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Abstract. The vertical distribution and seasonal variation
of water vapour volume mixing ratio (Ho O VMR), of rel-
ative humidity with respect to ice (RHjce) and particularly
of regions with ice-supersaturated air masses (ISSRs) in
the extratropical upper troposphere and lowermost strato-
sphere are investigated at northern mid-latitudes over the
eastern North American, North Atlantic and European re-
gions for the period 1995 to 2010. Observation data origi-
nate from regular and continuous long-term measurements
on board instrumented passenger aircraft in the framework of
the European research programme MOZAIC (1994-2010),
which continues as the European research infrastructure IA-
GOS (from 2011). Data used in our study result from col-
located observations of O3 VMR, RHj.. and temperature,
as well as HbO VMR deduced from RHj.. and tempera-
ture data. The in situ observations of HyO VMR and RHjce
with a vertical resolution of 30hPa (< 750 m at the extrat-
ropical tropopause level) and a horizontal resolution of 1 km
resolve detailed features of the distribution of water vapour
and ice-supersaturated air relative to the thermal tropopause,
including their seasonal and regional variability and chem-
ical signatures at various distances from the tropopause
layer. Annual cycles of the investigated properties document
the highest HbO VMR and temperatures above the thermal
tropopause in the summer months, whereas RHjc. above the

thermal tropopause remains almost constant in the course of
the year. Over all investigated regions, upper tropospheric
air masses close to the tropopause level are nearly saturated
with respect to ice and contain a significant fraction of ISSRs
with a distinct seasonal cycle of minimum values in sum-
mer (30 % over the ocean, 20 %25 % over land) and max-
imum values in late winter (35 %—40 % over both land and
ocean). Above the thermal tropopause, ISSRs are occasion-
ally observed with an occurrence probability of 1.5+ 1.1 %,
whereas above the dynamical tropopause at 2PVU (PVU:
potential vorticity unit), the occurrence probability increases
4-fold to 8.4 4.4 %. In both coordinate systems related to
tropopause height (TPH), the ISSR occurrence probabilities
drop to values below 1 % for the next higher air mass layer
with pressure levels p < ptpg — 15 hPa. For both tropopause
definitions, the tropospheric nature or fingerprint, based on
03 VMR, indicates the continuing tropospheric influence on
ISSRs inside and above the respective tropopause layer. For
the non-ISSRs, however, the stratospheric nature is clearly
visible above the thermal tropopause, whereas above the dy-
namical tropopause the air masses show a still substantial
tropospheric influence. For all three regions, seasonal devi-
ations from the long-term annual cycle of ISSR occurrence
show no significant trends over the observation period of
15 years, whereas a statistically significant correlation be-
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tween the North Atlantic Oscillation (NAO) index and the
deviation of ISSR occurrence from the long-term average is
observed for the North Atlantic region but not for the eastern
North American and European regions.

1 Introduction

Relative humidity over ice (RHje) and in particular ice-
supersaturated air masses (RHjce > 100 %) is of ample im-
portance for the occurrence and life cycle of high ice clouds,
or cirrus clouds, which have a large but still not fully under-
stood impact on Earth’s climate, with its net radiation impact
being unknown and even the sign being unclear (Chen et al.,
2000; Boucher et al., 2013). In this context, long-term obser-
vations of the properties of water vapour are an indispens-
able prerequisite for the investigation of potential changes in
its abundance in the global upper troposphere and lowermost
stratosphere (e.g. Miiller et al., 2016) and the resulting effects
on atmospheric radiation (e.g. Riese et al., 2012), as well as
on cirrus cloud occurrence and life cycle (Gettelman et al.,
2012; Kriamer et al., 2016; Heymsfield et al., 2017).

The extratropical upper troposphere and lowermost strato-
sphere (EXUTLYS) is characterized by thermal gradients and
dynamical barriers which inhibit mixing, give rise to spe-
cific trace gas distributions and lead to a variety of defi-
nitions of the tropopause (Gettelman et al., 2011; Ivanova,
2013). The thermal tropopause according to WMO crite-
ria (WMO, 1957) is defined as the level at which the
lapse rate decreases to 2Kkm™' or less and remains so
small at least in the overlying layer of 2km. This defi-
nition identifies the vertical change in the static stability
and allows for the existence of multiple tropopause lay-
ers. The dynamical tropopause is based on the potential
vorticity (PV) and includes both changes in static stabil-
ity and vorticity (i.e. horizontal and vertical wind shear),
also viewed as the dynamic stability. The PV values in the
stratosphere exceed the values in the troposphere by an or-
der of magnitude. The threshold value of 2PVU (PVU: po-
tential vorticity unit; 1 PVU=10"°m?Ks~'kg™") for sep-
arating tropospheric and stratospheric air masses is com-
monly used in studies on stratosphere—troposphere transport.
The chemical tropopause is based on the chemical change
at the tropopause, identified from tracer—tracer correlations
(Zahn and Brenninkmeijer, 2003), with a threshold value
of O3 VMR =120ppbv (VMR: volume mixing ratio) be-
ing used to distinguish stratospheric from tropospheric air
(Thouret et al., 2006). The coexistence of different defini-
tions of the tropopause and the observation that character-
istics of air masses around the tropopause depend on the
applied definition motivated the concept of the extratropi-
cal transition layer (ExTL) which describes the extratropical
layer around the tropopause (see Gettelman et al., 2011, and
references therein).
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The vertical distribution of trace species in the ExXUTLS
is controlled by the strong static stability gradients and the
dynamic barriers to transport in this atmospheric layer. In
the case of water vapour, the HoO VMR is also determined
by the coldest temperature the air parcel has experienced on
its way to the tropopause (the Lagrangian cold point), which
decouples the abundance of water vapour from local cross-
tropopause mixing to some extent (Hoor et al., 2010; Zahn
et al., 2014). The distribution is described by a steep de-
crease in the HO VMR up to the tropopause layer. Across
the tropopause layer, HoO VMR decreases further but less
steep until it reaches its near-constant stratospheric value of
5 ppmv at about 2 km altitude above the tropopause. The ther-
mal tropopause thus forms an efficient barrier for the large-
scale vertical transport of H,O into the stratosphere, whereas
troposphere—stratosphere transport occurs for specific local-
scale dynamic situations such as, for example, tropopause
folds (Hoor et al., 2004, 2010; Gettelman et al., 2011).

These features are reported from extensive research cam-
paigns like SPURT (Hoor et al., 2004), which was designed
on a climatological approach and compared to climatologi-
cal data from the research programme MOZAIC (Marenco
et al., 1998), from long-term sampling by the CARIBIC pas-
senger aircraft which carries an instrumented airfreight con-
tainer (Dyroff et al., 2014; Zahn et al., 2014), and from in-
strumented balloons (Kunz et al., 2013).

Of particular interest with respect to ice cloud formation
and life cycle is the thermodynamic state parameter RHjce
which controls the properties of ice clouds by setting the
thermodynamic conditions for cirrus cloud formation, ex-
istence and dissolution (Pruppacher and Klett, 1997). Air
masses supersaturated with respect to ice (RHjce > 100 %),
so-called ice-supersaturated regions (ISSRs), have mostly
faced a decrease in temperature or increase in water vapour
mixing ratio, i.e. specific humidity during their past life-
time (Spichtinger and Leschner, 2016). As a result, these air
parcels are generally both colder and of higher absolute hu-
midity than the embedded subsaturated atmosphere (Gierens
et al., 1999; Spichtinger et al., 2003b), which did not experi-
ence similar changes in its atmospheric state parameters.

In the northern mid-latitudes, ISSR occurrence coin-
cides strongly with the storm tracks over the North At-
lantic (Spichtinger et al., 2003b; Gettelman et al., 2006;
Lamgquin et al., 2012), on the anticyclonic side of the polar jet
stream (Diao et al., 2015), and inside the anvil cirrus clouds
(D’ Alessandro et al., 2017). Frequently occurring synoptic
weather features such as fronts or warm conveyor belts lead
to synoptic-scale upward motion and thus facilitate the for-
mation of ISSRs (Spichtinger et al., 2005). However, ice su-
persaturation also occurs in regions of high pressure and an-
ticyclonic flow (Gierens and Brinkop, 2012). Detailed stud-
ies of the ISSR life cycle by means of Lagrangian trajectory
analyses (Irvine et al., 2014) indicate that the lifetime of an
air parcel in the state of supersaturation below the tropopause
is generally short with the median duration being less than 6 h
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for both winter and summer conditions. In an Eulerian view,
however, these ISSRs composed of many supersaturated air
parcels may persist on a much longer timescale (Spichtinger
et al., 2005).

In contrast to the strong negative gradient in HoO VMR
at altitudes below but close to the thermal tropopause, IS-
SRs occur frequently in the humid and cold upper tropo-
spheric air masses. Detailed investigations of the distribu-
tion and structure of ice supersaturation in the northern mid-
latitude tropopause region over Lindenberg, Germany, from
15 months of balloon soundings showed that ice saturation
occurs in most cases below the thermal tropopause even in
meteorological situations where the tropopause pressure is
relatively high (Spichtinger et al., 2003a). On the other hand,
the occurrence of an ISSR above the thermal tropopause is
very rare with a fraction of approx. 6 % of the observations
over Lindenberg reporting ice supersaturation above the ther-
mal tropopause. Direct evidence of the occurrence of ice su-
persaturation above but close to the thermal tropopause re-
ports a fraction of 2 % from an earlier analysis of MOZAIC
data (Gierens et al., 1999). Furthermore, research aircraft
observations over North America showed that most of the
clear-sky ISSRs are located within 4+ 500 m of the thermal
tropopause (Diao et al., 2015).

ISSRs constitute potential formation regions for ice
clouds, persistent contrails and contrail cirrus. In these cold
and humid air masses, natural cirrus clouds may form by het-
erogeneous or homogeneous freezing processes (Koop et al.,
2000; Hoose and Mohler, 2012; Heymsfield et al., 2017),
and long-lived contrails and contrail cirrus are generated by
cruising aircraft, causing the major non-CO, climate im-
pact of civil aviation (Aaltonen et al., 2006; Stuber et al.,
2006; Burkhardt et al., 2008; Lee et al., 2010; Burkhardt and
Kircher, 2011; Kércher, 2018; Bock and Burkhardt, 2019).

The occurrence of an ISSR and its close link to the oc-
currence of cirrus clouds is reported from a joint analysis
of SAGE II data on subvisible cirrus and MOZAIC ice su-
persaturation by Gierens et al. (2000), which provides an al-
most 1 : 1 relationship between subvisible cirrus occurrence
and ice supersaturation but without discrimination between
tropospheric and stratospheric air masses. From other plat-
forms, there are only very few reports of cirrus clouds above
the tropopause layer either from satellite retrievals (Spang
et al., 2015) or from research aircraft flights (Miiller et al.,
2015).

Despite the high climate-related relevance of the verti-
cal distribution of water vapour VMR and related RHjce in
the vicinity of the extratropical tropopause layer, only very
few approaches exist for the continuous global-scale moni-
toring of water vapour abundance and RH;.. with sufficient
precision and vertical resolution (see Miiller et al., 2016,
for an overview). Among space-borne techniques, the High-
resolution Infrared Radiation Sounder (HIRS) instruments
are most important since they cover more than 3 decades of
observations (Gierens et al., 2014), whereas the Microwave
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Limb Sounder (MLS) and the Atmospheric Infrared Sounder
(AIRS) were particularly used for the space-borne global
mapping of ISSRs (Spichtinger et al., 2003b; Lamquin et al.,
2012) and cirrus cloud coverage (Stubenrauch et al., 2010).
However, the vertical resolution provided by space-borne in-
struments in the EXUTLS is very limited and does not al-
low detailed studies on the vertical distribution of RHjce in
this region. In addition, satellite observations such as NASA
AIRS data contain biases in temperature and water vapour
retrievals compared with aircraft observations by 1-2 K and
30 %—40 % of HoO VMR, respectively (Diao et al., 2013).

Concerning in situ observations of water vapour, the inter-
national network of weather balloons has been in operation
for many decades, but the observations are considered in-
sufficient for detecting trends and variability in upper tropo-
sphere and lowermost stratosphere (UTLS) water vapour (see
Miiller et al., 2016, and references therein). The Global Cli-
mate Observing System (GCOS) Reference Upper-Air Net-
work (GRUAN) targets the provision of climate-quality mea-
surements of tropospheric and lower stratospheric variables
(Seidel et al., 2009). GRUAN has established rigorous data
quality assessment measures to provide reference-quality in
situ and ground-based remote sensing observations of upper-
air essential climate variables and serves as another source of
high-quality water vapour data, albeit for a limited number of
certified surface stations so far (Bodeker et al., 2016).

The only other existing global-scale in situ observation
infrastructure for atmospheric composition in the ExXUTLS
uses instrumented passenger aircraft for routine measure-
ments of trace gases like H,O, O3, CO, greenhouse gases,
nitrogen oxides, aerosols and clouds at cruise altitude. IA-
GOS (In-service Aircraft for a Global Observing System; for
details see Petzold et al., 2015; Nédélec et al., 2015; https:
/Iwww.iagos.org, last access: 6 July 2020) and its predeces-
sor research programmes MOZAIC (Marenco et al., 1998)
and CARIBIC (Brenninkmeijer et al., 1999; Brenninkmeijer
et al., 2007) have been conducting regular measurements of
water vapour and relative humidity since 1994. The trans-
formation of both former research projects MOZAIC and
CARIBIC into the current IAGOS research infrastructure
took place in 2011. These regular flights on a global scale
are unique in their quantity, continuity and quality of mea-
surements of EXUTLS air masses and have provided de-
tailed insights into the distribution of RH;¢. (Gierens et al.,
1999; Spichtinger et al., 2002), the distribution and proper-
ties of ISSR (Gierens and Spichtinger, 2000; Spichtinger and
Leschner, 2016), their link to cirrus clouds (Gierens et al.,
2000; Petzold et al., 2017), and the processes controlling the
water vapour distribution (Zahn et al., 2014).

In the present study, we analysed the distribution prop-
erties of RHj.. and of ISSRs in the EXUTLS for a latitu-
dinal band reaching from eastern North America across the
North Atlantic to Europe. We used the full MOZAIC period
from 1995 to 2010 which permits the robust seasonal analy-
sis for the identified target regions. Our studies focus on the
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structure of the vertical distribution of RHjce, its variability
and seasonality, and potential trends. The horizontal resolu-
tion of our data set is 1 km, set by the instrument time res-
olution of 4s and the cruising speed of approx. 250ms~!.
The vertical resolution is set to 30 hPa, which corresponds
to a vertical distance of approx. 750m at cruise altitude
(Thouret et al., 2006) and assures sufficient statistical ro-
bustness of the conducted analyses. This vertical resolution
is of a similar order as the typical resolution of UTLS data
with a vertical grid spacing of about 50 hPa in the vicinity
of the tropopause (Reichler et al., 2003). Chemistry—climate
models like EMAC (ECHAM/MESSy Atmospheric Chem-
istry model) with vertical resolutions LOOMA and L47MA
use a vertical grid spacing of 15-25 hPa near the extratropi-
cal tropopause (Jockel et al., 2016), which is reflected in the
selected vertical resolution of MOZAIC data layers.

2 MOZAIC RH data set
2.1 Data coverage and vertical distribution

The MOZAIC RH data set used for this analysis spans the
period from 1995 to 2010 and is constrained to cruise alti-
tude conditions, i.e. pressure below 350 hPa (above approx.
8 km altitude), and to ambient temperatures below 233K to
exclude potential sensor contamination by supercooled lig-
uid water droplets. The aerial boundaries of the analysed
data set are 40 to 60° N and cover the eastern North Amer-
ican (105 to 65° W), North Atlantic (65 to 5° W) and Euro-
pean (5° W to 30° E) regions. Figure 1 illustrates the global
coverage of water vapour observations by MOZAIC for the
years 1995 to 2010. Inserted boxes mark the eastern North
American, North Atlantic and European regions. The an-
nual data coverage for each analysed regional box varies be-
tween 30 and 65 flight hours of MOZAIC aircraft per sea-
son (3 months), which corresponds to 27 000 to 60 000 data
points of 4s duration each per season per year. All inves-
tigated regions are characterized by continuous data cov-
erage over the investigated period with no data gaps. Data
are available through the open-access IAGOS data portal at
https://doi.org/10.25326/20.

Since MOZAIC data are collected at constant pressure
cruise levels of passenger aircraft which may cross from the
upper troposphere (UT) through the tropopause layer (TPL)
into the lowermost stratosphere (LMS) and back, the data
vertical coordinates are reported relative to the tropopause
pressure level.

The pressure levels of the thermal tropopause (ptherm. TPH)
and the dynamical 2PVU tropopause (pdgynTpH) Were de-
rived from ERA-Interim (ERA-I; Dee et al., 2011) which
uses 60 model layers with the top of the atmosphere located
at 0.1 hPa. For our analysis, the 6-hourly outputs from ERA-
1(0.75° x 0.75°) were interpolated onto a 1° x 1° horizontal
grid and on 60 vertical levels of constant pressure and po-
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Figure 1. Global coverage of water vapour observations by
MOZAIC for the period 1995 to 2010 shown as decadal logarithm
of the fraction of measurements in a certain grid box. Red boxes
indicate the target areas for our analyses.

tential temperature (Kunz et al., 2014; Berkes et al., 2017).
Additionally, the variables of the PV and the pressure of the
thermal tropopause based on the WMO criteria were calcu-
lated (WMO, 1957; Reichler et al., 2003). The ERA-Interim
data were then linearly interpolated with respect to longitude,
latitude, pressure and time onto each flight track with a 4s
resolution, as described by Kunz et al. (2014). Interpolated
tropopause pressure levels were finally used to determine the
position of the aircraft relative to the thermal tropopause or
to the 2 PVU isosurface and thus to distinguish whether the
aircraft sampled air masses of UT, TPL or LMS origin with
respect to the chosen tropopause definition.

In order to reach both a sufficiently large data set for robust
statistical analyses and good vertical resolution, the EXUTLS
is subdivided into seven layers of 30 hPa thickness each, with
three layers located below the thermal tropopause height and
three layers above. Thouret et al. (2006) used a similar def-
inition but with reference to the dynamical tropopause at
2PVU; i.e. they defined the tropopause as a mixing zone
30 hPa thick across the 2 PVU potential vorticity surface.

The seven layers of 30 hPa thickness each are centred at
Ptherm.TPH = 0 hPa for the tropopause layer (TPL) itself and
then at piherm.TPH £ 30 hPa, piherm.TPH = 60 hPa and finally
Ptherm. TPH £ 90 hPa. From this vertical spacing, the separa-
tion of air masses is achieved by applying the following cri-
teria (formulated for the thermal tropopause only).

LMS: p < ptherm.TPH — 15 hPa, which is limited by the
maximum cruise altitude with p &~ 190hPa.

TPL: P = Ptherm.TPH 4 15hPa.

UT: p > ptherm.TPH + 15 hPa, limited to lower altitudes
by p < 350hPa.

The bulk of our analyses refers to the classic ther-
mal tropopause according to WMO criteria (WMO, 1957)
with the exception of the occurrence of ISSRs above the
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tropopause, for which we present the analyses for both
tropopause definitions and compare the results to learn more
about the processes influencing the formation of ISSRs (see
Sect. 3.3).

Since each data set from one single flight provides only
a one-dimensional snapshot of the state of the atmosphere
along the flight track and each aircraft cruises at a slightly
different pressure level, the entire MOZAIC data are merged
to season files of 3-month durations, allowing the analysis of
vertical distributions of atmospheric state parameters on a ro-
bust statistical basis. For each season file, the statistical dis-
tribution (average and standard deviation, median, and per-
centiles) of investigated properties (temperature, O3 VMR,
H>O VMR, RHj¢. and ISSR fraction) is calculated with re-
spect to the above-defined UT, TP and LMS vertical layers.
From these seasonal averages or percentiles, respective 15-
year mean values and standard deviations are determined.

In our study, we use statistical analyses in the following
manner: when assessing results from laboratory studies and
calibration experiments based on reproducible observations,
we apply the 2o criterion for the 95 % confidence level; when
interpreting results from atmospheric observations which are
taken from fast-flying airborne platforms that cover 15 years
of observations, including their interannual and lateral vari-
abilities, we report the mean values and respective 1o stan-
dard deviations and state the statistical significance or in-
significance, accordingly.

2.2 RH and O3 instrumentation

The relative humidity measurements of MOZAIC and now
IAGOS use a thin-film HUMICAP® capacitive sensor
(Vaisala) which is mounted inside an aeronautic Rosemount
inlet attached to the aircraft’s hull. The MOZAIC capacitive
hygrometers (MCHs) are calibrated in the laboratory against
a Lyman-o resonance fluorescence hygrometer (Kley and
Stone, 1978) with respect to RH over liquid water (Helten
et al., 1998; Smit et al., 2014). The conversion to RH;j¢. uses
the equations by Sonntag (1994). The MCH reports RH data
with an average uncertainty of 4 % RH (span 1 % to 6 % RH)
in the middle troposphere at 4 to 8 km altitude during as-
cent and descent and 5 % RH (span 2% to 8 % RH) at the
tropopause and lowermost stratosphere at 10 to 12 km cruis-
ing altitude (Smit et al., 2014). The H,O VMR was finally
calculated from the simultaneously measured RH;¢. and tem-
perature data and from the pressure recordings of the aircraft
avionic system.

The deployed sensor has been carefully compared to high-
precision water vapour instruments in dedicated research air-
craft studies (Helten et al., 1999; Neis et al., 2015a, b) which
demonstrates a remarkably good agreement between the
MCH and reference instruments with Pearson’s R* = 0.92
and a slope of m = 1.02 from linear regression analyses. The
authors report an MCH uncertainty of 5 % RH, which is in
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close agreement with the uncertainty determined from error
propagation analysis (Smit et al., 2014).

Kunz et al. (2008), who performed a statistical analysis
of water vapour measurements from the SPURT campaigns
between 2001 and 2003 with a Lyman-a photo-fragment
fluorescence hygrometer (Zoger et al., 1999; Meyer et al.,
2015) and MOZAIC water vapour data from the same period,
determined a limit of detection (LOD) of 10 ppmv for the
MOZAIC sensor. Applying the same 2o criterion (95 % con-
fidence level), we obtain a MCH LOD of RHjce 1.0p = 10 %,
which again signifies a minimum detectable H;O VMR
of approx. 10ppmv at typical mid-latitude upper tropo-
spheric conditions (T = 218 K, p = 250hPa) (see also Neis
et al., 2015a, for a detailed discussion). As discussed by Smit
et al. (2014), the uncertainty of the temperature measurement
of the MCH sensor is included in the determination of the
MCH RHj¢e uncertainty so that the precision of H,O VMR
data deduced from MCH RH;.. data can be determined di-
rectly from the uncertainty of RHj.. measurements. Over-
all, the 5 % RH uncertainty leads to a decreasing precision of
H>0O VMR deeper in the stratosphere and implies a limited
use of the MOZAIC H;O sensor in the stratosphere domi-
nated by low RH;. and thus an increasingly large uncertainty
(Kunz et al., 2008).

The Pt100 temperature sensor of the MCH is character-
ized by an overall uncertainty of the ambient air tempera-
ture of £ 0.5 K, which includes the data processing (Berkes
et al., 2017). The temperature range encountered during the
MOZAIC observations in the ExXUTLS ranges from 200 to
245K at mid-latitudes (see Fig. 9 in Berkes et al., 2017, for
details).

Since the launch of MOZAIC, the programme has also
provided Oz VMR data in addition to H,O and RHjc. ob-
servations. On board the MOZAIC and now IAGOS aircraft,
ozone is measured by means of a UV absorption instrument
which is characterized by an instrumental noise of & 2 ppbv
and an integration time of 4 s (Nédélec et al., 2015). We used
the collocated measurement of O3 and RH;j. for the char-
acterization of ice-supersaturated air masses with respect to
a potential stratospheric influence.

2.3 RH data processing

The processing of the MCH data had been subjected to a cal-
ibration error from 2000 CE onwards. This error in the data
analysis caused a bias of data towards higher RHj.. val-
ues and shifted the peak value of the RHj.. probability dis-
tribution function (PDF) for in-cloud observations to ap-
prox. 130 % RHjce, which is far above the physically ex-
pected value of 100 % RHjc.. Earlier MCH data for the period
1995 to 1999, however, are not affected. The publications by
Lamquin et al. (2012) (Fig. 5 of that publication) and Pen-
ner et al. (2018) (Fig. 6 of that publication) illustrate the shift
of the erroneous MOZAIC data towards higher RHj. values
very clearly.

Atmos. Chem. Phys., 20, 8157-8179, 2020



8162

0.75

Raw signal at Z>9km
Pre-flight calibration (PFC)
PFC + 5ppmv H20 (LS)

- ;ﬁ— In—fl|ght calibration (IFC)

’3:

I

o
3

o
LI L B B B R B VL

Sensor signal voltage [V]
o
N
(6]

-0.25 L | L | L | L | )
230 240 250 260 270 280

Sensor temperature [K]

Figure 2. Raw signal of the MOZAIC humidity sensor on board
one MOZAIC aircraft as a function of the sensor temperature inside
the aeronautic housing obtained at cruise altitude (z = 9-12km).
Green line: zero signal from pre-flight calibration (PFC); blue line:
superposition of zero signal from PFC and contribution of 5 ppmv
water vapour; red line: zero signal from in-flight calibration (IFC).

The calibration error was corrected in a recent reanaly-
sis, and the PDFs of RHj.. are now consistent for the full
MOZAIC period and physically reasonable with the PDF
showing a second maximum at 100 % RH;c., as expected for
in-cloud segments (Smit et al., 2014).

Besides the calibration error, another limitation of the
MOZAIC RH data set stemming from MCH sensor drifts
required correction. In its standard operation mode, MCH
sensors were replaced every 3 to 6 months. During their de-
ployment periods, the sensors occasionally showed drifts of
the sensor output signal caused by a shift of the sensor offset
voltage, which results in erroneous RHjc. values. To over-
come this measurement artefact, the so-called in-flight cali-
bration method (IFC) was developed by Smit et al. (2008),
which references the offset voltage of the sensor to signals
from flight segments in dry stratospheric air masses where
the expected RHjce signal is below the MCH LOD, and thus
the true MCH signal is considered zero RH.

The method is illustrated in Fig. 2; the MCH sensors leave
the calibration facility with a baseline for dry conditions
(green curve), the theoretical signal expected from the strato-
spheric H,O background of 5 ppmv is then added, and this
new baseline (blue curve) is the reference line for the offset
determination. In the operational mode of the IFC method,
the lower bound values of the MCH signal during an op-
erational period of typically 15 consecutive flights are de-
termined as the observations below the 1stpercentile value
(PO1) of the data collected during the respective flight se-
quence. In the case of a sensor offset drift during MCH op-
eration, the lower envelope from the PO1 values is similar to
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the baseline for dry conditions at calibration plus the 5 ppmv
stratospheric H,O background value but shifted by a voltage
offset. The difference between the lower envelope and the
baseline from calibration determines the sensor offset volt-
age which is then subtracted from the raw signal. Details of
the method are described by Smit et al. (2008).

2.4 RH data validation

The IFC method was applied to the full reanalysis data set
from 1995 to 2010. Figure 3a illustrates the effect of the IFC
method for the averaged RH;c.. PDF for the entire MOZAIC
data set, irrespective of the geographical regions where the
data were collected. The average PDF and variability pre-
sented is calculated from annual PDFs. Solid lines refer to
the MOZAIC average PDFs without the IFC method (white)
and with the IFC method applied (blue). Grey areas (with-
out IFC) and dashed and dotted blue lines (with IFC applied)
represent the + 1o and 4 20 ranges. Figure 3b shows a zoom
into the PDF for the range with RHjce > 100 %. In addition
to panel (a), the red area marks the difference between the
averaged PDFs with and without IFC applied.

The overall features of the RH;.e PDF with an overall
maximum value at dry stratospheric air mass values with
RHjc. being close to the LOD of approx. 10 % and a sec-
ond local maximum at RHj.. =~ 100 % for observations in-
side cirrus clouds remain unaffected, whereas the deviation
between the average PDFs becomes relevant for RHjee val-
ues above 130%. Here, the IFC leads to an average re-
duction of <5 % RHjce for an occurrence probability of
1073 and approx. 7.5 % RHjc. for an occurrence probabil-
ity of 107*. More relevant, the 20 variability of the ob-
served ice supersaturations at 10™% occurrence probability
reduces from max. 180 % RH;c. (without IFC applied) to
max. 155 % RHjce (with IFC applied). The latter value with
the IFC applied fits into the range of the homogeneous freez-
ing thresholds at typical extratropical tropopause conditions
of RHicehom = 158.25% at 205K to RHjce hom = 154.15 %
at 215K (Koop et al., 2000), as sampled by MOZAIC. Re-
spective values without the IFC applied, however, exceed the
homogeneous nucleation threshold significantly. Unphysical
negative values of RHjce connected to observations below the
LOD of 10 % RHjce vanish within the range of uncertainty
when applying the IFC method.

Figure 4 illustrates the distribution of RHj.e observations
from the entire MOZAIC data set shown in Fig. 1 as a func-
tion of ambient temperature, colour coded by the probability
of occurrence, i.e. the fraction of data points for a specific
combination of temperature and RHj.. with respect to the
entire ensemble. About 98 % of RHj.. observations remain
inside the physical boundaries set by the water saturation line
and the line for homogeneous ice nucleation. The remaining
2 % are considered outliers associated with aircraft manoeu-
vres. Overall, ice-supersaturated air masses are characterized
by HoO VMR > 25 ppmv (Istpercentile value; see Fig. 10
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Figure 4. Distribution of RHj, for the entire MOZAIC period from
1995 to 2010 with IFC applied as a function of ambient tempera-
ture with the colour indicating the probability of occurrence. The
lines represent water saturation (solid line; Sonntag, 1994) and the
threshold RH;. for homogeneous ice nucleation (dotted line; Koop
et al., 2000; Kércher and Lohmann, 2002).

for details), which is in good agreement with observations
of HO VMR > 15ppmv (Krdmer et al., 2020) and 20 ppmv
(Diao et al., 2014), both reported from research aircraft ob-
servations at mid-latitudes for 7 > 200 K (see also Sect. 3.3
for more details).

Besides the validation of MOZAIC RHje distributions
with respect to the homogeneous nucleation thresholds from
Koop et al. (2000), the data were compared to the distribu-
tion of RH;.. from observations on board of research air-
craft by high-precision water vapour instruments such as
Lyman-a photo-fragment fluorescence hygrometers (Zoger

https://doi.org/10.5194/acp-20-8157-2020

et al., 1999; Sitnikov et al., 2007), tunable diode laser absorp-
tion spectrometers (May and Webster, 1993; Kriamer et al.,
2009; Buchholz et al., 2013) and frost point hygrometers
(see Meyer et al., 2015, for details). In total, 250 research
flights from 32 field campaigns conducted between 1999 and
2017 globally were analysed. To ensure comparability to the
MOZAIC data set, the temperature range was restricted to
205 to 235K, which corresponds to the MOZAIC observa-
tion range with the upper temperature limit set by the homo-
geneous freezing threshold.

The result of this comparison is shown in Fig. 5. The
MOZAIC RH;. PDF is plotted similar to Fig. 3, whereas the
RHjce PDF from the research aircraft campaigns is shown
as a red line calculated for RHj.e bin widths of 10 %. Both
probability distribution functions show excellent agreement
within the uncertainty ranges particularly for the regime of
ice supersaturation (panel b). The differences for RHjce near
100 % are caused by the preferred sampling of ice clouds
during the field campaigns (higher probability of ice clouds
at RHjce. ~ 100 %) and by the frequent sampling of contrails
at subsaturated conditions (RHjce < 100 %).

RH;ce observations from the CARIBIC passenger aircraft
exhibit similar features as the observations shown here from
MOZAIC and from research aircraft with maximum proba-
bility of occurrence at RHjce = 100 % and maximum RHjee
values of approx. 150 % (Dyroff et al., 2014). In that re-
spect, all observation platforms provide consistent informa-
tion on the distribution of ice supersaturation in the extrat-
ropical tropopause.

With the IFC method applied to the full MOZAIC RHjce
data, this data set is successfully validated against RHjce ob-
servations by high-precision instruments and against physi-
cally justified bounding values. In summary, this data set is
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(Kramer et al., 2016).

now considered of the highest possible quality achievable by
the type of sensor applied and for the type of routine obser-
vations performed.

3 Results

3.1 Annual cycles of water vapour and RHj¢e
distributions at the tropopause

The annual cycles of the vertical distributions of water
vapour volume mixing ratio (HO VMR) and RHj.. were
analysed for the three target regions of eastern North Amer-
ica (ENA), the North Atlantic (NAtl) and Europe (EU) based
on 15-year averages of monthly mean profiles relative to
the thermal tropopause. For all investigated regions, the an-
nual cycles of HoO VMR vertical distributions are shown in
Fig. 6. For the lowest layer of the lowermost stratosphere,
bounded from below by the thermal tropopause layer, the pat-
terns are similar for the three regions, characterized by low
H>O VMR values in winter and spring months and a max-
imum H>O VMR during summer. For all regions, the influ-
ence of upper tropospheric air masses reaches approx. 1.0-
2.0 km above the tropopause with the strongest influence in
summer.

Below the tropopause layer, however, we find different
behaviours for the studied regions. It appears that over the
North Atlantic and over Europe, which is strongly influenced
by the North Atlantic synoptic weather systems due to the
prevailing westerly winds, the annual cycles of HoO VMR in
the uppermost tropospheric and tropopause layers are cou-
pled, while for the eastern North American region the upper
free tropospheric layers seem to exhibit higher specific hu-
midity in winter than respective air masses over the ocean.
At the tropopause level, however, the differences vanish, and
the annual cycles converge.
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A similar behaviour of the annual cycle of H,O VMR
was reported by Zahn et al. (2014) from zonal-averaged
H;O VMR observations by the CARIBIC system. In con-
trast to MOZAIC, the CARIBIC H,O sensor provides reli-
able data also for the lower stratosphere where the MOZAIC
RH sensor loses its sensitivity, but, due to its limited regional
coverage, the CARIBIC data set cannot provide regional-
scale resolution. In that respect, these data sets comple-
ment each other with CARIBIC observations backing up the
MOZAIC H;0O VMR reported for the atmospheric layers
just above the thermal tropopause and MOZAIC providing
regional-scale resolution of seasonal patterns which would
not be possible otherwise.

Potential transport pathways of water vapour into the low-
ermost stratosphere are not in the scope of this study and
cannot be deduced from the analysis shown in Fig. 6, but
they are discussed in depth elsewhere (see e.g. Gettelman
et al., 2011; Zahn et al., 2014; and references given therein).
In summary, the seasonal variation of H,O in the first 1-2 km
above the tropopause is controlled by shallow, fast, two-way
cross-tropopause mixing which is active throughout the year
and is responsible for the extratropical tropopause mixing
layer, or EXTL (Hoor et al., 2004), localized deep convec-
tion events which occur mainly in the summer period over
continents (Anderson et al., 2012; Schwartz et al., 2013) and
the hemisphere-scale effect of the Asian summer monsoon
(Santee et al., 2017; Rolf et al., 2018).

Strong cases of the deep convection events have been re-
ported particularly in the central United States with unusually
wet conditions in the lowermost stratosphere being associ-
ated with these events (Anderson et al., 2017). Our long-term
data do not point at a significantly higher humidity over the
eastern North American region in summer compared to the
North Atlantic and to Europe. However, it has to be noted that
our observations are within the northern half of the continen-
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Figure 6. The 15-year averaged annual cycles of HyO VMR vertical distributions of HyoO VMR for latitudes 40 to 60° N and for the regions
of (from a to ¢) eastern North America (105 to 65° W), the North Atlantic (65 to 5° W) and Europe (5° W to 30° E).

tal United States and the southern half of Canada (see Fig. 1
for the aerial coverage of MOZAIC observations), whereas
the deep convection events with strong overshooting are re-
ported for regions further south over the Great Plains. This
regional difference may explain the differing observations.

3.2 Annual cycles of RHje. and ISSR distributions at
the tropopause

Our study is focusing on the vertical distribution, seasonal-
ity and regional variability of RHjc. and ice-supersaturated
regions in particular which are linked to the water vapour
content of the investigated atmospheric layers. Therefore, we
discussed the observed water vapour distribution patterns in
the preceding section. To shift the focus to RHjc, Fig. 7
represents an analysis similar to that shown in Fig. 6 but
for relative humidity with respect to ice. In contrast to the
differing annual cycles of water vapour distributions at the
tropopause as discussed above, we find similar patterns for
RH;ce over all target regions: a tropopause layer character-
ized by mean RHj¢ of 60 % almost independent of the sea-
son, a very humid layer just below the tropopause with mean
RHjce reaching 80 % and weak seasonality, and a stronger
seasonality of RHjc. approx. 1 km below the tropopause and
further down into the upper free troposphere with dryer air
during the summer season and very humid conditions par-
ticularly during winter and spring. Similar average values of
RHjce of 60 %—70 % for the uppermost troposphere without
significant seasonality are reported from CARIBIC observa-
tions (Dyroff et al., 2014; Zahn et al., 2014).

Grouping the data set shown in Fig. 7 into seasonal clus-
ters of layers of 30 hPa thickness around the tropopause al-
lows the robust statistical analysis of the vertical distributions
of temperature, HyO VMR, average RH;. and the fraction of
ice-supersaturated regions. The applied concept of the verti-
cal spacing is described in Sect. 2.1. The seasonal variation
of the vertical distributions of the selected properties is com-
piled in Fig. 8.

Tables 1 and 2 present the mean fractions (Table 1) and
associated standard deviations normalized to the respective
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mean values (Table 2) for ISSR occurrence, separated for re-
gions and seasons, and in the last set of columns averaged
over all regions. As is already indicated in Fig. 7, the varia-
tion of RHj¢. with altitude and season is similar for the three
target regions.

For all regions, the highest RHj¢e values and also the high-
est fraction of ISSR occurrence are observed for the two
upper tropospheric layers closest to the tropopause layer,
whereas for the third layer situated deepest inside the UT,
RHj.. values and ISSR fractions are considerably lower.
Only in the spring season (MAM) over the North Atlantic
does the lowest third layer reach values similar to the RHjce
values and ISSR fractions of the two layers above. Focusing
on the UT layers, the relative standard deviations of the ISSR
fractions are highest for the lowest layer investigated here, at
least for winter and spring seasons for which the largest ISSR
fractions are found.

3.3 Physico-chemical signature of ice-supersaturated
regions in the vicinity of the tropopause

As discussed in detail by Spichtinger and Leschner (2016),
ice-supersaturated air masses have mostly faced a decrease
in temperature or an increase in water vapour mixing ratio,
i.e. specific humidity, during their lifetime. Thus, these air
parcels are generally known as both colder and of higher ab-
solute humidity than the surrounding subsaturated air masses
(Gierens et al., 1999; Spichtinger et al., 2003b); for instance,
research aircraft observations from 87° N to 6° S showed that
73 % of the ISSRs have both lower temperature and higher
H;0O VMR than their horizontally adjacent subsaturated air,
whereas 27 % of the ISSRs show higher temperature and
higher HyO VMR than their surroundings (Diao et al., 2014).
This conclusion is valid for both ISSRs in the uppermost tro-
posphere and the rarer cases of ISSRs above the tropopause.

In order to study the formation history of ISSRs and in-
volved processes, we analysed the occurrence frequency and
physico-chemical signature of ISSRs around the tropopause
layer and referred our analyses to both the thermal and the
dynamical tropopause. We want to recall the tropopause def-
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Figure 7. The 15-year averaged annual cycles of RHjc, for latitudes 40 to 60° N and for the regions of (from a to ¢) eastern North America
(105 to 65° W), the North Atlantic (65 to 5° W) and Europe (5° W to 30° E).
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Figure 8. Vertical distribution of mean temperature, H,O mixing ratio, RHj.. and fraction of ice-supersaturated regions (ISSR) for seven
pressure layers around the thermal tropopause. Layer thickness is 30 hPa, and layers are spaced equally relative to the tropopause pressure
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initions given in Sect. 2.1. The thermal tropopause accord-
ing to WMO criteria (WMO, 1957) is usually seen as an ef-
fective transport barrier hampering troposphere—stratosphere
exchange, whereas the dynamical tropopause is commonly
used for separating tropospheric and stratospheric air masses
in studies on troposphere—stratosphere transport since it rep-
resents the lower bound of the EXTL. These complementary
views on the tropopause have been developed from extensive
CO-03 analyses, which showed that the 2 PVU surface ap-
proximately separates the troposphere from the stratosphere
with the EXTL as a transition layer of about 2km thick-
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ness above it and centred on the thermal tropopause (Hoor
et al., 2004; Pan et al., 2010; Gettelman et al., 2011). These
tracer studies in the extratropics showed that on average the
dynamical tropopause is situated slightly below the thermal
tropopause and that the gradients of CO and O3 are much
sharper across the thermal tropopause compared to the dy-
namical tropopause (Hoor et al., 2004; Pan et al., 2010).
Similar features are observed for the gradients of tem-
perature 7, HO VMR and O3 VMR, as shown in Fig. 9
for the North Atlantic region. Similar to the tracer gra-
dients, the temperature gradient is also sharper across the
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Table 1. ISSR frequency of occurrence: seasonal mean values are reported in percentages; the vertical distance to the thermal tropopause is
reported as Ap = Player — Ptherm.TPH-

Ap DJF \ MAM \ JJA \ SON | AVG (ENA, NAtl, EU)

(hPa) ENA NAtl EU | ENA NAtd EU | ENA NAd EU | ENA NAd EU | DIF MAM JJA SON
-3 21 22 29| 07 12 15| 06 09 10| 08 12 13| 24 L1 08 11
0 217 224 198 | 162 201 195 | 138 208 167 | 155 204 192|213 186 171 184
30 347 368 328 | 31.8 365 341 | 227 313 263 | 284 353 306 | 348 342 268 314
60 371 379 339 | 322 340 330 | 196 264 221 | 250 308 295|363 330 227 285
90 335 357 293 | 280 350 260 | 177 196 143 | 211 241 263|328 296 172 2338

Table 2. ISSR frequency of occurrence: normalized standard deviations of seasonal mean values are reported in percentages, and the vertical
distance to the thermal tropopause is reported as Ap = player — Ptherm.TPH-

Ap DJF \ MAM \ 1A \ SON | AVG (ENA, NAtl, EU)

(hPa) ENA NAd  EU | ENA NAd EU | ENA NAd EU |ENA NAl EU | DIF MAM JJA SON
-30  102% 72% 84% | 8% 47% 47% | 9% 57% 50% | 8% 33% 43% | 86% 57% 68% 51%
0 26% 31% 31% | 31% 21% 22% | 31% 24% 19% | 24% 16% 23% | 29% 25% 25% 21%
30 15% 20% 15% | 19% 18% 15% | 31% 25% 23% | 15% 10% 13% | 17% 18% 26% 13%
60 19% 24% 20% | 25% 17% 12% | 31% 22% 22% | 17% 13% 15% |21% 18% 25% 15%
90 29% 31% 25% | 21% 33% 15% | 19% 18% 31% | 29% 15% 17% | 29% 23% 23% 20%

thermal tropopause compared to the dynamical tropopause.
In addition, the results confirm the good agreement be-
tween the ERA-Interim thermal tropopause height indi-
cated by Aptpy = 0hPa, the lowest temperatures detected
at Aprtpy = 0hPa (panel a, blue lines) and the chemical
tropopause indicated by O3 VMR = 120 ppbv at A ptpy =
OhPa (panel c, blue lines) and thus the consistency of the
used data set. Furthermore, the analysis of the pressure dif-
ference between the thermal and dynamical tropopauses re-
veal an offset of approx. 25 hPa (15-35 hPa) which translates
into an altitude difference of approx. 750 m (Neis, 2017).

Our analysis of ISSR occurrence in the vicinity of the
ExTL is confined to the North Atlantic region, for which we
have the highest data density available with respect to ver-
tical resolution. As described generally in Sect. 2.1, the en-
tire data set of individual RH;.. observations over the North
Atlantic region was divided into yearly subsets of seasons:
DJF, MAM, JJA and SON. For each year, season and alti-
tude layer relative to the thermal and dynamical tropopauses,
the average frequency of occurrence of observations with
RHjce > 100 % was determined. The probability of ISSR oc-
currence per altitude layer with respect to the entire period
of 15 years was then calculated from this record of season-
ally averaged ISSR frequencies of occurrence. The results
are compiled in Table 3 for both tropopause definitions used
here. Please note that the ISSR fractions compiled for the
thermal tropopause correspond to the values listed in Table 1
but without distinction for seasons.

With reference to the thermal (dynamical) tropopause, the
mean ISSR occurrence probability is 31 % (38 %) in the up-
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Table 3. Mean and standard deviation of seasonal fraction of ice-
supersaturated regions (ISSRs) for the seven vertical layers dis-

tributed around the thermal and dynamical tropopause.

LayerID  p— ptpH ISSR fraction (%)

(hPa) Dynamical TP Thermal TP
LMS3 —-90 0.2+£0.5 0.0+0.1
LMS2 —60 0.7+1.1 0.1£0.3
LMSI -30 84+44 1.5+1.1
TPL 0 30.7+£9.4 20.0£6.5
UT1 30 39.94+10.0 33.9+9.0
uT2 60 37.7+10.7 31.4+9.2
UT3 90 355+143  29.1+12.1

per troposphere below the tropopause layer (UT1-3). The
observed increases in mean ISSR occurrence probabilities
towards the tropopause layer are, however, below statisti-
cal significance, and the average values for the respective
pressure layers differ for the two tropopause definitions. Our
finding that the ISSR occurrence probability is increasing to-
wards the tropopause agrees with results from a previous re-
search aircraft study using the CO—O3 tracer correlation ap-
proach, in which the majority (69 %) of clear-sky ISSRs was
found within the EXTL, while the rest were located below the
transition layer (Diao et al., 2015).

Since the thermal tropopause is located at a higher alti-
tude than the dynamical tropopause, the pressure layers be-
low the thermal tropopause include parts of the EXTL, which
explains the lower ISSR fractions for UT1-3 below the ther-
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mal tropopause compared to UT1-3 below the dynamical
tropopause. Sorting the data according to their vertical dis-
tance to the respective tropopause also results in different
data ensembles for the respective pressure layers because of
the strong horizontal variability of RHj¢. along the flight tra-
jectories. This strong horizontal variability explains the dif-
ferent absolute values of ISSR occurrence with respect to the
tropopause definitions. For both tropopause definitions, the
standard deviation of observed ISSR fractions is largest for
the lowest UT layer of the analysed atmospheric region and
decreases with increasing altitude.

When crossing the thermal tropopause, the ISSR frac-
tion drops sharply to values of 1.5 % for the lowest layer
above the thermal tropopause and to statistically insignifi-
cant fractions when reaching further up into the stratosphere.
In the case of the dynamical tropopause, we find a signifi-
cantly higher ISSR fraction of 8.4 % for the lowest strato-
sphere layer and again insignificant fractions further above.
This strong contrast in the ISSR occurrence probability for
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the lowest stratosphere layers with reference to the two
tropopause definitions coincides with the behaviour of other
tracers in the EXTL (see Fig. 9 for details).

In order to learn more about the history of ice-
supersaturated air parcels, we further analysed the ozone
content of an ISSR compared to the subsaturated air around
it for air parcels below and above the thermal and dynam-
ical tropopauses and combined the results with the distri-
butions of temperature and HyO VMR. The thermodynamic
and chemical properties of the ISSR and the comparison be-
tween the ISSR (blue lines) and ice-subsaturated air masses
(red-shaded areas and red lines) are presented in Fig. 10 with
reference to both tropopause definitions. In general, ISSRs
are colder than their subsaturated counterparts. The differ-
ence is low in the UT with a value of 1-2 K, which compares
well to the value of 2 K at 215 hPa obtained from MLS satel-
lite measurements (Spichtinger et al., 2003b), and it increases
to a more than 6 K difference in the stratosphere above the
thermal tropopause and approx. 4 K above the dynamical
tropopause. The temperature difference of 3—4 K between
colder tropospheric ISSRs and the surrounding subsaturated
air masses reported by Gierens et al. (1999) is comparable
to the temperature difference in the 30 hPa thick tropopause
layer we find in our analysis.

Figure 10 also indicates a similar behaviour of the verti-
cal distribution of H;O VMR for ice-supersaturated and ice-
subsaturated regions with exponentially decreasing absolute
humidity up to the tropopause layer. Above both tropopause
layers, HoO VMR further decreases in the case of non-ISSR
conditions. For ISSR conditions, however, Ho O VMR re-
mains constant with height throughout the layer just above
the tropopause. Doubling of H>O VMR for tropopause ISSR
conditions compared to non-ISSR conditions is close to the
results reported from MLS observations (Spichtinger et al.,
2003b). In contrast, Gierens et al. (1999) found an increase
of only 50 % for H;O VMR inside ISSRs compared to non-
ISSRs. In turn, this value compares well with our observa-
tions in the uppermost troposphere.

The vertical distribution of the ozone VMR behaves in
a similar way to the temperature for ice-supersaturated and
ice-subsaturated regions with small differences in the ozone
VMR of less than 15 ppbv in the troposphere. Already for
the tropopause layer and even more pronounced for the first
layer above the thermal tropopause, however, the difference
increases to 60 ppmv ozone VMR and beyond.

Quantitative conclusions on air mass characteristics and
history are drawn from the vertical distributions of thermody-
namic and chemical properties shown in Fig. 10. The under-
lying concept of troposphericity (Cirisan et al., 2013) quan-
tifies the tropospheric nature or fingerprint, of an air mass
on the basis of the observed O3 VMR. In the context of our
study, we refer to troposphericity for consistency with the lit-
erature.

Using the O3 VMR as a stratospheric air mass tracer, and,
adapting the approach of Cirisan et al. (2013), we define the
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troposphericity parameter m for an ensemble of data char-
acterized by median (med) and 99th percentile (P99) values
as

_ (03)p99 — (03)1med
(03)p99 — (O3)ropo

and we apply the median value of the lowest layer
analysed here as background tropospheric value so that
(O3)tropo =42 ppbv. Petetin et al. (2018) reported a median
O3 VMR of 49 ppbv for the Central European mountain
station Sonnblick (3106 ma.s.l) in the Austrian Alps and
a value of 50 ppbv for the high Alpine station Jungfraujoch
(3580 ma.s.l.), whereas Cirisan et al. (2013) use a value of
33.5 ppbv from ERA-Interim air mass trajectory analyses as
the tropospheric background ozone value in the upper tropo-
sphere at mid-latitudes.

Applying this definition of the troposphericity pa-
rameter m to MOZAIC and TAGOS observations over
Central Europe (Petetin et al., 2018) at 4000m alti-
tude with (O3)meqd =50 ppbv and (O3)pgg = 82 ppbv yields
m = 0.80, and for observations at 1500m altitude with
(O3)med =42 ppbv and (O3)pgg = 83 ppbv we find m = 1.00.

For MOZAIC and IAGOS observations in the ExUTLS,
Cohen et al. (2018) report, e.g. for springtime lower-
most stratosphere conditions, values of (O3)peq =400 ppbv
and (O3)pg5 =600 ppbv, resulting in m = 0.36, and, for
tropopause layer conditions, values of (O3)meq = 110 ppbv
and (O3)pgs =200 ppbv and m = 0.57; note that P95 refers
here to the 95th percentile value of the analysed data ensem-
ble, as taken from Cohen et al. (2018). Deeper into the strato-
sphere beyond the reach of MOZAIC and IAGOS aircraft,
the value of m approaches m = 0.0. Thus, similar to the tro-
posphericity parameter defined by Cirisan et al. (2013) from
trajectory analyses, a value of m = 0 indicates that an air par-
cel contains only stratospheric air, while m =1 is fully tro-
pospheric. Defining the troposphericity as described here, we
connect the troposphericity of an air mass to the observed
variability of the O3 VMR.

The analysis of troposphericity of the seven investi-
gated layers with respect to the 99th percentile and median
O3 VMR values is presented in Fig. 11. With respect to the
thermal and to the dynamical tropopause, the layers up to
the tropopause layer are characterized by similar values of
m > 0.80 for ISSR and m > 0.75 for non-ISSR air masses.
The first layer above the thermal tropopause, however, shows
a clear difference between ISSR (m = 0.67) and non-ISSR
(m = 0.44) with respect to the thermal tropopause but sim-
ilar values of m = 0.67-0.69 for ISSR and non-ISSR with
respect to the dynamical tropopause.

Recalling the structure of the EXTL with the 2PVU dy-
namical tropopause at its lower bound separating the strato-
sphere from the troposphere and centred on the thermal
tropopause, we find that on top of the EXTL non-ISSR air
masses show a clear stratospheric signature, while ISSR air
masses are still strongly influenced by mixing and carry a sig-
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nificant tropospheric fingerprint compared to the non-ISSR
air masses. Above the dynamical tropopause and thus inside
the ExTL, the influence of mixing increases gradually for
both ISSR and non-ISSR air masses, and the difference in
troposphericity is much less pronounced than near the top of
the ExTL.

3.4 ISSR fraction and cirrus cloud occurrence

Ice supersaturation in the atmosphere is a prerequisite for
the formation of cirrus clouds, and the degree of super-
saturation, mostly driven by atmospheric dynamics, deter-
mines the mechanism by which ice particles form (e.g.
Kircher et al., 2014; Kriamer et al., 2016; Heymsfield
et al., 2017). On the other hand, RHjc. probability distri-
bution functions inside cirrus clouds are characterized by
most probable values at or slightly above ice-saturation at
RHjc.e =100 % (Kramer et al., 2009; Diao et al., 2014, 2015;
Petzold et al., 2017), which means that cirrus clouds exist
to a considerable fraction also in ice-subsaturated air masses
depending on their state of life. Finally, ice supersaturation
can also occur in cloud-free air masses, but the fraction of
ice-supersaturated air in clear sky conditions is largely un-
known. However, these cloud-free ISSRs are of high impor-
tance for the formation of persistent contrails and thus for the
climate impact of aviation (Irvine and Shine, 2015; Kircher,
2018).

Motivated by the high importance of ISSRs for cirrus for-
mation and existence and also for the formation and persis-
tence of contrails, we converted the vertically resolved ob-
servations of ISSR fractions into an annual cycle of ISSR oc-
currence for the three target regions. The seasonal-mean oc-
currence probabilities were analysed for RHjce values of 95,
100 and 105 %, based on the sensor precision of 5 % RHjce.
The resulting annual cycles for the top two UT layers, sit-
uated just below the thermal tropopause layer are shown in
Fig. 12. The range bound by the probabilities of occurrence
for RHjce > 95 % and 105 % defines the uncertainty of our
analysis. Additionally, we analysed the interannual variabil-
ity of ISSR occurrence from the standard deviation of the
mean ISSR occurrence probability for RHje. > 100 %. The
respective variability range is shown as blue-shaded areas in
Fig. 12.

For all regions, ISSR occurrence probabilities are highest
in winter and spring and lowest in summer, while the abso-
lute values particularly in summer are considerably different.
The probability for finding ice-supersaturated air masses dur-
ing summer is 20 % over the eastern North American regions
but 30 % over the North Atlantic with Europe showing values
in the range in between.

To the present, there is only very limited in situ infor-
mation available about the occurrence probability of ice-
supersaturated air masses in the upper troposphere in gen-
eral and about their seasonality in particular. One source for
in situ information stems from radiosonde observations con-
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ducted by the German Weather Service over the Lindenberg
observatory in Germany (Spichtinger et al., 2003a).

Figure 13a shows the average annual cycles of ISSR oc-
currence frequency from 15 years of MOZAIC observations
over Europe and from 15 months of radiosonde observations
over Lindenberg published by Spichtinger et al. (2003a).
The 15-month cycle from the radio soundings is covered
by the 15 years of climatology of ISSR occurrence from
MOZAIC, but it contributes only a snapshot compared to the
time series of 15 years. Based on the 15 months of observa-
tion, the authors report a mean frequency of occurrence of
ice-supersaturation layers over Lindenberg of 28 %, whereas
the annual cycle of ISSR occurrence from our 15 years of
MOZAIC observations over Europe yields a mean value
of 29.5 % with a range from 35 % (RHjce > 95 %) to 23 %
(RHjce > 105 %).

Another source of data but for the occurrence frequency of
cirrus clouds originates from long-term analyses of satellite
observations (Stubenrauch et al., 2010, 2013). In their 6-year
climatological study, Stubenrauch et al. (2010) report cirrus
cloud coverage fractions for northern mid-latitudes of 35 %
in January and 27 % in July from the Atmospheric Infrared
Sounder analysed at the Laboratoire de Météorologie Dy-
namique in Paris (AIRS-LMD; 2003 to 2008), and respective
fractions of 34 % and 21 % from the TIROS-N Operational
Vertical Sounder Path-B cloud retrieval (TOVS-Path B; 1987
to 1995), and 42 % and 40 % from the Cloud-Aerosol Li-
dar and Infrared Pathfinder Satellite Observation (CALIPSO;
2006 to 2007). The compilation of our annual cycle of ISSR
occurrence and the respective observations from space-borne
sensors is shown in Fig. 13b. The agreement of the obser-
vations of ISSR occurrence from the very different sources
is remarkably good with the exception of CALIPSO obser-
vations which provide higher values. According to Stuben-
rauch et al. (2010), the high cloud fraction of CALIPSO is
about 10 % larger than respective values of CALIPSO for
clouds excluding subvisible cirrus. Therefore, the difference
between high cloud fractions from CALIPSO and from the
other instruments shown in Fig. 13 can be attributed to in-
strument sensitivities.

The good agreement between MOZAIC in situ observa-
tions of ISSR occurrence with the high cloud fraction from
satellite instruments encourages further detailed studies on
this matter. First analyses of simultaneous observations of
RHjce and Njce, which are now possible within the ongoing
IAGOS programme, already indicate a strong correlation of
high RHj. values with its occurrence inside cirrus clouds
(Petzold et al., 2017).

3.5 Trend analysis
Finally, we analysed the 15-year records of the validated
MOZAIC RHj observations and the resulting fraction of

ISSR observations for the three regions of eastern North
America, the North Atlantic and Europe for potential trends.
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The bases of our analyses were the seasonally averaged ob-
servations in the uppermost tropospheric layer (UT) with re-
spect to the thermal tropopause and the respective average
seasonal cycles depicted in Fig. 12. The resulting time series
are shown in Fig. 14. The seasonality of ISSR occurrence is
clearly visible for each region but with considerable interan-
nual variability. Similar to Fig. 12, the shaded regions rep-
resent the average fractions for 95 % < RHjc. < 105 % and
indicate thus the uncertainty resulting from the instrument
precision of RH;c. =5 %. For none of the regions do we find
significant trends in ISSR occurrence. Therefore, the distri-
bution of RHjc. in the uppermost troposphere close to the
tropopause layer and the resulting occurrence of ice super-
saturation seem to be stable over the investigated time period
from 1995 to 2010.

In order to get a clearer understanding of the reasons
for the interannual variability, we further analysed the de-
seasonalized time series of the ISSR fractions by calculating
the difference between each seasonal value of the ISSR frac-
tion and the 15-year seasonal average (see Fig. 12).

https://doi.org/10.5194/acp-20-8157-2020

The de-seasonalized time-series thus show positive and
negative deviations from the long-term seasonal average
values. The resulting time series are presented in Fig. 15.
As for the time series of ISSR occurrence, we performed
a trend analysis and added the obtained trend lines to Fig. 15.
Respective decadal slopes are —1.9541.77 % for eastern
North America, —3.21 £+ 1.78 % for the North Atlantic and
—2.394+2.29 % for Europe, and the indicated uncertainties
of the determined slopes refer to 1 standard deviation. Thus
none of the slopes differ significantly from zero, and, similar
to the time series of ISSR occurrence, we do not observe sig-
nificant trends for the seasonal deviation of ISSR occurrence
from the long-term average for the three target regions.

One potential weather phenomenon driving the deviation
of seasonal ISSR occurrence from the long-term average
in the investigated region is the North Atlantic Oscillation
(NAO). The NAO index describes the deviation of the pres-
sure difference between the Iceland low and the Azores high
pressure systems from the long-term average value. As an
example, a positive value of the NAO index indicates that
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Ap (Iceland L to Azores H) is larger than on average. This
larger pressure difference causes stronger westerly winds and
thereby more active storm tracks over the North Atlantic. Un-
der such conditions, we would expect a higher probability of
ice supersaturation in the uppermost troposphere due to more
frequent warm conveyor belts that can induce the formation
of ISSRs in the upper troposphere (Spichtinger et al., 2005).
Such a positive correlation between NAO and cirrus cloud
cover is reported from an analysis of cirrus cloud cover data
from the International Satellite Cloud Climatology Project
and relative humidity data from ECMWEF/ERA40 by Eleft-
heratos et al. (2007).

To investigate this potential link, we added the seasonally
averaged NAO index to Fig. 15 (panel a). Since there is no
immediate evidence given for a link between the NAO index
and the deviation of ISSR occurrence from the long-term av-
erage (A ISSR), we further searched for a potential link of
signs in the sense that positive and negative NAO index val-
ues are associated with positive and negative deviations of
ISSR occurrence from the long-term average, respectively.
The results of this cross-correlation analysis are presented in
Fig. 16.

For the eastern North American and European regions, the
correlation between NAO index and A ISSR is not statisti-
cally significant. For the North Atlantic, however, the results
of the cross-correlation analysis indicate statistical signifi-
cance at a level of 99 %. The obtained correlation of signs
is in line with the observation that the occurrence of ice su-
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persaturation is well correlated with the storm track activity
(Spichtinger et al., 2003b; Gettelman et al., 2006; Lamquin
et al., 2012).

4 Summary and conclusions

The European Research Infrastructure IAGOS (from 2011)
and its predecessor programme MOZAIC (1994-2010) per-
form global-scale routine in situ observations of relative hu-
midity with respect to ice (RHjc.) by using instrumented
passenger aircraft. The validated RH;c. data set from the
MOZAIC period between 1995 and 2010 was analysed for
latitudes of 40 to 60° N and for the eastern North Ameri-
can (105 to 65° W), North Atlantic (65 to 5° W) and Eu-
ropean (5°W to 30° E) regions to study the occurrence of
ice-supersaturated regions (ISSRs) in the uppermost tropo-
sphere and tropopause layers. Determined seasonal cycles
agree very well with observations of ISSR occurrence from
radio soundings (Spichtinger et al., 2003a) and from satel-
lite observations (Spichtinger et al., 2003b; Lamquin et al.,
2012).

The high vertical resolution of the MOZAIC RHj.. data
set with 30 hPa layer thickness allows the determination of
the vertical position of the ice-supersaturated air masses with
respect to the thermal tropopause. It occurs that the frac-
tion of ice-supersaturated regions is largest for the atmo-
spheric layers of 60 hPa thickness directly below the thermal
tropopause.
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Figure 15. Time series of the North Atlantic Oscillation (NAO) index (a) and de-seasonalized time series of ISSR fraction (probability of
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Comparing the ISSR fraction from MOZAIC in situ ob-
servations with the high cloud fraction from satellite instru-
ments (Stubenrauch et al., 2010) yields remarkably close
agreement between the two different observations and sup-
ports the interpretation that cirrus clouds exist to a consid-
erable fraction also in ice-subsaturated air masses depending
on their state of life. This interpretation is also supported by
the first exemplary analyses of simultaneous observations of
RHjc. and ice crystal number density Nje. from the ongo-
ing IAGOS programme (Petzold et al., 2017). In addition,
the close agreement between satellite-based observations of
ice cloud occurrence and the MOZAIC and IAGOS in situ
observations of ice supersaturation demonstrate the unique
contribution that MOZAIC and now IAGOS long-term ob-
servations can make to this scientific area in particular with
the detailed seasonality of ISSR occurrence over different
regions. Future work will combine RH;jc. and Njce observa-
tions, which are now available from IAGOS, and link them
to AIRS time series.

The findings that ice-supersaturated air is generally colder,
associated with higher absolute humidity and — in the case
of observations inside or above the tropopause layer — car-
ries less ozone than the surrounding air masses are in close
agreement with reported results for temperature and absolute
humidity. However, we were also able to use ozone as a tracer
for stratospheric air and calculate the troposphericity of ice-
supersaturated and ice-subsaturated air masses. The analysis
yields a significant impact of tropospheric air even on ISSRs
observed above the thermal tropopause. The thermodynamic
features together with the increased troposphericity indicate
vertical mixing in the vicinity of the tropopause layer as one
important formation process of ice supersaturation. Future
work in this direction will be conducted once the full IA-
GOS data set on RHjc, 0zone and ice clouds is validated and
available.

Over the investigated period of 15 years, no significant
trends are observed either for the occurrence of ISSRs or for
the deviation of seasonal ISSR occurrence probabilities from
the long-term average. This statement is valid for all three
investigated regions. Yet, we identify a significant correla-
tion of signs between the NAO index and the deviation of
seasonal ISSR occurrence probabilities from the long-term
average for the North Atlantic, whereas no such correlation
was found for eastern North America or Europe. The result-
ing interpretation is that a positive NAO index correlates with
an increased occurrence of ISSRs (positive deviation from
the long-term average). This interpretation is in agreement
with the understanding that a positive NAO index leads to an
increased storm track activity which then may induce more
frequent formation of ISSRs in the upper troposphere.

Finally, in a concomitant study by Reutter et al. (2020),
MOZAIC RHj. observations have been compared to
European Centre for Medium-Range Weather Forecasts
(ECMWF) ERA-Interim data, and significant deviations are
reported for ice-supersaturated conditions both in number
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and strength of supersaturation. Accurately representing the
magnitude of an ISSR, as well as its coexistence with ice
crystals, is crucial for quantifying radiative forcing since
mistakenly representing ISSRs as ice crystals can lead to
an average decrease of 2.7 Wm™2 in surface radiation (Tan
et al., 2016). The high quality and very good resolution of
MOZAIC and later IAGOS RH;ce observations will certainly
help to further improve the representation of ice supersatu-
ration in ERAS, as well as in numerical weather and climate
forecasting models.
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