for the understanding of cirrus

cloud formation. On one hand, infrared sounders have thdce supersaturation (or “ISS”, relative humidity with respect
ability to provide cloud properties and atmospheric profilesto ice larger than 100 %) is a prerequisite for the nucleation
of temperature and humidity. On the other hand, they sufferof cirrus clouds (e.g. Haag et al., 2003) and for the persis-
from coarse vertical resolution, especially in the upper tropo-tence of condensation trails (Schumann, 1996). The growing
sphere and therefore are unable to detect shallow ice supefecessity of a better representation of ice cloud formation
saturated layers. We have used data from the Measuremenisocesses (Waliser et al., 2009; Tompkins et al., 2007) has
of OZone and water vapour by Alrbus in-service airCraft ex- increased interest in the parametrization of supersaturation
periment (MOZAIC) in combination with Atmospheric In- in climate models. While radiosondes and in situ measure-
fraRed Sounder (AIRS) relative humidity measurements andnents provide relative humidity at a high vertical resolution
cloud properties to develop a calibration method for an esti-(Spichtinger et al., 2003a; Emer et al., 2009), continuous
mation of occurrence frequencies of ice supersaturation. Thi@nd global observations are only achievable from satellite
method first determines the occurrence probability of ice sumeasurements which, in turn, suffer from a limited vertical
persaturation, detected by MOZAIC, as a function of the rel-resolution.

ative humidity determined by AIRS. The occurrence proba- For example, Kahn et al. (2008) and Lamquin et al. (2008)
bility function is then applied to AIRS data, independently have shown that cirrus clouds have generally a smaller ver-
of the MOZAIC data, to provide a global climatology of tical extent (about 2km) than the AIRS vertical resolution
upper-tropospheric ice supersaturation occurrence. Our cli¢>3km in the upper troposphere, Maddy and Barnet, 2008)
matology is then compared to ice supersaturation occurrencand that relative humidity with respect to ice (RHi) inside
statistics from MOZAIC alone and related to h|gh cloud oc- cirrus clouds is difficult to determine since clear parts of
currence from the Cloud-Aerosol Lidar with Orthogonal Po- the profile, over or under the clouds, are taken into account
larization (CALIOP). As an example of application itis com- in its computation. In addition, the radiances used for the
pared to model climatologies of ice supersaturation from theretrieval of atmospheric temperature and water vapour pro-
Integrated Forecast System (IFS) of the European Centre foliles are cloud cleared (Chahine et al., 2006) and therefore
Medium-Range Weather Forecasts (ECMWF) and from thethese RHi profiles correspond more to the atmosphere around
European Centre HAmburg Model (ECHAM4). This study the clouds. Thus RHi distributions in the presence of cir-
highlights the benefits of multi-instrumental synergies for therus clouds show dry biases when compared to in situ mea-

investigation of upper tropospheric ice supersaturation. ~ surements and model parametrizations (e.g. Lamquin et al.,
2009).
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Ice supersaturation occurs in thin layers of the atmospheral. (2009) from profiles of best and good quality using the
(about 500 m according to Spichtinger et al., 2003a), thusconditions QuaH»0 # 2 and PGood- 600 hPa. These cor-
it is even harder to detect by satellites (e.g. Gierens et al.respond to about 70 % of all situations.
2004). As a consequence, its global frequency of occurrence Humidity measurements for which the water vapour con-
is underestimated if a threshold of 100 % is used (Gettelmarent is lower than 10-20 ppmv are below the nominal in-
et al., 2006a). Therefore, Stubenrauch and Schumann (2005frument sensitivity and are subject to a higher uncer-
have taken the coarse vertical resolution of TOVS data intatainty (Gettelman et al., 2004). On the A-Train, the syn-
account by adjusting the threshold to 70 %. ergy of AIRS and the Microwave Limb Sounder (MLS)

We now propose a more sophisticated method based on thallows comparisons, quality evaluations and profile com-
construction of an a priori knowledge of the occurrence prob-plementarity in the upper troposphere/lower stratosphere
ability of ice supersaturation inside a vertical pressure laye{UTLS) region (e.g. Fetzer et al., 2008; Liang et al., 2011).
as a function of the AIRS relative humidity (from now on- Fetzer et al. (2008) show that AIRS moisture data at altitudes
wards termed “RH{”) computed over this vertical pressure higher than 200 hPa may lead to misleading results. As a
layer. consequence, Rigimay not be fully exploitable at pressure

Section 2 presents AIRS and MOZAIC datasets. Secdevels higher than 200 hPa. This level is a realistic limita-
tion 3 presents relationships inferred from the collocationtion to be confident in the final ISS statistics of Sect. 4. In
of AIRS and MOZAIC as well as the calibration method. Montoux et al. (2009) data higher than 200 hPa in altitude
This method is then employed in Sect. 4, independently ofhfave shown consistency with in-situ measurements in the
the MOZAIC data, to build a climatology of ice supersatura- tropics and subtropics. Nevertheless, these authors insist on
tion from the AIRS data only. ISS occurrences are comparedhe strong influence of the a priori profiles used in the re-
to those obtained by MOZAIC. We further study cirrus oc- trieval at such altitudes. We decide to include our results at
currence from CALIOP in relation to ice supersaturation oc-such altitudes (pressure layers 100-150 and 150-200 hPa) as
currence. As an example of further applications we presenthey show reasonable behaviours. Caution warnings recall
in Sect. 5 first comparisons with ISS occurrence climatolo-the reader’s attention throughout the analysis so that these
gies from ECMWF and ECHAM4. Data other than AIRS results are not taken with too much confidence. Also, no
and MOZAIC are briefly introduced before each comparisonsensitivity threshold is used to remove low values of water
because the relevance of the extracted parameters then agapor as it would certainly lead to even more biased results
pears in a more comprehensible manner. We summarize odhen by considering all data.

results in Sect. 6.
2.2 AIRS-LMD cloud properties

Tu study the situations for which ISS can be determined
by AIRS, we use AIRS cloud properties retrieved at LMD
(Stubenrauch et al., 2010). Cloud presspgg and IR emis-
sivity ecig are determined for each AIRS footprint at the spa-

On board the NASA Aqua satellite, AIRS provides very high tial scale of about 13.5km over the period from 2003 to
resolution measurements of Earth emitted radiation in three?009. These parameters thus allow a distinction between
spectral bands from 3.74 to 15.40 um, using 2378 channeld© clouds in the upper troposphere (clear sky, low-level, mi-
Observations exist at 01:30 and 13:30 LT since May 2002dlevel cloudiness) and cloudiness in the upper troposphere
The spatial resolution of these measurements is 13.5km & different optical depth (distinguished according to cloud
nadir. Nine AIRS measurements ¥33) correspond to one €Missivity as high opaque cloudsg§ > 0.95), cirrus (095>
footprint of the Advanced Microwave Sounder Unit (AMSU) €cid > 0.5) and thin cirrus (3 > ecig))- The global coverage
within which atmospheric profiles of temperatdateind spe- ~ Of the latteris about 2.3, 10.9 and 8.5 %, respectively.
cific humidity ¢ are retrieved from cloud-cleared AIRS radi- ~ However, by con_5|der|ng only situations W|t_h atmospheric
ances at a spatial resolution of about 40 km at nafiiahine profiles retrieved with good quality, their fractions change to
et al.,, 2006). AIRS level 2 (L2) standard products include 0-1, 4.6 and 10.3 %, respectively. Combining all seasons, Ta-
temperature at 28 pressure levels from 0.1 hPa to the surfacde 1 illustrates the scene dependency of statistics with which
and water vapour mixing ratios within 14 pressure lay- 1SS canbe de.ter'm'lne'd. We observe that in general the aver-
ers from 50 hPa to the surface (Susskind et al., 2003, 2006/29€ cloud emissivity is smaller for atmospheric profiles of
We investigate ISS occurrence within the 6 standard pressur@0d quality. High clouds for which AIRS provides atmo-
layers 100-150, 150-200, 200—250, 250—300, 300—400, angpheric profiles of good quality consist of all thin cirrus and
400-500 hPa. These layers are about 2 km thick. of half of the cirrus category. In the following, we use the

Version 5 of AIRS L2 data provide quality flags for each general term “cirrus",. in_cludling both categories, except in
atmospheric profile (Susskind et al., 2006; Tobin et al., Sect. 3.3, where we distinguish between both categories.

2006). We derive relative humidity Rilias in Lamquin et

2 Data handling

2.1 AIRS data, quality and vertical resolution

Atmos. Chem. Phys., 12, 381-405, 2012 www.atmos-chem-phys.net/12/381/2012/
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Table 1. AIRS cloud type frequencies and average emissivities (in brackets) for atmospheric profiles with good quality data (“good”) and
for all data (“any”), separately over the globe (“GIb”), tropics (“Trp”) and Northern Hemisphere midlatitudes (“NH"). All seasons combined.

Type/quality (Glb) good (Glb) any  (Trp) good (Trp) any  (NH) good (NH) any
High opaque clouds 0.1 (0.81) 2.3(0.96) 0.1(0.77) 3.4(0.95) 0.1(0.82) 2.6(0.96)
Cirrus 4.6 (0.62) 10.9(0.74) 6.3(0.61) 15.2(0.73) 6.0(0.63) 13.5(0.75)
Thin cirrus 10.3(0.33) 85(0.34) 19.4(0.29) 17.3(0.30) 9.7 (0.39) 8.0(0.39)
Lmclds 37.4(0.69) 40.5(0.75) 19.0(0.61) 19.2(0.66) 48.5(0.66) 49.3(0.72)
Clear 47.6 (0.10) 37.8(0.10) 55.2(0.10) 44.9(0.09) 35.7(0.14) 26.6(0.13)
Table 2. Frequency for which atmospheric profiles are of good 0.06 F  AAIRS data
quality within each AIRS cloud type. All regions and all seasons 0_05; — Only good quality data
combined. g AILAIRS data with £,< 0.5
Z 0.04; ——  Only good quality data with &< 0.5
Cloud type Relative frequency S g
of good quality data % 0.031 =
High opaque clouds 10.4 C  0.02 s
Cirrus 23.4 r
Thin cirrus 79.5 0.01 3
Thin middle clouds 89.4 Ol e e L ‘
Middle clouds 38.5 0 20 40 60 80 100 120 140 160 180 200
Thin low clouds 92.6 RHi MOZAIC
Low clouds 68.9
Clear 78.0 Fig. 1. Distributions of relative humidity seen from MOZAIC

RHip in collocation with AIRS data (all qualities combined) or
only with good quality AIRS data for all cloud types and when re-

. . . ._moving the thickest cirrus clouds witl|q > 0.5.
When computing ice supersaturation occurrences in

Sect. 4.2 we will only use good quality data. As cloudiness

is one main limitation for retrieving profiles, the statistical ypservations. one has first to remove cirrus with > 0.5
distribution of the AIRS cloud types is different when con- i, the climate model. Otherwise we expect differences in

sidering either all data or only good quality data. This may egigns of high cloudiness such as the storm tracks and deep
lead to a possible bias in the ISS statistics induced by th&.qnvection regions.

selection of peculiar profiles. Table 2 shows the relative fre-
guency of good quality data among each AIRS cloud type,2. 3 MOZAIC data
which decreases with cloud emissivity.

To estimate further the effect of the data selection on theThe MOZAIC experiment (Marenco et al., 1998) gathered
relative humidity, we use AIRS-MOZAIC collocated data concentrations of ozone and water vapour mainly in the
(see Sects. 2.3 and 2.4). Figure 1 presents the distributiondTLS region from measurements aboard commercial air-
of MOZAIC relative humidity for cases with AIRS atmo- planes over the period August 1994-December 2007. The
spheric profiles of good quality and for all AIRS data either accuracy of the water vapour measurements is an asset for
for all cloudiness situations or after removing the thickestlocally detecting ice supersaturation in the UTLS (Gierens et
cirrus clouds €¢jg > 0.5). al., 1999).

The distribution corresponding to all situations is sup- However, this database only covers the main flight routes
posed to represent the “true” distribution of the upper tropo-of European airliners involved in the project (Marenco et al.,
spheric relative humidity. When considering only AIRS at- 1998), and it is impossible to obtain global coverage. In ad-
mospheric profiles of good quality this “truth” is influenced dition, the small amount of aircraft equipped with probing
by the removing of most of the optically thick cirrus. This sondes as well as the randomness and the seasonal variabil-
indeed leads to a slightly drier distribution which means thatity of flight destinations induce a non-uniform spatial and
ice supersaturation occurrence |S®ill be slightly under-  temporal representation.
estimated. However, the distribution is similar to the one of  Figure 2 highlights this fact for upper tropospheric data
optically thin cirrus. (pm < 500 hPa, whereyy stands for the flight altitude) over

This comparison leads to the conclusion that for evaluatingthe period 2002—2007. The top figure shows the fraction of
relative humidity and ISS in climate models by using AIRS measurements, in axX65° grid, taken in summer compared

www.atmos-chem-phys.net/12/381/2012/ Atmos. Chem. Phys., 12, 381-405, 2012
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MOZAIC, 2002-2007, p<500 hPa, nb of summer/(winter+summer) (%)
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Fig. 2. Top: ratio of MOZAIC measurements taken in summer compared to the winter plus summer statistics. Bottom: average delay (in
days) between two overpasses by MOZAIC flights.

Table 3. Statistics of AIRS-MOZAIC collocations (one MOZAIC single measurement per AIRS footprint) in the upper troposphere sepa-
rately for different AIRS cloud types. In brackets relative percentage with respect to latitude bands and total.

AIRS situation NH midlatitudes Tropics All events
Cirrus 163070 34240 290354
(29.0%, 14.2% of total)  (27.3%, 3.0% of total)  (25.3%)
Lmclds 242053 17769 355399
(43.1%, 21.1% of total)  (14.2%, 1.6 % of total)  (31.0%)
Clear 156 750 73227 500266
(27.9%, 13.7% of total)  (58.5%, 6.4% of total)  (43.7 %)
All situations 561873 125236 1146019

(100 %, 49 % of total) (100 %, 11 % of total) (100 %)

to the statistics including winter and summer for each lati- Moreover, statistics in each grid box are not sampled
tude/longitude. The very large variability indicates that thesewithin regular time steps. To illustrate this, the bottom figure
data will sometimes include more statistics from winter mea-of Fig. 2 shows the average interval (in days) between over-
surements (over the Arctic for example) or from summer passes for each grid box. Except on very common routes,
measurements (over Russia for example). such as the North-Atlantic Flight Corridor, overpasses are not
obtained on a daily basis. Rather, about 5 days are necessary

Atmos. Chem. Phys., 12, 381-405, 2012 www.atmos-chem-phys.net/12/381/2012/
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Fig. 3. Distributions of AIRS relative humidity RHj for three classes of AIRS cloud properties in two latitude bands: Northern Hemisphere
midlatitudes (40-69 left) and tropics (20N-2C° S, right). For Imclds and clear situations RHis all measurements in pressure layers
200-250 and 250-300 hPa. For cirrus situations Rilirestricted to one of these two pressure layers enclosing the cloud preggure
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Fig. 4. Distributions of relative humidity seen by MOZAIC Rfjifor three classes of AIRS cloud properties in two latitude bands: Northern
Hemisphere midlatitudes (40-8deft) and tropics (20N-20° S, right). For Imclds and clear situations RHis all measurements between
200 and 300 hPa, for cirrus situations measurements are taken at pressures close to the cloud pressipg sozihat < 50 hPa. The
binning for the tropics is less resolved due to the smaller sample size in the tropics.
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-2 keep the one flight measurement which is closest to the
10 center of the AIRS footprint and which is inside the
K AIRS footprint.

— when combining AIRS RHj with MOZAIC RHiy we

' | first collect all MOZAIC single measurements located
within the AMSU footprint and then choose the high-
est relative humidity RHj among the collection of col-
located measurements. The maximum is chosen to in-
crease the chances to detect ice supersaturation.

]
()

— 1995-1996-1997

o
ey
o

In both cases data have to be coincident within a timeframe
1 of 30min. A maximum of about 50 collocated MOZAIC
; measurements (from one flight) can reside within one AMSU
1 footprint. The high coverage and the large amount of AIRS
data between 2003 and 2007 lead to a relatively large set
of statistics. Table 3 presents statistics of collocations for
different AIRS cloudiness scenes in the upper troposphere
(p <500 hPa), separately for the Northern Hemisphere (NH)
3 midlatitudes, tropics and all statistics. AIRS cloudiness
20 40 60 80 100 420 ‘1““)‘ ‘ scenes are divided into clear sky (“clear”), low and mid-level
RHi MOZAIC clouds (“Imclds”, pcig > 440 hPa) and high clouds (“cirrus”,
pcld < 440 hPa). In brackets we indicate the fraction of these
Fig. 5. Distributions of relative humidity seen by MOZAIC Rii scenes with respect to all MOZAIC-AIRS collocations (per
for the years 1995-1996-1997 compared to distributions for 2002-atitude band and total). Statistics are higher in the NH mid-
2003-2004 and 2005-2006-2007. latitudes linked to the density of commercial flights.

""" 2002-2003-2004

Frequency

2005-2006-2007

for further overpasses of a region, which is very sparse for3 Synergy of AIRS and MOZAIC

accurate statistics. 352 grid boxes have an average time step

smaller than 10 days but 273 grid boxes have an average timg 1 A|RS and MOZAIC relative humidities in
step larger than 10 days, 67 grid boxes attain average delays dependence of cloudiness

larger than 100 days.

We derive relative humidity with respect to ice (from now Since the humidity retrieved by AIRS corresponds to a value
onwards termed “RHii”) as in Gierens et al. (1999) and only integrated over a vertically extended atmospheric layer, the
keep data of highest quality (tag “1”) withm <500hPa  average RHj is smaller than the maximum RHi within this
andT < 243K to avoid mixed-phase relative humidities (€.9. layer. In addition, AIRS measurements used for the re-
Pruppacher, 1994). Moreover, the same procedure as ifrieval of atmospheric profiles have been “cloud cleared” (see
Gierens et al. (1999) is applied to find out if measurementssect. 2.1). As a consequence RHiistributions appear drier
were taken in the lower stratosphere or in the upper tropoin the presence of cirrus clouds than expected from in situ
sphere. An ozone mixing ratimo, of 130 ppbv is used measurements.
as a threshold separating troposphere (lower values) and The collocation of AIRS and MOZAIC allows us to evalu-
stratosphere (higher values). We have collocated these datge RHi for different cloudiness situations from AIRS. There-
with the AIRS data to (1) investigate relationships betweenfore, we use the AIRS scene identification of Sect. 2.2 and
MOZAIC relative humidity and AIRS cloud properties and compare RHi distributions between 200 and 300 hPa fRHi
(2) to develop a calibration method for the detection of ice of the 200-250 and 250-300 hPa layers) from AIRS and
supersaturation within the AIRS data. from MOZAIC (RHiy) for three cloudiness situations: cir-
rus, clear sky and low/mid-level clouds), separately in the
NH midlatitudes and the tropics. We only consider data be-

AIRS cloud properties are retrieved within each AIRS foot- I(.)W the tropopause. This is ensured by the MOZAIC crite-

print of 13.5km whereas Rii is computed within the rionmo, < 130 ppbv and by the tropopause altitude provided

AMSU footprint of about 40 km. Therefore, we use two dif- Eljhe(?llssb I_tZ dat?. 't:r;gutrr? s |IIl:str§Fes the.;jryt_b|as '?Ethe
ferent collocation schemes: ia distributions for the three cloudiness situations. Even

if there is a clear distinction between cirrus and clear sky in
— when combining the AIRS cloud properties with the uppertroposphere, the peaks of the ReHistributions for
MOZAIC relative humidity measurements we only cirrus lie in both regions at about 70 %, as has already been

2.4 AIRS-MOZAIC collocations and statistics

Atmos. Chem. Phys., 12, 381-405, 2012 www.atmos-chem-phys.net/12/381/2012/



N. Lamquin et al.: Ice supersaturation from the Atmospheric Infrared Sounder 387

100 T T T T T T T T T

T T T T /L,“"’ /,T(
| - - -
[ - Phe
— 90 ‘ // // b
0\0 V ///
N— . o /‘
T 80f RHi, >90% 5 r |
o \/ )
<
. / /
3 7oL RHi >100% Ix b, i
= / (v
- / |7
A H ¥
& eof RH|M>110% , /‘V ]
< .
/ /
N / /o
O sof ¥ / | )
= / / |
— / X
= 4of / / | i
/ /
“= o Vi |
8 / / |
30 / / 4
8 / X/ ‘
Q & e !
‘g 201 )/ 7 : 7
S Y4 !
'
10 ol ‘ :
- % |
7% I
0 il 1 1 1 1 1 1 1 1 1 1 1 1 1

Il Il Il
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
RHi AIRS (%)

Fig. 6. Occurrence probability of ice supersaturation seen from MOZAIC as a function of AIRS relative humidity. MOZAIC supersaturation
is declared when RHj > 90 %, RHjy > 100 %, or RHjy > 110 %.

stated for TOVS (Stubenrauch and Schumann, 2005) and ifikely that the relatively drier values and a larger standard de-
contrast to 100 % what would have been expected from inviation in this region are induced by the presence of dissipat-
situ measurements (Ovarlez et al., 2002; Immler et al., 2008)ing cirrus and, possibly, shallower ice supersaturated layers,
It is interesting to note that in the tropics the peaks of clearor that the flight altitude is simply not coincident with the
sky and of clear sky in the upper troposphere (Imclds) coin-cirrus layer.
cide at around 20 %, the peak of the Imclds distribution in  The peak value at Rigi larger than 100 % could indicate
the NH midlatitudes lies between the one of clear sky andthat most of the measurements are made in the vicinity of
Imclds. This could be explained by more midlevel clouds cirrus where there is potentially higher ice supersaturation.
in the NH midlatitudes than in the tropics, especially linked However, our observation of a peak higher than saturation
to winter storm tracks (Stubenrauch et al., 2010), and sincegrees with the distributions of Rifi(measured in 2003) in
RHi is integrated over a whole layer and the cloud pressureGettelman et al. (2006a) where Rjddecreases more sharply
retrieved by AIRS corresponds approximately to the middleafter 120 % but disagrees with distributions from Gierens et
of the cloud it could be possible that in some cases part ofl. (1999) obtained from earlier MOZAIC data (1995-1997).
the cloud is included in the layer. Indeed, Gierens et al. (1999) show probability distributions
Figure 4 presents R distributions from MOZAIC, sep- of (_either tropospheric or stratospheric R/HilThese distri—.
arately for the same three AIRS scene types. For situation§utions show a decrease beyond 100 % with a concomitant
involving cirrus clouds we observe a peak frequency at 115-bulge h|gh||ght'|ng .the statistics of measurements inside cir-
120% for the NH midlatitudes and around 100% for the 'uS clouds (Spichtinger et al., 2004). o
tropics. The distributions for clear sky and Imclds peak in 70 understand these differences, Fig. 5 shows distributions
both regions lower, again with lower peak values in the trop-Of tropospheric RHj (p < 500hPa,T" < 243K andmo, <
ics. We have to explain two issues: first why we find dif- 130 Ppbv) obtained from MOZAIC by comparing three time

ferences between NH midlatitudes and tropics for the cirrudntervals: 1995 to 1997, 2002 to 2004 and 2005 to 2007.
distributions and second why the peak in the NH midlatitudesCOMPared to the years 1995 to 1997 the distributions over the
lies higher than expected. periods 2002—-2004 and 2005-2007 show a significant shift

of about 10 %, likely due to a calibration problem (H. Smit,

In the tropics, the cruise altitude of aircraft does not coin- personal communication, 2010).

cide with the altitude where cirrus clouds are most commonly
found (100-150 hPa in Lamquin et al., 2008). Therefore it is

www.atmos-chem-phys.net/12/381/2012/ Atmos. Chem. Phys., 12, 381-405, 2012
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Fig. 7. Occurrence probability of ice supersaturation seen from MOZAIC as a function of AIRS relative humidity. MOZAIC supersaturation
is declared when Rij > 100 %. Top left: sorted by regions, top right: sorted by seasons for the northern hermisphere midlatitudes. Bottom
left: sorted by cloud types, bottom right: sorted by temperature. In all figures the baseline S-functign=RIaD %) from Fig. 6 is
reproduced in plain line.

In the following we consider the occurrence of ice super-3.2 Impact of fixed flight altitudes
saturation detected by MOZAIC. For this purpose we need to
empirically calibrate the data (for the MOZAIC time period We have to keep in mind that MOZAIC measurements are
used here: 2002—2007) by shifting the detection thresholdaken at only one level, corresponding to the actual flight al-
by 10%: MOZAIC detects ice supersaturation only when titude. There is no information on the thickness of supersat-
RHiy > 110 %. This is all the more reliable since the shapeurated layers. Even if the MOZAIC measurement is below
of the decreasing slope after saturation is unchanged. Als@n assumed ISS threshold of 110 %, there may exist a layer
as Gierens et al. (1999) suggest for values of \Ridiound ~ Of ISS below or above flight altitude. This potentially under-
saturation, an uncertaintyRHiy = +10 % is taken into ac-  €stimates the occurrence of ice supersaturation detected by
count. MOZAIC within the AIRS pressure layers of about 2 km.
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Fig. 8. Characteristic size of clusters of ice supersaturated areas from AIRS.SLef#0 %, S > 60 % orS > 80 %, all regions combined.
Right: S > 80 % for polar regions (latitude higher than°?0 or S), midlatitudes (40-60N and S) and tropics (2N-20° S).

To compensate for this effect we must lower the rela- 300 hPa the score is maximum for a relative humidity thresh-
tive humidity threshold for ice supersaturation detection inold of about 90 %. The distributions for the pressure layers
MOZAIC. However, lowering this threshold increases the 300—400 and 400-500 hPa are slightly broader with a peak
probability of false-alarms, that is to say the amount of su-around 85 %. The difference is linked to the slightly larger
persaturation detected when there is no supersaturation in rerertical extension of these layers.
ality. In the AIRS-MOZAIC collocations most of the statistics

For the determination of a reasonable threshold we appl)f"rise from_flight aItitude_s between 200 and 300 hPa, there-
the Peirce skill-score method (Peirce, 1884) to simulate thdore the skill-scores obtained for the pressure layers 200-250
success of ice supersaturation detection. It has notably beefd 250-300 hPa must preferably be taken into account. As
used (and widely explained) in&el and Shine (2007) for & consequence, a decrease of 10 % is applied to the MOZAIC
an evaluation of the ability of radiosounding measurementd€lative humidity threshold for the detection of ice supersat-
to detect cold ice supersaturated regions nesting persisteifation within the boundaries of the AIRS pressure layers.
contrails. We also need a dataset of RHice profiles which is 10 conclude, we consider ISS to be detected by MOZAIC
given by a collection of radiosoundings from routine mea- &t S0me location of a pressure layer when g 100+
surements at Lindenberg, Germany. These radiosounding® %- Although this threshold would have naturally been
measurements are corrected in the upper troposphere (LeitS€d: only an understanding of the relationships presented
erer et al., 2005) and detect ice supersaturation (Spichtinge?P0Ve leads to its correct interpretation.

Gf‘t al., 2003a; Lamquin et al., 2009). We only cons_|der_ PIO-3 3 A calibration method for the determination of ice
files up to 200 hPa because of the the tropopause in Linden- . -

supersaturation occurrence within AIRS pressure
berg. layers

For each AIRS pressure layer a Monte-Carlo simulation

is made over the collection of radiosonde profiles: for eachThe principle of the method was introduced in Lamquin
profile altitudes with their corresponding measurements ofet al. (2009). It is based on the determination of an oc-
relative humidity are randomly chosen inside the pressurecurrence probability of ISS as a function of coarse rela-
layer. The success to detect ice supersaturation is evaluive humidity measurements integrated over pressure lay-
ated by varying the threshold between 0 and 100 % using thers. This occurrence probability can either be the probabil-
Peirce skill-score. For the pressure layers 200-250 and 250ity of “at least once” supersaturation (supersaturation exists
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Fig. 9. Ice supersaturation occurrence frequencies (%) from AIRS in the pressure layers 100-150, 150-200, 200-250, 250-300, 300—400
and 400-500 hPa. Only good quality data used. 7-yr statistics 2003—2009.

Table 4. Parameters andb of the Weibull distributions fitted from the histograms of Fig. 8 and their correlation coefficient.

Case (percent above 40, 60, 80) « b correlation coefficient
S(RHip) > 40, global 0.099 0.516 0.988
S(RHia) > 60, global 0.067 0.613 0.994
S(RHip) > 80, global 0.064 0.664 0.993
S(RHip) > 80, polar 0.028 0.804 0.994
S(RHip) > 80, midlatitudes 0.034 0.807 0.994
S(RHia) > 80, tropics 0.098 0.596 0.989

somewhere within the layer) or the probability of supersatu-supersaturated layers are indeed on average thinner (about
ration weighted by the thickness of the supersaturated frac600—700 m) than the vertical spacing of the AIRS pressure
tion of the layer (the weight being one if supersaturation cov-layers (about 2 km).

ers the whole pressure layer). The first approach is equiv- . . .,

alent to the second approach when using a weight of one, N L@maquin etal. (2009) the “at least once” approach was
whether the supersaturated layer is thin or thick. Accordingpmposed because no accurate information on the thickness of

to Spichtinger et al. (2003a) andiBel and Shine (2007) ice supersaturated layers could be given. Dickson et al. (2010)
investigated the weighted approach by using a very large set
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Fig. 10. Ice supersaturation occurrence frequencies (%) from AIRS in the pressure layers 100-150, 150-200, 200-250, 250-300, 300—400
and 400-500 hPa. Boreal winter — boreal summer. Only good quality data used. 7-yr statistics 2003—2009.

of radiosonde measurements, they show that the so-called “Supersaturation determined by the condition i Th %
function” depends mostly on the vertical resolution of the with either Th=90%, Th=100% or Th=110% to take
coarsely-determined relative humidity. into account the 10 % uncertainty of MOZAIC.

As MOZAIC measurements do not allow the determina- The statistics drop progressively as RHincreases, with-

tion of the thickness of ice supersaturated layers, we must us@Ut e_nough statistics at R_k"? 100 % (I?.SS than 1.00 eyents
the “at least once” approach and make a sensitivity analysisper '”t‘?“’a')- Only statistically S|gn|f|c_a nt_ paiiRHia,

The “at least once” statistics lead to higher ISS occurrencegTh(RH'A)) are shown, and e_ach curve is fitted for fu.rther
than the statistics weighted by the thickness of the supersatLHse' Hyperbolic ta}nggnt functions are the most convenient to
rated layers (Figs. 3 and 4 ofil@el and Shine, 2007). This is that end and the fits give

important to keep in mind when comparisons are presented — Sgo(RHia)=48.21+52.77-tanh((RHia — 63.90)/41.26),

in Sect. 5 as we will compute ISS occurrence frequencies in :

other datasets in a similar way over pressure layers of finite S100(RHip) = 49.04+52.74-

depth. tanh((RHip —74.49)/44.94), and

We now build the “S-function” by examining the probabil-  — S110(RHIa) = 5001+52.40.
ity of ice supersaturation computed from MOZAIC data col- tanh((RHia —88.78)/47.26).
located with AIRS relative humidity RHi. Figure 6 then re- Two conclusions can be drawn: first, we see that, even for
lates RHi and Sy(RHiga), the occurrence probability of ice  Th= 110 %, a significant probability of ice supersaturation is
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Fig. 11. Zonal means of ice supersaturation occurrence frequencies (%) from AIRSgifRHia) (left) along with boreal winter minus
boreal summer differences (right). Plain line: zonal-mean tropopause (all seasons). Dashed line: zonal mean summer tropopause. Pointe

dashed line: zonal mean winter tropopause. Only good quality data used. 7-yr statistics 2003—2009.

found when RHj is smaller than 100 %. This is what we ex-  The interpretation of the differences observed for differ-
pected, as Kahn et al. (2008) and Lamquin et al. (2008) havent cloud scenes is quite straightforward. We distinguish be-
already shown that very shallow ice clouds are concomitantween clear and cloudy situations in the upper troposphere:
with low RHia, highlighting the impact of the coarse vertical “clear” meaning “no clouds in the upper troposphere”, that is
resolution of the sounder. to say either clear sky or low and mid-level clouds. Using the
Second, the occurrence of ice supersaturation reaches onhgtrieved emissivity we further separate cirrus situations into
about 85 % for RHi values around saturation even forEh  “thin cirrus” (eqiqg < 0.5) and “cirrus” €cg > 0.5). Clearly,
90%. It can be argued that MOZAIC does not always lo- the occurrence probability of ice supersaturatigRHia) is
cate ISS lying within the pressure layer even though we staincreasing with cloudiness in the upper troposphere. This
tistically compensate the effect of having fixed flight alti- highlights the effect of fixed flight altitudes of MOZAIC
tudes in the timeframe of the collocation. However, whenwithin the AIRS pressure layers. With increasing cloudiness
RHia =~ 100 % a substantial part of the pressure layer mustportions of the atmospheric profiles with high relative hu-
be very humid thus decreasing the probability that MOZAIC midity are extending vertically, thus increasing the probabil-
misses ISS. Another explanation considers non-linear effectgty for MOZAIC aircraft to fly through supersaturated areas
of the AIRS vertical resolution on RiJi saturation does not (either inside or in the vicinity of clouds). On average, the
mean that the whole profile inside the layer is saturated. Unimpact of fixed flight altitudes has been taken into account
fortunately it is not possible to investigate this further as weby lowering the MOZAIC detection threshold Th. It could
do not have information on relative humidity profiles with be considered relevant to use different S-functions depend-
MOZAIC. ing on the cloud scene but we are interested in the occurrence
To explore the stability of the S-function Fig. 7 distin- of ice supersaturation within a pressure layer, independently
guishes latitude bands (top left), seasons in the NH mid-of its vertical extent. The differences in Fig.for different
latitudes (top right), cloud scenes as inferred from the ninecloud scenes should not be considered as a bias in the present

AIRS footprints within each AMSU footprint (bottom left) analysis.

and temperature intervals given by the MOZAIC measure- ) ) )
ments (bottom right). Only RHi values lower than satura- qu different temperature ranges there is no clear dis-
tion are shown because higher values do not provide enougfinction between resuits obtained for the temperature ranges
statistics. In Fig. 7 occurrence probabilities of ice super-220<7 < 230K andT > 230K (with still 7' < 243K).
However, Fig. 7 exhibits higher occurrence probability of

saturation are determined with Eh100%. The regional | )
ice supersaturation for the coldest temperatufes 20 K).

and seasonal variabilities are rather small compared to vari="" : )
abilities obtained for different temperature ranges or cloudCierens et al. (1999) show that ice supersaturated regions

scenes. are, on average, colder than other regions in the upper tro-
posphere. By selecting the coldest temperatures we might
in turn get higher ice supersaturation occurrence probability
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Fig. 12. Ice supersaturation occurrence frequencies (%) from AIRS (left) and MOZAIC (right) in the pressure layers 150-200, 200-250 and
250-300 hPa.

simply by having a greater chance that MOZAIC meets su-4 Ice supersaturation from AIRS and comparisons with

persaturation. Possible non-linear effects of the AIRS ver- MOZAIC and CALIOP

tical resolution on RH{ might influence this comparison as

temperature can vary as much as 5 to 10 K between the edgés1 Horizontal extent of ice supersaturated areas

of the pressure layers and MOZAIC can fly anywhere inside ] ) i

the layer. We can therefore only relate the observed differ-1 "€ horizontal extent of ice supersaturated layers is a key

ences to global uncertainties. Again, we cannot investigatd€ature for a large-scale model's parameterization of ice su-

this any further as MOZAIC does not provide information persaturation. !ce super;aturanon can pe detected from each

on the vertical distribution of temperature and humidity. AIRS observation only in a probabilistic way. In fact the
Overall the S-function appears quite stable with dif- S-function only gives the probabilit§(RHia) that an ob-

ferences remaining within the uncertainties arising from servation contains ice supersaturation. To eva_luate Fhe hori-

MOZAIC and its coupling with AIRS. The global uncer- zontal extent of ice supersaturated areas, we link neighbour-

tainty on this method is set by the two bracketing S-functionsiNd Observations satisfying the same condition on this prob-
Soo(RHia) andS110(RHia). ability: S(RHia) > «. To do so we built a simple cluster-

ing algorithm which groups AIRS observations belonging to
the same orbits and satisfying such condition. We use ei-
thero =40 %, « =60 %, ore =80 %. Each observation is
assigned the size of a square, the side of which is the di-
ameter of the AMSU footprint and we take into account the

www.atmos-chem-phys.net/12/381/2012/ Atmos. Chem. Phys., 12, 381-405, 2012



394 N. Lamquin et al.: Ice supersaturation from the Atmospheric Infrared Sounder

CALIOP 2007-2008, all seasons 4.2 Climatology of ice supersaturation from AIRS

125 70

150[ We have built a climatology of ice supersaturation occur-
rence by usingS10o(RHia) as a weighting function over
each value RHj determined from the AIRS observations.
The uncertainties are estimated by usifigh(RHia) and
S110(RHia). To avoid potential mixed-phase situations we
include a temperature conditiéh which is either 0 or 17

is set to zero when the temperature at the bottom of the pres-
1% sure layer is higher than 243 K.

ISS occurrence frequencies are computed at a spatial res-
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Fig. 13. Zonal means of hlgh _cloud occurrence from CALIOP for Figure 9 presents geographical maps of ice supersaturation
the years 2007-2008. Plain line: zonal-mean tropopause (all S€3ccurrence in the upper troposphere for six AIRS pressure
sons). layers between 100 and 500 hPa. Statistics are averaged over
the period 2003 to 2009 including daytime and nightime ob-
variability of this size with the angle of observation. Clus- servations. We recall that results for pressure layers 100-150

ters are constructed by grouping neighbouring observation@"d 150-200hPa are subject to larger uncertainties because
of the same orbits and we do not relate adjacent orbits, there2f the AIRS lower reliability at such high altitudes.
fore the clusters are limited by the size of the AIRS swath \Whereas the functior§(RHia) is obtained from tropo-
(1650 km). The results possibly underestimate the true siz&Pheric data only, it is also used when the pressure layer is
of the clusters but the figures suggest that only very few clusPartly or entirely within the stratosphere. In these caseaRHi
ters are extremely large. is an “average” between the moister part of the layer lying in
Figure 8 shows the distributions of the characteristic sizeth® troposphere and the drier part lying in the stratosphere.
(square root of the total area) of the clusters for (left) the RHia IS decrea.sed.compared to its tropogphenc counterpart.
three values ofy for all regions combined and for (righty However, S(RHia) is also decreased which represents the
o = 80% for three latitude bands: polar 70°), midlati- fact tha}t ice supersaturat!on occurrence probability within
tudes (40—-60N and S) and tropics (20N—2C° S). Whena the entl_re pressure layer is decreased. We assume that the
is smaller the conditior§(RHia) > « is less restrictive and ~ S-function S(RHia) smoothly captures the transition from
therefore the cluster sizes get larger. At fixee- 80% the  tropospheric to stratospheric air and jS&ecreases accord-
cluster sizes are larger in the polar regions and in the tropics"gly as we progress upward.
concomitant with higher ISS occurrence frequencies, thanin In Fig. 9 ice supersaturation occurrence frequencies
the midlatitudes (see below Fig. 9). Overall, the large ma-mainly follow the tropopause with high frequencies close to
jority of characteristic sizes are smaller than 200 km whichthe tropical tropopause in the pressure layer 100-150 hPa,
agrees qualitatively with Gierens and Spichtinger (2000). local maxima in connection with the storm tracks and jet
These distributions can be fitted by Weibull distribu- Streams in the midlatitudes at 200-250 hPa, and then close
tions (Gierens and Brinkop, 2002), i.e. functions of the to the Arctic tropopause (about 300 hPa). Although cau-
form abx?~le=*".  Using their cumulative distribution tion is raised at such altitudes, the tropical maximum at
Flx)=1-— =" 4 linear relationship exists between 100-150 hEa agrees qualltatlvely with clea.r—sky.ISS' statistics
loglogl/(1— F) and logx) as loglog¥(1— F) = log(a) + from the Microwave Lm_b Sounder (_MLS) in Spichtinger et
loglog(e) + blog(x) (log is here with base 10). The his- al. (2003b) at 147 hPa with frequenm_es up to 50 % over areas
tograms in Fig. 8 are then easily fitted using this relationshipOf deep convection. The seasonal difference between winter

and Table 4 shows the parametersand b of the Weibull and summer is presented in Fig. 10. It shows higher supersat-

function associated with each of these histograms as well agvri?rt]'%n :éﬁgzegfftsa?u&%%gg eal winter, which again agrees
the very good correlation coefficient between the fit and the P 9 . r
. . In the polar regions Treffeisen et al. (2007) show occur-
original histogram. . :
rence frequencies of ISS from 15yr of corrected radiosonde
measurements over Nddesund, Svalbard. They show a
strong seasonal cycle of ISS frequencies with a maximum
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Fig. 14. Relationships between cirus cloud occurrence frequencies (%) determined from CALIOP and ice supersaturation occurrence fre-
guencies (%) from AIRS. Polar regions (60=290and S separately), midlatitudes (302®0and S separately), and tropics (0=30and S
separately).

during boreal winter (about 35 % in some portions of the at-boreal winter and summer (right). The corresponding zonal
mosphere in their Fig. 6), in agreement with our results. mean tropopause is computed from the AIRS data. The elec-
If instead of determining an ISS occurrence probability IrONC supplement includes the zonal means of ISS occur-
from RHia by using the S-function inferred from MOZAIC ~'®NCES f.or.wmter (blqck I|ne§) and for summer (red. lines).
one computes ISS occurrence frequencies just by applying gncertamtle_s are |nd|catepl In daSheP' by_ UW(RH'Q)
threshold of 100 % on RHi, then the results would be close 2ndS110(RHia). The relative uncertainty is abo20 %.
to the ones of Gettelman et al. (2006a). The fundamentall "€ highest ISS occurrence frequencies are found close to
difference between both methods lies in the determination of € {roPopause in thoe tropics and in the polar regions with
the occurrence of ISS independent of the thickness of the Is&axima of about 50 %.
layer in our method and of ISS over vertically very extended . . -
atmospheric layers in Gettelman et al. (2006a). Therefore,4'3 Comparison with MOZAIC ISS statistics
our ISS occurrence frequencies have ov_eraII larger Valueﬁ\lthough the climatology from MOZAIC is not global, an
and seasonal amplitudes than the ones in Gettelman et aluation of the AIRS climatology can be made over ar-
(20062). eas covered by the MOZAIC flight paths (NH midlatitudes
Figure 11 shows the zonal means of ISS occurrences for alinainly). We restrict the analysis to the period 2002-2007
seasons combined (left) along with the differences betweegommon to both datasets.
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Fig. 15. Ice supersaturation occurrence frequencies (%) from ECMWF (“layer supersaturation” scheme) in the pressure layers 100-150,
150-200, 200-250, 250-300, 300-400 and 400-500 hPa. Year 2007.

To compute ISS occurrence with MOZAIC we follow the pressure layer boundaries, see Sect. 3.2). The ISS fre-
Gierens et al. (2000) and collect MOZAIC data ovérlat quencies from MOZAIC are then slightly higher in our cal-
x 5° lon grid cells, separately in the three pressure layersculation than the one in Gierens et al. (2000). As Fig. 5 sup-
150-200, 200-250 and 250-300 hPa. For these layers thgorts, it can be shown that the statistics usingrHi110 %
MOZAIC statistics are the most plentiful. Only grid cells over the period 2002—-2007 are comparable to the statistics
with statistics of more than one hundred measurements arasing RHjy > 100 % over the period 1995-1997.
kept. Both tropospheric and stratospheric data are used. We

remind that ice supersaturation occurrence from AIRS repre- Figure 12 presents maps of ISS occurrences from AIRS
sents the occurrence of supersaturation at any altitude withifl€ft) and MOZAIC (right) for the years 2002-2007 and sep-

a pressure layer (“at least once” supersaturation occurrence§rately for the pressure layers 150-200, 200-250, and 250~
Therefore, it is important to determine ISS occurrence fre-300 hPa. For an easier comparison we mask the AIRS data
quencies for MOZAIC in a similar manner. We use the sameC0rresponding to grid cells where MOZAIC data are avail-
relative humidity threshold for the detection of ice supersat-2Ple.  Geographical patterns and magnitudes agree fairly
uration in the MOZAIC data as the one used to construct théVell considering the limitations of spatial and temporal sam-
S-function, that is to say Rigi> 100 % (lowered threshold ~ Pling by MOZAIC (Fig. 2 and Sect. 2.3). The differences

to compensate for the fact that MOZAIC does not detect su-2T€ Particularly apparent close to the tropopause and in re-
persaturation at altitudes below or above flight altitude within 910NS with high seasonal variability (the Arctic for example)
and/or small MOZAIC coverage. The AIRS climatology is
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Fig. 16. Ice supersaturation occurrence frequencies (%) from ECMWF (“layer supersaturation” scheme) in the pressure layers 100-150,
150-200, 200-250, 250-300, 300—400 and 400-500 hPa. Boreal winter — boreal summer. Year 2007.

less noisy than MOZAIC because all seasons are equally welbackscattered laser beam allows a vertical profiling of clouds
represented. having low optical depths (maximum about 5).

This comparison highlights the benefit of our method ex- To relate ice supersaturation occurrence from AIRS to
ploiting the synergy between AIRS and MOZAIC. We keep cloud occurrence from CALIOP we determine if a cloud oc-
the best from these two datasets: the ability to detect thin sueurs within the AIRS pressure layer. Since the lidar nadir
persaturated layers from MOZAIC and the global coveragegeometry prohibits reaching very high latitudes statistics are
from AIRS. therefore limited to latitudes between°@d and 80 S. Fig-

ure 13 shows zonal means of cirrus occurrence, averaged
4.4 Relationship with cirrus occurrences from CALIOP over the period 2007—-2008. It follows the ice supersatura-

tion occurrence from AIRS in Fig. 11 (left) which indicates
To relate ice supersaturation also to the very thinnest cirrusthe cause-to-consequence relationship between ice supersat-
we relate in this study AIRS ISS occurrence to occurrenceuration and cirrus clouds: ice clouds form where ice super-
of high clouds from CALIOP. CALIOP (Winker et al., 2003, Saturation takes place as the latter is a prerequisite for ice
2007, 2009) is the first spaceborne lidar set for a long duracloud formation.
tion mission. The active lidar is able to detect also subvisible In Gierens et al. (2000) correlations are shown between ice
cirrus to which the IR sounders are not sensitive (Stubensupersaturation occurrence from MOZAIC and occurrence
rauch et al., 2010) and its vertical resolution is about 60 mof subvisible cirrus detected from the Stratospheric Aerosol
in the upper troposphere. We recall that the analysis of aand Gas Experiment (SAGE Il Wang et al., 1996). For the
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first time we are able to extend this relationship to other re-standard deviation in Fig. 14 indicates the seasonal and spa-
gions and to optically thicker cirrus (up to an optical depth tial variabilities as well as the sampling noise of the cirrus
of 5). Figure 14 compares these relationships in the North-occurrences from CALIOP (about one track of 70 m every
ern Hemisphere and Southern Hemisphere (SH), separatel000 km). The uncertitudes are too large to detect differ-
in the tropics (0-39), in the midlatitudes (30-60 and in ences between NH and SH, but one observes an increasing
the polar regions (60-90 Only the pressure layers be- slope from polar regions towards the tropics, probably linked
low the tropopause are considered, with statistics of moreo different formation mechanisms.

than one hundred CALIOP measurements. Cirrus occurrence

statistics and ice supersaturation statistics are determined for

each season at a spatial resolution ofidt x 1° lon. The
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Fig. 19. Ice supersaturation occurrence frequencies (%) from ECHAM in the pressure layers 100-150, 150-200, 200—250, 250-300, 300—-400
and 400-500 hPa. 5 yr of simulation.

5 Comparisons with ice supersaturation occurrences 5.1 Comparison with ECMWF
from ECMWF and ECHAM

Although AIRS radiances are assimilated in the ECMWF

In recent years, several global circulation models have in-model (McNally et al., 2006) ice supersaturation, as de-
cluded comprehensive ice supersaturation (e.g. Gettelman éived from AIRS in this study, cannot be directly assimilated.
al., 2010; Salzmann et al., 2010). The Integrated Forecastamquin et al. (2009) compared upper tropospheric relative
System (IFS) of the ECMWF (Tompkins et al., 2007) re- humidity from the IFS and from AIRS. No comparison of ice
solves supersaturation whereas the ECHAM4 climate mode$upersaturation occurrence was possible because a method to
infers supersaturation from the cloud scheme (Burkhardt efletermine ISS occurrence within the relatively large pressure
al., 2008). Evaluations of ISS statistics with observations ardayers of AIRS had not yet been developed. We are now able
required for potential improvements of ISS parametrizationsto perform such a comparison.

(e.g. Lamquin et al., 2009; &lel and Shine, 2010). In the For this purpose, high vertical resolution forecasts are ex-
following we compare global AIRS ISS occurrence frequen-tracted globally for the whole year 2007. They consist of
cies to those derived from two different models: the ECMWF 24 h-forecasts of relative humidity and temperature simu-
forecast model and the ECHAM4 climate model. In both lated at a spectral resolution of T799 (about 25km at the
datasets the same temperature criterion at the bottom of thequator) and 91 layers in the vertical (about 15hPa). 24 h-
layers is used as the one described in Sect. 4.2 and no emiferecasts are used rather than initial fields at 0-h lead time
sivity threshold is yet applied to remove the thickest cirrus because of the spinup behaviour of ice supersaturation in the
(see Sect. 2.2). IFS (Lamquin et al., 2009).

www.atmos-chem-phys.net/12/381/2012/ Atmos. Chem. Phys., 12, 381-405, 2012
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Fig. 20. Ice supersaturation occurrence frequencies (%) from ECHAM in the pressure layers 100-150, 150-200, 200—250, 250-300, 300—400

and 400-500 hPa. Boreal winter — boreal summer. 5yr of simulation.

We extracted data in a regulars0< 0.5° grid with verti- For a closer comparison Fig. 17 shows, for the year 2007
cal levels spaced by 25 hPa between 100 and 500 hPa. Fdor both datasets, the zonal means of ISS occurrence frequen-
the comparison the ice supersaturation occurrence frequercies (left) along with the boreal winter minus summer differ-
cies in the IFS are computed using a “layer supersaturation&nces (right). In addition, Fig. 18 shows, for the year 2007,
(or “overlap”) scheme declaring ice supersaturation presenthe zonal means of the differences between the IFS and AIRS
within one pressure layer (e.g. 200—250 hPa) when any ofvhere we have separated boreal winter (left) and boreal sum-
the vertical levels of this layer exhibits ice supersaturationmer (right).

(in this case: 200, 225 or 250 hPa). ) ) _ )

Figures 15 and 16 first present climatologies of ISS oc- N the tropical regions the comparisons above 200 hPa in-
currence frequencies from the IFS and its difference betweefficate the importance of the a priori used to retrieve the
boreal winter and summer for the year 2007. Even though thévhole AIRS profile. Indeed, absolute values, seasonal dif-
AIRS climatology covers 7 yr Figs. 15 and 16 show a good ferences and values relative to AIRS show the most disagree-

correspondence with the geographical patterns and magn[_nentinthis region. In the other regions both the zonal means
tudes seen in Figs. 9 and 10. However, for the IFS, Fig. 152nd the seasonal differences in Fig. 17 show remarkable sim-
shows slightly higher frequencies in the tropics and in the re-larities with the ones from AIRS in Fig. 11. However, a

gions of the storm tracks and jet streams which is consistenpossible effect of the *layer supersaturation” scheme is su-
with an underestimation of ISS occurrences from AIRS overPersaturation extending slightly higher above the tropopause
regions with a high amount of thick cirrus. than for AIRS. In Fig. 18, with the exception of the regions

of the storm tracks and jet streams, the crossing of the extrat-
ropical tropopause inverts the sign of the difference between
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Fig. 21. Zonal means of ice supersaturation occurrence frequencies (%) from ECHAM (5 yr of simulation) (left) along with boreal winter

minus boreal summer differences (right). Plain line: zonal-mean tropopause (all seasons). Dashed line: zonal mean summer tropopause
Pointed dashed line: zonal mean winter tropopause.

the IFS zonal means and the AIRS zonal means (AIRS highemodel overestimates supersaturation frequency in the extra-

below, IFS higher above). tropics. This is due to the fact that the model's tropopause
. . is too high in the extratropics so that those layers are too
5.2 Comparison with ECHAM frequently part of the troposphere. The bias in tropopause

i ) height is connected with the model’s lower stratospheric cold
In the ECHAMA climate model (Bckner etal., 1996) ice Su- a5 5 common problem in climate models (particularly at
persaturation frequency has been parameterized conastentﬂgw resolution)

with the cl heme (Burkhar l, 2 in order .
th the coqd scheme (Bu a dt et al., 2008) ng to As for the IFS, Figs. 21 and 22 show zonal means of
enable the simulation of the climate effect of contrail cirrus . :
N . ISS occurrence frequencies, seasonal differences and com-
(Burkhardt et al., 2009). The parameterization uses the infor- ", .
. ! S . - . parisons to AIRS. The zonal means as well as their sea-
mation on subgrid scale variability of relative humidity that is : - : : .
. . o . sonal differences in Fig. 21 are consistent with AIRS in
inherent in the parameterization of fractional cloud coverage_. ) .
. . ig. 11 with however much smaller values and differences
and infers a fractional supersaturated area. The model has

been run with a T30/L39 resolution for 5yr and we compareat the hlghe§t latitudes, th? sgasonal cycle is .We”. repre-
X : . . . sented. The impact of the bias in tropopause height is obvi-
the resulting climatology with observations. Vertical levels

ous with ECHAM supersaturation extending very high above

s So ke oo Ao Soanble e opopause. A ECHAN s unabl o rproic
ie rise in ISS at 40-8@ that is connected with the SH

Due to the coarse horizontal resolution of the model we
calculate the fractional supersaturated area at each Ievatorm tracks.
within a pressure layer. We then apply a maximum random
overlap scheme (as used in the cloud scheme) in order to cal-
culate the fractional supersaturated area for a specified laye@ Conclusions
Ice supersaturation occurrence is then assessed globally in
the same pressure layers 100-150, 150-200, 200-250, 25084 have presented a climatology of ice supersaturation oc-
300, 300—-400, 400-500 hPa at the ECHAM spatial resolutiorcurrence from AIRS observations covering the period 2003—
of 3.75° lat x3.75° lon. Figures 19 and 20 show respectively 2009. The relatively coarse vertical resolution of the AIRS
the global occurrences of ice supersaturation over the 5yretrieved water vapour profiles prohibits the direct detection
of simulation and the difference between boreal winter andof shallow supersaturated layers. Therefore, we have devel-
summer. oped a calibration method for the detection of ice supersatu-
Despite the low resolution of the climate model the geo-ration by AIRS: space and time collocations of the detection
graphical patterns and absolute values of supersaturation ad ice supersaturation by MOZAIC with coarsely-determined
quite well represented. The most obvious deficiency is thatelative humidity profiles from AIRS allows the determina-
in the 150-200 hPa and the 200-250 hPa layers the climatgon of an a priori probability function (the “S-function”)
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Fig. 22. Zonal means of ice supersaturation occurrence differences between ECHAM and AIRS (left) for the boreal winter (left) and summer
(right). Dashed line: zonal mean summer tropopause. Pointed dashed line: zonal mean winter tropopause.

of ice supersaturation occurrence for any relative humidityhibits a smaller variability than AIRS and ECMWF. Never-
value determined by AIRS. theless, it captures the main patterns of ISS successfully in

We have used the S-function to establish a climatology ofth€ upper troposphere. The main deficiency being the bias in
ice supersaturation occurrence over the whole upper tropolf®Popause height which is connected with the model's lower
sphere. The horizontal extent of ice supersaturation is arstratospheric cold bias. o .
important feature for large-scale model parameterization, an Overall, this paper presents a way of dealing with the diffi-
evaluation of it is presented by use of a simple cluster analy-Culty of remotely sensing ice supersaturation and comparing
sis. Due to the lower reliability of AIRS data at high altitudes Statistics from various observations and models. We propose
we raise caution on our results in pressure layers 100-15@ bridge between those different means of investigation by
and 150200 hPa. The ISS statistics represent the probabifl® use of the synergy between infrared sounding and in situ
ity that ice supersaturation occurs at least once within a givef"€asurements. Among future applications of this work a cli-
pressure layer and therefore show higher values than prematology of potential condensation trails from aircraft will
vious published works using a threshold of 100 % on RHi. be assessed. For more detailed studies it would be first nec-
It compares relatively well to other pre-existing climatolo- €SSary to remove optically thick c_irrus in the climate quels
gies with high supersaturation occurrences near the tropicdl® P& more close to the observations. It would also be inter-
tropopause, in the region of the storm tracks and jet stream§5t'_”9 to investigate if the relationships between occurrence
in the midlatitudes and close to the Arctic tropopause withOf cirrus and of ISS observed by CALIPSO and AIRS can be
a concomitant seasonal cycle. An evaluation of the clima-"éProduced by the models.
tology is presented with statistics from MOZAIC only; it . .
shows the benefit obtained from the synergy between AIRS>UPPlementary material related to this
and MOZAIC. Relationships with cirrus cloud statistics from article is available online at:

CALIOP shows the cause-to-consequence link between ic@ttP:/www.atmos-chem-phys.net/12/381/2012/
supersaturation and cirrus cloud formation: cirrus clouds&CP-12-381-2012-supplement.pdf
form where ice supersaturation takes place.
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