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ABSTRACT

The knowledge about the water vapour distribution in the upper troposphere and lower stratosphere is es-
sential for understanding the cloud formation processes and the Earth’s radiation budget. Since 1994, the
European infrastructure MOZAIC (since 2011 IAGOS) measures water vapour, temperature as well as dif-
ferent essential climate variables, such as ozone and carbon monoxide (since 2001), aboard commercial
passenger aircraft. Before analysing this more than two-decades comprehensive data set, the MOZAIC
capacitive hygrometer is evaluated in a blind intercomparison against high precision water vapour instru-
ments with the resulting sensors uncertainty of 5% relative humidity. To assure the data quality and the
consistency of the data set, the new and improved IAGOS capacitive hygrometer is also evaluated against
high precision water vapour instruments in a subsequent blind intecomparison. The water vapour data set
is analysed with high vertical resolution around the thermal tropopause in the North Atlantic flight corri-
dor and shows an increased probability of ice supersaturation with decreasing distance to the tropopause.
This probability is especially pronounced in winter, but partially underestimated in its quantity in global
weather models. Further analyses show a quasi-isentropic troposphere-to-stratosphere transport of water
vapour near 50°N and below 350 K of potential temperature in summer. Within a final case study the future
potential of the IAGOS data set is demonstrated by using the new cloud index besides the simultaneous
water vapour measurements to separate the water vapour distributions into clear sky and in-ice cloud data.
With this separation, investigations show different amounts of cloud occurrence and cloud properties for

different global regions.






ZUSAMMENFASSUNG

Das Wissen iiber die Verteilung des Wasserdampfs in der oberen Troposphire und unteren Stratosphire ist
essenziell fiir das Verstidndnis der Wolkenbildung und somit der Strahlungsbilanz der Erde. Seit 1994 wird
im Rahmen der européischen Infrastruktur MOZAIC (ab 2011 TAGOS) der Wasserdampf, die Temperatur
sowie verschiedene essentielle Klimavariablen wie Ozon oder Kohlenstoffmonoxid (ab 2001) an Bord von
kommerziellen Passagierflugzeugen gemessen. Um diesen auf derzeit iiber zwei Jahrzehnte angewachsenen
Datensatz zu analysieren, wird zu Beginn der Arbeit das kapazitive MOZAIC-Hygrometer in einem Blind-
vergleich mit hochprizisen Hygrometern evaluiert und die Unsicherheit des Sensors auf 5% relative Feuchte
bestimmt. Im Anschluss wird durch einen weiteren Blindvergleich des weiterentwickelten, kapazitiven
IAGOS-Hygrometer mit hochpriziesen Hygrometern die Datenqualitit beim Ubergang der beiden Sen-
soren gewihrleistet. Eine vertikal hochaufgeloste Analyse der Wasserdampfmessungen um die thermische
Tropopause im nordatlantischen Flugkorridor zeigt eine steigende Wahrscheinlichkeit der Eisiibersittigung
mit der Anniherung an die Tropopause. Diese von globalen Wettermodellen zum Teil in der Quantitét un-
terschitzte Wahrscheinlichkeit ist besonders im Winter ausgeprigt, wobei im Sommer ein quasi-isentroper
Troposphére-nach-Stratosphére Transport von Wasserdampf im Bereich 50°N und unterhalb 350 K poten-
zieller Temperatur beobachtet wird. In einer abschlieBenden Fallstudie wird das zukiinftige Potenzial des
TAGOS Datensatzes aufgezeigt, indem Wasserdampfmessungen und simultane Wolkenindexmessungen be-
nutzt werden, um eine vertiefende Analyse der Wasserdampfverteilungen auerhalb und innerhalb von Eis-

wolken im Hinblick auf das Wolkenauftreten und deren Eigenschaften durchzufiihren.






ACRONYMS

AIRTOSS-ICE

AlRcraft TOwed Sensor Shuttle - Inhomogeneous Cirrus Experiment

BCP Backscatter Cloud Probe

CARIBIC Civil Aircraft for the Regular Investigation of the Atmosphere Based on an
Instrument Container

CIRRUS-III Cirrus 3 campaign

ECMWF European Centre for Medium Range Weather Forecast

EMA Exponential Moving Average

FISH Fast In-Situ Hygrometer

TAGOS In-service Aircraft for a Global Observing System

ICH TAGOS Capacitive Hygrometer

IFC In-Flight Calibration

ISSR Ice Supersaturated Region

JOE Jiilich Ozone Experiment

MCH MOZAIC Capacitive Hygrometer

ML Mid-Latitudes

MOZAIC Measurement of OZone and water on Airbus In-service airCraft

NRT Near Real-Time
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CHAPTER 1

GENERAL INTRODUCTION

1.1 The Role of Water Vapour

Water enables and controls life on Earth.

Water can co-exist on the planet in the aggregates gaseous, liquid, and solid and thus effect human life, the
climate and the weather. Its role in climate and weather is differentiated and is divided by the oceans, the
ice masses, the clouds, and the humidity in the atmosphere [Peixoto and Oort, 1996].

In gaseous form, water vapour plays a major role in the balance of planetary radiation (Figure 1.1) as
arguably the most important greenhouse gas in the Earth’s atmosphere [Held and Soden, 2000]. As green-
house gas, water vapour accounts for about 67% of the natural greenhouse effect at clear sky conditions
which is defined as the difference between the planetary blackbody emitting temperature, by assuming a
constant albedo, and the global mean surface temperature [Wild et al., 2013]. The reduction in outgoing
long-wave radiation flux by absorption and emission of long-wave radiation in the atmosphere causes the
actual global mean surface temperature of human-life-enabling 15°C, and is thus 33°C larger compared to
an atmosphere without greenhouse gases. In an ideal situation, climate of the Earth and chemical composi-
tion of the atmosphere are finely balanced systems [Thompson, 1992].

Although, water vapour and its condensed form clouds account in sum for 75% of the natural green-
house effect [Wild et al., 2013], anthropogenic changes in atmospheric carbon dioxide (CO3) governs the
temperature of the Earth’s atmosphere. In contrast to the non-condensing greenhouse gases like CO5, water

vapour can condense and precipitate in the atmosphere and therefore water vapour concentrations are de-
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2 GENERAL INTRODUCTION

termined by the temperature [Lacis et al., 2010]. This, in turn, makes the climate more sensitive to forcing
by the non-condensable greenhouse gases with an additional radiative forcing and thus a changing in the at-
mospheric temperature caused by water water and cloud abundance adjustments ("water vapour feedback’)

[Lacis et al., 2010].
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Figure 1.1: Schematic of planetary radiation budget under present-day climate conditions. Numbers repre-
sent best estimates for the magnitudes of the individual energy fluxes in W m~2. Numbers in parentheses
cover the range of uncertainties. The incoming and the sum of outgoing top-of-atmosphere (TOA) fluxes

equalises. (Adapted from Wild et al. [2013].)

Studies showed that the effect of water vapour on the Earth’s radiative balance is that large that small
errors in the spectroscopic parameters in global climate models can produce potentially large uncertainties
in the prediction of the future climate. To avoid these large uncertainties in the calculated forcings, the
humidity concentration, particularly in the upper troposphere may need to be known with an accuracy in
the range of 3-10% [Harries, 1997]. The reason is, that upper troposphere (UT) and lowermost stratosphere
(LS) is where the air is coldest and driest [Dessler and Sherwood, 2009, Held and Soden, 2000], and
therefore the reduction of outgoing long-wave radiation is most sensitive to absolute changes in the UTLS
water vapour [Riese et al., 2012].

Forster and Shine [2002] calculated that if the estimated lower stratospheric HoO mixing ratio trends
since 1960, is occurring globally, the contribution to surface warming would be 75% of that from the CO2
alone. Forster and Shine also highlighted that an increase of water vapour causes a cooling of the lower

stratosphere that is comparable to the contribution due to greenhouse gases and ozone changes alone. These
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facts and the demand to refine experiments about background climatology of water vapour, underlines
the urgent need to understand and assess the long-term changes and decadal scale trends by continuous
observations [Dessler et al., 2013, Forster and Shine, 2002, Kley et al., 2000, Miiller et al., 2016, Solomon
et al., 2010].

Besides the major role in the planetary radiation balance, water vapour distributions in the upper tropo-
sphere and lower stratosphere influences the UTLS chemistry. Stratospheric water vapour, for example, is
a product of photochemical methane oxidation and will increase with anthropogenically increasing tropo-
spheric methane concentrations. This increase of water vapour could in a next step lead to a more frequent
formation of polar stratospheric clouds and, finally, lead to ozone destruction in the stratosphere. The chem-
ical impact of tropospheric water vapour is, for example, the reaction with photolysed ozone to the hydroxyl
radical OH ("tropospheric vacuum cleaner”) which further reacts with hundreds of gases and also leads to
the rapid formation of acids that are deposit in precipitation (“acid rain”) [Rohs et al., 2006, Thompson,
1992].

Another important aspect of water vapour distribution in the atmosphere is that it affects and responds to
atmospheric motions that shape the global circulation of the atmosphere and thus climate. The hydrological
cycle describes the movement of water within and between the Earth’s atmosphere, oceans, and continents.
As water vapour, it is moved quickly through the atmosphere and redistributes energy related to evapo-
ration and condensation of water within its global mean residence time of about 9 days [van der Ent and
Tuinenburg, 2017].

The amount of energy is a function of surface and atmosphere temperature which is expressed in the
Clausius-Clapeyron relation. This relation explains the water-holding capacity, or “equilibrium vapour
pressure”, of the atmosphere and describes a fractional increase of the saturation vapour pressure of 6-7%
if the temperature increases 1 K [Held and Soden, 2000, Schneider et al., 2010]. Since global warming is a
recent topic, also changes in the key component of the global atmospheric general circulation (Figure 1.2),
the tropospheric Hadley circulation, are expected. Lau and Kim [2015] calculated based on these changes
implications for convective ascent, cloud patterns, and thus the tropospheric humidity distribution, particu-
larly in the tropics. They conclude that a global warming dependent moister increase in the tropical lower
troposphere leads to amplification in the vertical convective mass flux, resulting in increased high clouds,
suppressed low clouds, higher level of mass flow in the pole direction, a widening of subsidence zones with
conjunction of increased frequency of dry events worldwide.

Another consequence is on the global mass circulation of tropospheric air through the stratosphere, the
so-called Brewer-Dobson circulation (Figure 1.2), which is characterised by tropospheric air rising into the
stratosphere in the Tropics, moving poleward before descending in the middle and high latitudes [Butchart,
2014, Plumb, 2002]. Bonisch et al. [2011] adduce proof that the observed increase in tropical upwelling
may be attributed to a change in the Brewer-Dobson circulation pattern, i.e. the increased upwelling has the
potential to trigger an intensified tracer transport from the tropical into the extratropical lower stratosphere
which is part of the lower branch of the Brewer-Dobson circulation. Randel et al. [2006] found also that

the enhanced tropical upwelling may cause the lower temperatures and lower water vapour near the tropical
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tropopause which result in the globally and locally over Boulder, Colorado (40°N) observed decrease in the

water vapour.
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Figure 1.2: Schematic of residual mean meridional circulation in the atmosphere. The bold lined ellipse in
the troposphere represents the thermally-driven Hadley circulation, whereas the single-ended arrows show
the motion branches for the stratospheric and mesospheric circulation which develop in the shaded regions
of breaking waves, i.e. synoptic- (’S”), planetary-scale ("P”), and gravity ("G”) waves. (Adapted from
Plumb [2002].)

Previously mentioned changes in the tropospheric humidity distribution also affects microphysical pro-
cesses via the humidity-cloud interaction. And in particular these fundamental details of microphysical
processes of ice clouds are still poorly understood which is an issue in the latest assessment report of the
Intergovernmental Panel on Climate Change [abbreviated as [IPCC, 2013]. The report states that clouds and
aerosols continue to contribute the largest uncertainty to estimates and interpretations of the Earth’s chang-
ing energy budget. Today’s understanding of the impact of cirrus clouds on climate is still consistent with
the conclusions by Cox [1991] of a significant warming tendency of tropical cirrus and a cooling effect of
mid-latitude cirrus. However, the net global effect of cirrus clouds is currently still uncertain but with the
assumption of a warming effect [Mitchell and Finnegan, 2009].

The control mechanism for cloud formation in the upper troposphere is relative humidity (RH), which
reaches the necessary supersaturation when exceeding the temperature dependent water-holding capacity

e, of the air mass [Gierens et al., 2000, Spichtinger et al., 2003b].
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e
3

es(T)

where e is the present water vapour partial pressure and e, is the water vapour saturation pressure over

RH = 100 - (1.1)

liquid or ice water at temperature T, respectively. !

Thus, the intensity of dynamic motion, the presence and composition of so-called ice condensation nuclei
(such as soot or biological particles) will influence the location, extension, and frequency of cirrus clouds
and consequently the radiation balance [e.g. Gettelman and Kinnison, 2007, Krdamer et al., 2009, 2016].

Besides the formation of cirrus clouds, growing ice crystals deplete humidity as a function of their
number and size, which leads typically after around 0.5-1 days in ice supersaturation to crystal diameter
sizes of 10 to 20 um. The thereby beginning sedimentation influences the vertical redistribution of water
vapour in the upper troposphere by dehydrating the altitude of the cirrus clouds and hydrating the air masses

via evaporating the crystals in warmer temperatures below [Nedoluha et al., 2002, Rolf et al., 2015].

1.2 Measuring Atmospheric Water Vapour

Observing atmospheric water vapour should be reasonably a simple task, since it is abundant and exhibits
absorption features over a broad range of electromagnetic spectrum. However, water vapour measurements
proved in practice to be difficult, e.g. water vapour condensates on surfaces which is a challenging issue for
in-situ techniques. Also the sharp vertical gradients around the tropopause and the low stratospheric mixing
ratios of a few parts per million volume (ppmv) in contrast to the moist tropospheric air masses, present not
only difficulties for remote sensing techniques. Furthermore, the analysis of remote sensing measurements
is still complicated, since the fundamental physics behind the observed spectrum is not sufficiently well-
known [Kley et al., 2000].

Miiller et al. [2016] recently reviewed the current measurement techniques of atmospheric water vapour,
which improve the knowledge about upper tropospheric and lower stratospheric (UTLS) water vapour dis-
tribution. There they conclude, that there is a need for an international programme to accurately characterise
long-term and global changes in UTLS water vapour. Even though the high-resolution infrared radiation
sounder (HIRS) instruments estimating the UTLS water vapour concentrations aboard National Oceanic
and Atmospheric Administration (NOAA) operational satellites since 1978 [e.g. Shi and Bates, 2011]. As
limitations of the single remote sensing data sets, they mention the poor vertical resolution and the relatively
short lifetimes of several years of the nadir-looking sensors on satellites, as well as the high occurrence of
short overlaps between different instruments. The only way to gain a long-term data set is to construct a
merged data set of different types of HIRS instruments. This requires in advance a reducing of the inter-
satellite biases either by in-situ calibration or by models’ water vapour which is used as a transfer function

between the data sets and short overlap periods [Hegglin et al., 2014]. Additional support in the amount

IThe water vapour saturation pressure es follows the Goff and Gratch [1946] formulation of saturation water vapour pressure over a
plane surface of pure water or ice, which was recommended by the World Meteorological Organization [WMO, 1957] and adapted to

the international temperature scale 1990 (ITS-90) by Sonntag [1994].
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and expansion of overlap in the measurements is provided by the microwave radiometer SAPHIR on board
the Megha-Tropiques satellite since October 2011 [Brogniez et al., 2015].

Compared to the remote sensing instruments, the advantage of most in-situ techniques is their higher
precision and spatial resolution, which makes them well suited for case studies on smaller scales. Most
prominent in-situ measurements are balloon soundings for research applications and specially equipped re-
search aircraft, although their primary goal is not to provide a global data set. The operational international
network of weather balloons has been in operation since the 1940s but do not provide reliable measure-
ments at pressures less than 400 hPa for detecting trends and variability in upper tropospheric and lower
stratospheric water vapour. Number of studies have demonstrated a clear dry bias in the upper troposphere
with this platform as a result of the very poor sensor response at low temperatures, pressures and water
vapour concentrations [Dee et al., 2011, Elliot and Gaffen, 1991, Gaffen, 1993, Seidel et al., 2009].

Combining individual campaign data sets of high quality water vapour in-situ measurements in the UTLS
is a valuable resource for investigations on trends and variability of water vapour [e.g. Krdmer et al., 2009,
Meyer et al., 2015, Rosenlof et al., 2001]. However, the spatial coverage of such measurements, the duration
of such campaigns as well as the changing composition of measurement devices are making global scaled
studies on seasonal and inter-annual variability of UTLS water vapour difficult.

The 2000 Assessment of Upper Tropospheric and Stratospheric Water Vapor (SPARC, Kley et al. [2000])
is the first comprehensive assessment of water vapour observations. It includes intercomparisons of the
different water vapour instrumentations that show discrepancies in the critical UTLS concerning range of
less than 10 ppmv. Since the SPARC report, disagreements in the results have remained between key data
sets [e.g. Rollins et al., 2014, Vomel et al., 2007]. These persistent, systematic discrepancies between
atmospheric water vapour measurement techniques under controlled laboratory conditions are in the order
of 10% for 10 to 150 ppmv of water vapour and about 20% for UTLS water vapour mixing ratios (below
10 ppmv) [Fahey et al., 2014], which increases the uncertainty for many other follow-up applications such

as radiation calculations and cloud formation studies.

1.3 Introduction of the MOZAIC and IAGOS Programmes

In 1994, the European research programme MOZAIC (Measurement of OZone and water on Airbus In-
service airCraft) was initiated to respond to the increasing requests for long-term, routine, in-situ observa-
tional data of the upper troposphere and lower stratosphere (UTLS) with much greater spatial coverage, by
using commercial passenger aircraft as measurement platforms [Marenco et al., 1998, Miiller et al., 2016,
Petzold et al., 2015]. The in-service aircraft are equipped with small, compact and light-weight scientific
instruments for measuring atmospheric trace constituents on a daily basis. Since commercial aviation oper-
ates in the altitude band of 9 - 13 km, it is a very cost-efficient platform [Eyre and Reid, 2014], particularly
for in-situ probing of the extratropical UTLS and thus complements the existing global observing network
of space-borne and ground-based observations. Through the use of different commercial aircraft, the data

are randomly selected with a good occupancy so that a statistically reliable and representative data set for
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the UTLS is achieved [Altekoster, 2014]. The main element of MOZAIC in the beginning was to collect
data on ozone (O3), water vapour and temperature in the atmosphere. After the first experiences and a phase
of development, the measurements were extended to carbon monoxide (CO) and nitrogen oxides (NOy) in
2001 [Nédélec et al., 2015, Petzold et al., 2015].

In 2008, the research projects MOZAIC and CARIBIC (Civil Aircraft for the Regular Investigation of
the Atmosphere Based on an Instrument Container) were merged into the European Research Infrastructure
TAGOS which now serves as a single infrastructure designed for sustainable long-term and global operation
[Volz-Thomas et al., 2009]. IAGOS-CARIBIC is a measurement programme similar to MOZAIC but with
a more sophisticated instruments equipped container which investigates approx. four flights a month the
atmosphere with only a single but extensively equipped cargo container aboard of commercial aircraft to
monitor a wide set of parameters [Brenninkmeijer et al., 1999, Petzold et al., 2015]. The IAGOS-CORE
component which displaces the MOZAIC part, comprises the implementation and operation of autonomous
instruments installed on long-range aircraft of internationally operating airlines for continuous, global-scale
and daily measurements of reactive gases and long-lived greenhouse gases (e.g. CO, CO,, CH, and water
vapour), important chemically active trace gases (e.g. Oj3), as well as aerosol, dust and cloud particles
[amongst others, Bundke et al., 2015, Filges et al., 2015]. The instruments are designed for fully automated
operation aboard the aircraft in unattended mode for several weeks. The fully equipped IAGOS-CORE
instrument rack weight is 100 kg and is mounted in the avionics bay of Airbus A340/A330 aircraft. The
collected data are transmitted automatically to the ITAGOS data centre with open data policy (GEO/GEOSS)
[Petzold et al., 2015].

The main partners of IAGOS are Forschungszentrum Jiilich GmbH (FZJ, Germany), Centre National
de la Recherche Scientifique (CNRS, France), Max-Planck Gesellschaft zur Forderung der Wissenschaften
e.V. (MPG, Germany), Karslruher Institut fiir Technologie (KIT, Germany), Deutsches Zentrum fiir Luft-
und Raumfahrt (DLR, Germany), Leipniz-Institut fiir Troposphérenforschung e.V. (TROPOS, Germany),
Meteo France (MF, France), and University of Manchester (Univ. MAN, UK).

One of the keys to the success of IAGOS is the participation of airlines which cover the operational costs
of including instruments in the aircraft payload. Currently, Deutsche Lufthansa (DLH), Air-France (AFR),
China Airlines (CAL), Cathay Pacific Airways (CPA), Iberia (IBE) and Hawaiian Airlines (HAL) support

the research infrastructure.

1.4 Data Description

At the beginning of April 2017, the IAGOS-CORE fleet consisted of three Airbus A340-300 and five Airbus
A330-300 aircraft. Each aircraft conducts on average 500 flights per year and the entire MOZAIC and
TAGOS fleet has visited almost 200 airports since the beginning of the programme. Figure 1.3 illustrates
the number of aircraft and number of flights conducted per year for MOZAIC and then IAGOS-CORE,

which are quality controlled and available for analysis on the official IAGOS webpage (www.iagos.org).
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Figure 1.3: Time series of passed flights (blue line) and participating aircraft (red line). The blue squares
represent the passed flights distributed over the globe for the complete time period, where as the blue
circles represent the passed flights over the North Atlantic flight corridor in the time period 1995 to 2009.
The MOZAIC programme took place from 1994 until 2011 and was continued with its successor [AGOS-
CORE (grey background).

More than 51600 flights have been carried out since August 1994 (as at 10 April 2017). This includes
data from the MOZAIC project (38494 flights from August 1994 to December 2014) and data from more
than 13100 IAGOS-CORE flights since July 2011. A subset covering the North Atlantic flight corridor (40 -
60°N, 5 - 65°W) contains 15423 flights in the time period 1995 to 2009 with at least 650 flights every year.
This large amount of flights ensures a long-term and global scale of coverage which is represented with the
fractional horizontal distribution of the MOZAIC flights in Figure 1.4; however, the global data distribution
is not uniform in every region. It is obvious that the highest concentration of data above 280 hPa, the

so-called cruising altitude of long-haul passenger aircraft, is between Europe and the East Coast of North

fractional coverage of MOZAIC data [%]

Figure 1.4: Fractional horizontal distribution of MOZAIC flights during the period of 1995 to 2009.
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America. In addition, the different flight behaviour over maritime and continental area becomes obvious,
i.e. flight tracks above the continental area seem to be strongly restricted whereas the flight tracks over
maritime area are non-restricted. Flight tracks over the Pacific Ocean are covered with the introduction of
China Airlines to IAGOS in June 2012 and Hawaiian Airlines in Spring 2017.

The on board recording of the data is completely automated by the equipped aircraft. While the aircraft
is landed, the raw data of each flight is collected on board of the respective aircraft and send immediately
to the data base in Toulouse. The unprocessed data first undergo automated validation procedures before
being submitted into the data base (see Figure 1.5). Untouched raw data (LOA) are further automatically
analysed using existing pre-flight or in-flight calibration information (LOB). For operational users such as
climate monitoring services, the data are available as near real-time (NRT) data within 12 hours. When the
prechecked data are validated by the responsible Principle Investigator (PI) of the instrument, they become
available as preliminary data (L1). Flight data become final data (L2), when the instrument is removed from

the aircraft and the post-flight calibration is conducted in the responsible laboratory by the PI.

near real time
delayed mode

LOB A..
A
Pl

automatic NRT, L1, L2
validation LOB

\; User interface

IAGOS aircraft

~_ L1,12 L3, L4
LOA insertion - LOB u
L4
update - L1, L2 G
2 -
Reception Database
server Clusters
NRT
CARIBIC data
Copernicus

Figure 1.5: Data processing path from the aircraft raw state to the user available state. Data levels refer
to raw data (LOA), to automatically analysed data using pre-flight or in-flight calibrations (LOB), to data
validated by the responsible PI and published as preliminary data (L 1) and to final data (L2) after removal of
instrument from the aircraft and post-flight calibration. Climatological data (L3) and added-value products
(L4) are also available, whereas near real-time (NRT) data are made available for data assimilation and

model evaluation (Adapted from Petzold et al. [2015]).
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These final data are used to calculate climatological data (L3) and added-value products (L4). Typically,
final data are available to end users through the official web interface within a maximum of 6 months after
flight, depending on the instruments operation period. A summary of the MOZAIC/IAGOS data levels and

their respective description is provided in Table 1.1.

Table 1.1: Used data levels in the MOZAIC/TAGOS-CORE system.

Level || Description

LOA Raw data

LOB Automatically validated data

NRT NRT for Copernicus use, bad data removed

L1 Data validated by PI (preliminary data)
L2 Calibrated data (final data)

L3 Averaged data and climatologies

L4 Added-value products

The content of the data base consists of a variety of in-situ measured atmospheric chemical and physical
observations conducted by MOZAIC, IAGOS-CORE and IAGOS-CARIBIC instruments. A subset of these
data is used in this work and described in Table 1.2. In addition to these measurements, the location of the

observations and the meteorological parameters measured by the aircraft are stored.

Table 1.2: Used parameters on cruise altitude provided by the MOZAIC/IAGOS-CORE system.

Names Method Time resolution Uncertainty Reference

Water vapour Capacitive hygrometer 5-300 s +5% RH Chapter 2 and 3
Temperature Resistance thermometer 45 +0.5K Helten et al. [1998]
Ozone (O3) UV absorption 4s +2 ppbv Nédélec et al. [2015]
Cloud particles || Backscatter cloud probe 4s 20% Beswick et al. [2015]

Also parameters available for cruise altitude provided by the A340/A330 aircraft system are stored in the
data base, whereas a subset, which is summarised in Table 1.3, is used in this work in different applications.
In principle, the flights are stored on the data base as continuous time series, i.e. the observations are
provided at 4 s intervals along the flight track from take-off until landing, but it is also possible to download
profile data, i.e. separated files for just ascent or descent parts [Petzold et al., 2015].

The quality assurance and quality control procedures will be briefly introduced by the performed steps in
Jiilich, where the MOZAIC and TAGOS water vapour and temperature devices undergo a quasi-automatic
calibration and processing routine with which a homogeneous high level data set is ensured for the entire
programme period. The cycle during an installation period of each capacitive hygrometer and resistance

thermometer unit starts with a general hardware and communication check. After successfully passing this
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Table 1.3: Used parameters on cruise altitude provided by the A340/A330 aircraft system.

Names Units Precision
UTC time seconds since take off 4s
Latitude deg. 0.01
Longitude deg. 0.01
Air pressure hPa 10
Total air temperature °C 0.25
Static air temperature °C 0.25
Aircraft air speed ms~! 0.01

check, up to three devices can be calibrated in the environmental simulation facility at the Forschungszen-
trum in Jilich [Smit et al., 2000].

This facility enables the control of pressure, temperature, and water concentration. Under realistic at-
mospheric conditions the airborne water vapour sensing devices can be compared to accurate reference
instruments, i.e. a dew point hygrometer for lower/middle tropospheric water vapour conditions and a
Lyman-« fluorescence hygrometer for middle/upper tropospheric conditions. The entire simulation process
is computer controlled to provide reproducible conditions, and a suite of measured parameters are stored for
the follow-up quasi-automatic calibration analysis to calculate the temperature-dependent sensor calibration
coefficients (for more details see Chapter 2.2 and Helten et al. [1998]). Unfortunately, a coding update in
the calibration analysis procedure from year 2000 on created an error, which yielded in too high humidity
values [Lamquin et al., 2012]. To fix this issue, an in-depth reanalysis of the calibration data identified a
wrong assignment of two different temperatures and by applying the corrected calibration procedure, the
full data set for 2000-2009 was reanalysed [Smit et al., 2014].

The sensors operation cycle continuous with 1-2 month in operation aboard the in-service aircraft, before
the instrument is then changed and the operated sensor is again calibrated in the simulation facility to
document its post-flight condition. Followed by the cleaning of the sensor, the routine procedures start
again with the general communication check and the pre-flight calibration.

Since the MOZAIC and IAGOS devices are installed and operated aboard in-service aircraft, mainte-
nance of the measurement instruments is severely restricted. Thus, a timely and automated processing of
the flight data is of significant role for near real-time monitoring of the sensors condition. With the aid of
this automatic quality control procedures, such as range checks, spike detection or humidity specific tests
of physical feasibility by using the known pre-flight calibration coefficients, the PI is able to detect possible
inconsistencies and to further initiate necessary sensor changes.

A slight deviation from the original operation cycle was observed at the beginning of the IAGOS pro-
gramme. There, humidity sensors were partially operated significantly longer than the planned exchange

after two months, a baseline shift in the sensors offset was observed. The humidity measurements have
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been corrected with a modified In-Flight Calibration (IFC) method based on the method developed by Smit
et al. [2008].

Therefore, raw voltage data of 15 consecutive flights is plotted analogues to Smit et al. [2008] in Fig-
ure 1.6 as a function of the sensor temperature. The resulting lower voltage envelope, which include very
dry conditions in, e.g. flight sequences in the stratosphere or in descending air masses over the subtropi-
cal oceans, is further compared to the lower envelope of the ICH calibration data at the typical lowermost
stratospheric background water vapour mixing ratio of 5 ppmv HoO VMR [Kley et al., 2007, Nedoluha
et al., 2007] for cruise altitude (ambient pressure = 230 hPa).

The resulting gap is then identified as sensor offset AUp and corrected. Effects of the applied IFC
method on the humidity distribution are shown with a comparison between MOZAIC and IAGOS humidity

distributions in Chapter 6.3.
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Figure 1.6: Raw signal (Up) of capacitive humidity sensor aboard MOZAIC and IAGOS aircraft as a
function of sensor temperature (Tp) obtained at cruise altitude (ambient pressure = 230 hPa). Green line:
zero signal for calibrated sensor; blue line: superposition of zero signal and the contribution by 5 ppmv
water vapour. The difference voltage between the blue line and the lower voltage envelope defines the

sensor offset AUp (Adapted from Smit et al. [2008]).

1.5 Objectives

Within the framework of this thesis, a broad spectrum of objectives have to be worked on. This includes
technical aspects, such as the question about the general and especially the performance inside of ice clouds
of the MOZAIC capacitive hygrometer (Chapter 2). The question, if the improved IAGOS capacitive hy-

grometer can confirm the performance and data quality of the former hygrometer is answered in Chapter 3.
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With the development of an automatic calibration analysis routine, as well as the development of an auto-
matic flight data analysis routine based on the existing manual routines, a homogeneous and traceable data
set for the first scientific analysis of 15 years of MOZAIC is provided.

This analysis includes the question about the determination of water vapour background climatologies
and possible trend analysis of observed humidity in the tropopause region over the North Atlantic in a high
spatial and temporal resolution (Chapter 4). Chapter 5 studies the question about possible identification
of stratosphere-troposphere exchange processes and their related transport pathways, whereas Chapter 6
is separated into two parts. The first one deals with the question about understanding the distribution and
occurrence of ice supersaturated regions in the upper troposphere and lower stratosphere above the North
Atlantic because of its close link to cirrus formation and lifecycle. Moreover, the second one uses the
new IAGOS data set in a case study which includes the new cloud index measurements and studies the

connection of ice supersaturation and cirrus cloud formation for different global regions.






CHAPTER 2

EVALUATION OF THE MOZAIC CAPACITIVE
HYGROMETER DURING THE AIRBORNE FIELD
STUDY CIRRUS-III
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1Forschungszentrum Jiillich GmbH, IEK-8 Troposphire, Jiilich, Germany
2Forschungszentrum Jiillich GmbH, IEK-7 Stratosphire, Jiilich, Germany

3Johannes Gutenberg Universitdt Mainz, Institut fiir Physik der Atmosphire, Mainz, Germany

This Chapter is based on the manuscript “Evaluation of the MOZAIC Capacitive Hygrometer during the
airborne field study CIRRUS-III” by P. Neis, H. G. J. Smit, M. Krdmer, N. Spelten, and A. Petzold, pub-

lished in Atmospheric Measurement Techniques as Neis et al. [2015a].

Summary. The MOZAIC Capacitive Hygrometer (MCH) is usually operated aboard passenger aircraft
in the framework of MOZAIC (Measurement of Ozone by Airbus In-Service Aircraft) for measuring at-
mospheric relative humidity (RH). In order to evaluate the performance of the MCH, the instrument was
operated aboard a Learjet 35A research aircraft as part of the CIRRUS-III field study together with a closed-
cell Lyman-«a fluorescence hygrometer (Fast in-situ Stratospheric Hygrometer, or FISH) and an open-path
tunable diode laser system (Open-path Jiilich Stratospheric TDL ExpeRiment, or OJSTER) for water vapour
measurement. After reducing the CIRRUS-III data set to data corresponding to MOZAIC aircraft operation
conditions, the 1 Hz RH data cross correlation between the MCH and reference instruments FISH (clear
sky) and OJSTER (in-cirrus) yielded a remarkably good agreement of R? =0.92 and slope m = 1.02 and
provided a MCH uncertainty of 5 % RH. Probability distribution functions of RH deduced from the MCH
and reference instruments agreed well between 10 and 70 % RH with respect to liquid water in the ambient
temperature range of ca. -70 to -40 °C. The use of MCH data is limited to sensor temperatures above the

calibration limit of Tyepnsor =-40°C (corresponds to ambient temperature of T,mpient =-70 °C at typical

Water Vapour in the UTLS - Climatologies and Trends. 15
By Patrick Neis Copyright © 2017
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cruising speed of long-haul passenger aircraft). Good performance of the MCH for clear sky as well as for

in-cirrus conditions demonstrated the sensor robustness also for operation inside ice clouds.

2.1 Introduction

Water vapour is one of the most important variables for weather prediction and climate research. Particu-
larly, the interaction between the water vapour in the UTLS (upper troposphere and lowermost stratosphere)
and tropopause dynamics is not well understood. Thus, in the latest IPCC report [IPCC, 2013], it is stated
that the knowledge about potential trends and climate feedback mechanisms of upper tropospheric wa-
ter vapour is low because of the lack of long data records of high quality in this specific region of the
global atmosphere. Neither the global radiosondes network nor satellites can provide measurements of
the required spatial and temporal resolution, while the regular in-situ measurement of upper tropospheric
humidity (UTH) is still difficult.

Since 1994, the European research programme MOZAIC [Measurement of OZone and water on Airbus
In-service airCraft; Marenco et al., 1998] and its successor IAGOS [In-service Aircraft for a Global Observ-
ing System; Petzold et al., 2013] provide regular data for relative humidity (RH) and other meteorological
quantities like temperature and pressure as well as data on atmospheric composition (e.g. ozone and CO)
with high spatial and temporal resolution on a global scale. The long-term observations are obtained by
in-situ measurements aboard civil passenger aircraft using the existing infrastructure of the international air
transport system. However, the continuous high-quality in-situ measurements are restricted to the major
global flight routes and to the cruising altitude band of 9 - 13 km, i.e. the observations refer to a large extent
to the UTLS region. Relative humidity data from the MOZAIC programme have been used for various
climatological studies including the distribution of UTH [Kley et al., 2007, Luo et al., 2007, 2008], the dis-
tribution of RH with respect to ice [RHjce, €.g. Gierens et al., 1997, 1999] and ice supersaturation regions
[e.g. Gierens et al., 2000, Spichtinger et al., 2003a] in the upper troposphere.

Atmospheric RH is measured in the MOZAIC/IAGOS programme through a compact airborne humidity
sensing device using capacitive sensors (MOZAIC Capacitive Hygrometer: MCH). The sensor itself and
the applied calibration techniques are described in detail by Helten et al. [1998]. First validation studies
from formation flights of a MOZAIC aircraft and a research aircraft are reported by Helten et al. [1999],
while Smit et al. [2008] presents an approach for a potential in-flight calibration of MCH. A reanalysis of
the global MOZAIC RH data set for the period 2000 - 2009 was performed recently [Smit et al., 2014].

In order to assess the validity of the long-term water vapour data and its limitations, Helten et al. [1999]
provided an in-flight comparison of MOZAIC and POLINAT [Schlager et al., 1997, Schumann, 1997] water
vapour measurements. However, this formation flight intercomparison was difficult to analyse because the
twin-engine research aircraft Falcon 20 had to follow the MOZAIC Airbus A340 - 300 with changing time
lags and distances whereby sampling of identical air masses can not always be ensured. In 2006, there was
the opportunity to participate in the aircraft campaign CIRRUS-III along with high precision research-grade

instruments for measuring the water vapour volume mixing ratio (VMR). The in-flight single-platform mea-
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surements permitted a blind intercomparison of the MCH with high performance water vapour instruments
by measuring the same air masses and under different atmospheric conditions. A similar analysis of the

improved IAGOS Capacitive Hygrometer is in preparation and will be published elsewhere.

2.2 MOZAIC Capacitive Hygrometer

A detailed description of the MOZAIC Capacitive Hygrometer is given by Helten et al. [1998], Helten et al.
[1999] and Smit et al. [2014]. In the following, we summarise the original descriptions.

The compact airborne MCH consists of a capacitive sensor (HUMICAP® of type H, Vaisala, Finland)
whose capacitance depends on the relative humidity of the dielectric layer of the condenser and a platinum
resistance sensor (Pt100) for the direct measurement of the temperature at the humidity sensing surface.
The basic measurement process is based on the diffusion-limited adsorption of the HoO-molecules by the
dielectric membrane of the sensor. Since diffusion is strongly temperature-dependent, the sensor response
slows down with decreasing temperatures. Figure 2.1 shows how both sensors are mounted in the used
air sampling housing [Model 102 BX, Rosemount Inc.; see Stickney et al., 1990]. The relative humidity
and temperature signals are fed into a microprocessor-controlled transmitter unit (HMP230, Vaisala) which
passes the signals to the data acquisition system. The data conversion from capacitance signals to relative
humidity values is performed off-line in a separate data quality assurance and analysis step.

In its original MOZAIC mounting position aboard an Airbus A340 the sensor housing is placed approx.
7 m downstream of the aircraft nose on the left side with a 7 cm distance from the aircraft skin to avoid
possible contaminating interferences of the aircraft skin. Inside the Rosemount housing the air flow is
separated into the main flow, which traverses straight through the housing and the minor flow, which follows
a sharp right angle into a smaller channel where the sensors are placed. The housing is equipped with small
holes in the side wall to neglect internal boundary layer effects by sucking off the internal boundary layer
air through the holes. The right angle of the minor flow protects the RH- and T-sensors against dust, water,
and particles.

Due to the strong speed reduction in the inlet part of the housing, the sampled air flow is significantly
heated through adiabatic heating. Assuming 100% conversion of kinetic energy into heat during flow de-
celeration, the ambient temperature Tampient (Static Air Temperature SAT) increases to the temperature at
the sensor inside the housing, i.e. the sensor temperature Tsepsor (Total Air Temperature TAT). The fact
that the adiabatic conversion of energy is not exactly 100%, the latter quantity Tgepnsor is calculated from the
actually measured sensor temperature, i.e. the typically 0.1 - 1.0 K colder recovery temperature (Total Re-
covery Temperature TRT), and the so-called recovery factor. This aircraft speed depending and empirically
determined factor is provided by the housing manufacturer.

The relationship between ambient temperature T,pient and sensor temperature Tgonsor 1S @ function of

the aircraft speed, i.e. its Mach-number M:

Tsensor = Tambient * (1 + (C;D_Cv> . M2> ’ (21)
2¢,
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Figure 2.1: Cross section of the airborne capacitive sensing element. Right angle protects against particles

and control holes in the side wall minimise internal boundary layer effects [Helten et al., 1998].

where ¢, (= 1005 Jkg 'K ~') and ¢, (= 717 Jkg~ 'K ~1) are the specific heat of dry air at constant pres-
sure and volume, respectively. The resulting difference between Tsensor and Tampient at 10-12 km cruising
altitude for different Mach-numbers is displayed in Figure 2.2: for the MOZAIC-typical aircraft speed of
Mach-number M = 0.81 the adiabatic heating effect is approx. 30 K. Tampient 1S derived from Eq. (2.1)
with an uncertainty of less than £0.5 K resulting from uncertainties in Tgensor (£0.25 K) and M. Because
of the strong temperature increase, the detected dynamic relative humidity RHgynamic is significantly lower

than the static relative humidity RHgg,tic Of the ambient air at T,ypient:

2.2)

)

°p
T ambient ) P €s,liquid (Tsensor)

RHgtatic = RdenarniC : (
es,liquid (Tambient)

Tsensor

where e Jiquia 1S the water vapour saturation pressure over liquid water at Teensor and Tambient, respec-

tively. The water vapour saturation pressure over liquid water € jiquia follows the Goff and Gratch [1946]
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Figure 2.2: Sampled air flow is heated through adiabatic heating effects when entering the inlet.
ATemperature describes the increase relative to the ambient temperature T,ppients [Static Air Tempera-
ture SAT; see Helten et al., 1998] for several aircraft speeds, i.e. the Mach-number M, by assuming 100%

conversion of kinetic energy to heat during flow deceleration.

formulation of saturation water vapour pressure over a plane surface of pure water or ice, which was recom-
mended by the World Meteorological Organization [WMO, 1957] and adapted to the international temper-
ature scale 1990 (ITS-90) by Sonntag [1994]. For fast high-flying aircraft the relation RHg;atic/RHaynamic
reaches a factor of approx. 13, which leads to the fact, that the RH sensor operates in the lowest 10% of its
full dynamic range. Since the sensor is operating in the lower part of its full dynamic range, an individual
calibration of each sensor is necessary, which is accomplished in the atmospheric simulation chamber at
Jiilich [Smit et al., 2000] before installation on the aircraft and after detachment past 500 hours of flight,
which corresponds to about 4 - 6 weeks between installation and deinstallation. These calibrations are made
over a sensor temperature range between -40°C and +20°C against (i) Lyman-« fluorescence hygrometer
[Kley and Stone, 1978] at water vapour mixing ratios below 1000 ppmv [relative accuracy 4%, Helten
et al., 1998] and (ii) dew/frost point hygrometer (General Eastern, Type D1311R) at water vapour mixing
ratios above 1000 ppmv with an accuracy of 0.5 K. The relative humidity of a calibrated sensor (RH¢) at
constant temperature T is found to be linearly related to the uncorrected output value (RHy ) provided by

the HMP230 transmitter unit.

RHqe (T) = a(T) + b(T) -RHy¢ (T) 2.3)

In Section 2.3.2 the calibration procedure of the MCH is described, which was used during the
CIRRUS-III field study. It combines the standard procedure based on Helten et al. [1998] and the in-flight
calibration described by Smit et al. [2008].
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Evaluation of 9 years of pre- and post-flight calibrations in MOZAIC has shown that the offset a(T)
is the most critical parameter in determining the uncertainty of the measurements with a shift of about

-5% RH, while the sensitivity (slope) b(T) is less critical and only changes by about -2%.

2.3 Experimental Section

2.3.1 The CIRRUS-III Field Campaign

To extend the performance assessment of the MCH from the formation flight intercomparison [Helten et al.,
1999], the sensor was operated aboard a twin-engine business-jet aircraft of type Learjet 35A as part of the

CIRRUS-III field study, which was coordinated by Forschungszentrum Jiilich.

Figure 2.3: CIRRUS-III flight track overview (Map Data © 2008 Google, Sanborn)

The overarching goals of CIRRUS-III were to understand the formation mechanism of cirrus clouds in
different background conditions, their radiative effects and the microphysical properties of the cirrus cloud
particles. In total 6 flights were conducted in the period between 23 and 29 November 2006 at mid-latitudes
(45°N - 70°N, see Figure 2.3) and at flight altitudes between 7 and 12 km. These flights in the UTLS were
launched from the Hohn Air Base in Northern Germany with the Learjet 35A operated by enviscope GmbH.

For the sensor intercomparison studies CIRRUS-III provided 4 flights (see Table 2.1). The dataset con-
sists of approx. 13 flight hours in air masses colder than -40°C at cruise altitude, approx. 4 flight hours
in cirrus clouds and 9 flight hours out of clouds. Furthermore, stratospherically influenced air masses have
been sampled for 19 minutes with ozone VMR above 125 ppmv measured by the dual-beam UV-absorption
ozone photometer JOE (Jiilich Ozone Experiment) instrument [Mottaghy, 2001]. Two flights had to be
discarded due to inlet heating problems at the reference instrument FISH. An overview of the individual

flights is provided in Table 2.1.
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Table 2.1: CIRRUS-III flight overview at cruise altitude. Air masses are divided into “troposphere” and

”stratosphere” with the ozone VMR threshold of 125 ppmv.

Flight || Date Take-off / Temperature  H,O VMR In/ out of Stratosphere /
No. Landing (UTC) Range Range Cirrus Troposphere
1 24. Nov. 10:47/14:53 -62.6 - -52.8°C 24 - 107 ppmv 95/ 96 min 2 /190 min
2 28. Nov. 08:22/12:07 -62.4 --44.1°C 17 - 138 ppmv 4/160 min  11/153 min
3 28. Nov. 13:31/17:25 -60.0 - -42.4°C 27 - 360 ppmv 56 /124 min 5/ 175 min
4 29. Nov. 09:16/13:51 -61.2--45.8°C 16 - 216 ppmv 62 /158 min 2 /218 min
All -62.6 - -42.4°C  16-360 ppmv ~ 217/537 min 19/ 735 min
2.3.2 Instrumentation

During the CIRRUS-III field campaign, high precision research-grade instruments were operated on board
of the aircraft to characterize the air masses probed during flight patterns in frontal cirrus clouds. An impor-
tant part of the instrumentation was dedicated to the measurement of gas phase and total water. The instru-
mentation included a MCH and an open path tunable diode laser system [OJSTER; MayComm Instruments,
Kramer et al., 2009, May and Webster, 1993] to measure gas phase water vapour VMR. Simultaneously,
total water VMR (= gas phase plus ice water) was measured by the reference measurement instrument
FISH [Fast In-Situ Hygrometer, Zoger et al., 1999]. The closed-cell Lyman-a fluorescence hygrometer
was equipped with a forward facing inlet to sample gas phase water in clear sky and total water inside
cirrus clouds. To determine whether a data point is in a cirrus cloud or not, the ratio of RH;.. from FISH
(total water) and OJSTER (water vapour) was used [see Kriamer et al., 2009]. FISH was calibrated using

a laboratory calibration facility with the capability to simulate realistic atmospheric conditions, i.e. water

Table 2.2: Instruments and parameters used during CIRRUS-III field campaign.

Instrument || Detection Measurement Response Uncertainty Reference
Quantity  Technique Time

FISH VMR Lyman-a fluores- 13 7%=+0.3 ppmv (1)
[ppmv] cence hygrometer (precision 1%)

OJSTER VMR Open path TDL ls 10-15% 2)
[ppmv]

MCH RHjiquid Capacitive sensor LT: 1s, UT: 10s +(4-7)% @10-13km  (3)
[% RH] LS: 1 min below 10 km +(4-6)%

FISH: Fast in-situ Stratospheric Hygrometer; OJSTER: Open path Jiilich Stratospheric Tdl ExpeRiment;
MCH: MOZAIC Capacitive Hygrometer; LT: lower troposphere; UT: upper troposphere; LS: lower strato-
sphere; For further information see Bange et al. [2013]. References: (1) Zoger et al. [1999], (2) May and
Webster [1993], (3) Helten et al. [1998]
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vapour VMR from several hundred to a few ppmv and pressure from 1000 to 10 hPa. During the calibration
water vapour mixing ratio was determined using a commercial dew point hygrometer (MBW DP30). The
instruments and the parameters derived from their measurements are listed in Table 2.2.

Prior to the CIRRUS-III campaign the MCH have been (pre-flight) calibrated in the simulation cham-
ber at Forschungszentrum Jiilich following the procedures briefly described in Section 2.2. Unfortunately
a post-flight calibration was not possible due to sensor failure after deinstallation of the MCH from the
Learjet aircraft at the end of the campaign. From long term experiences of MOZAIC pre- and post-flight
calibrations it is well known that over the three months period between the pre-flight calibration and the end
of the campaign the offset a(T) can change significantly by about 5% RH while the slope b(T) is changing
by less than 2% on the relative scale [see Eq. 2.3 and Smit et al., 2014]. In order to determine the potential
change of the offset a(T') between pre-flight calibration and the end of the campaign the so called in-flight
calibration method [Smit et al., 2008] has been applied.

Thereby, the sensor offset a(T) at lowest relative humidity has been determined from the measurements
themselves as obtained during periods when the aircraft is flying in the lower stratosphere, where the water
vapour mixing ratio reached well defined minimum values. In our case, the minimum value in stratospher-
ically influenced air masses was about 20 + 1 ppmv as measured by the FISH instrument. Its resulting
contribution to the RHj;quiq-signal of the MCH is minimal. Compared to the pre-flight calibration an offset
change of 4.5 & 1% RHi;iquia was found. The RHjiquiq-flight data of the MCH obtained during CIRRUS-III
campaign have been corrected for this offset drift. The resulting overall uncertainty of the RH measure-
ments by the MCH, including contributions from temperature uncertainties, is about 5% RHj;quiq Which
is in good agreement with mean uncertainty range obtained from long term MOZAIC-measurements [Smit

etal., 2014] .

2.4 Results - Assessment of MCH Performance

The instrumentation deployed in CIRRUS-III allows an in-flight intercomparison of all water vapour in-
struments. Figure 2.4 illustrates an example of the kind of data collected from one research flight on
28 Nov. 2006 (Flight 2). Data from the water vapour sensing instruments used for the intercomparison are
shown as VMR. The ambient temperatures T, pient €ncountered during the flight ranged from -44.1°C

to -62.4°C for relevant measurement altitudes. Respective water vapour VMR covered the range from
17 ppmv at the tropopause to approx. 150 ppmv in the free troposphere and even higher values during
ascent from and descent into the airport.

For the instrument intercomparison we analysed the sensors with respect to RHyjjquiq since this is the
parameter the MCH is calibrated against in the sensor temperature range (see Section 2.2). Further, data
for water vapour VMR > 1000 ppmv were excluded in this study because the FISH instrument becomes
optically opaque and thus insensitive to changes in VMR [Zoger et al., 1999].

In Figure 2.5, we compare VMR data and RHjjquiq data from MCH and gas-phase reference, i.e.
OJSTER data in cloud, otherwise FISH data for a complete validation of the MCH for Flight 2. Largest
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Figure 2.4: Time series of water vapour volume mixing ratios (VMR) from MCH (red), FISH (blue) and
OJSTER (grey) during CIRRUS-III flight on 28 Nov. 2006. Ice saturation is shown in cyan, while pressure

(black) and ambient air temperature (green) are plotted with dashed lines.
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Figure 2.5: Top-down: VMR measured by the MCH (red) and the reference (blue), i.e. FISH (clear sky) and
OJSTER (in-cirrus), RHjiquia and A RHjjquia (MCH - reference), as a function of flight time during Flight 2
on 28 Nov 2006. Sensor temperature Tsensor (black) as well as ambient temperature Tappients (green) are
shown in the bottom panel of the figure. The blue-shaded area represents air masses with high humidity and
possible cirrus cloud. Air masses with sensor temperatures at and below the calibration limit are shaded in
red. The grey-shaded sequence illustrates the effect of increasing response time during decreasing sensor

temperatures.
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deviations of the MCH to the reference are found in clear sky air masses for cold conditions with sensor tem-

perature Tyepsor < -40°C (this corresponds to ambient temperature below approx. -60°C at M = 0.70) and

at transition sequences around the cirrus cloud. Except for these extreme conditions, the difference between

the MCH and the reference is of the order of 10% RHiiquiq or less. Given the fact that during CIRRUS-III

the MCH was operated at its lower limit of performance, the agreement with the research-grade reference

instruments is remarkably good.

An analysis of MCH performance at the limit of its operation range is provided as the example of Flight 2

in Section 2.4.2.
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2.4.1 MCH Performance against Reference Instruments

In order to prepare a data set for evaluation of the MCH performance, we introduce three filter operations
to reduce the CIRRUS-III data set to MOZAIC typically operational conditions. First, it has to be noted
that regular operation conditions of the MCH aboard long-haul passenger aircraft with a cruising speed of
approx. M = 0.81 are characterised by sensor temperatures Tsensor > -35°C (see Figure 2.6 A), which are
within the lower MCH calibration limit of -40°C (see Section 2.2). However, during the operation aboard
the slower flying Learjet 35A (cruising speed slower than M = 0.70), sensor temperature Tyensor Values
significantly lower than -40°C were reached (see Figure 2.6 B).

Consequently, data with sensor temperatures Tgonsor < -40°C were excluded from the analysis. This fact
is illustrated in Figure 2.7 showing the difference in RHj;quiq between MCH and FISH data for clear sky
conditions and OJSTER data for in-cirrus conditions, according to sensor temperature Tgepsor- Furthermore,

the maximum ambient temperature T,mpiens Was set to the level of instantaneous freezing of -40°C in order

to minimise the perturbation of measurements by erroneously sampled liquid water droplets in warm clouds.
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Figure 2.7: Differences in relative humidity RHj;quiq of MCH and both reference instruments, i.e. FISH
(left panel; clear sky) and OJSTER (right panel; in-cirrus), are scattered against the sensor temperature
Tsensor- A drift towards too dry MCH measurements below the calibration limit of -40°C is clearly seen.
The median values (red lines in the box) of the 1°C-binned data as well as the 25" and 75" percentiles are

within the calibration limits.

Finally, flight sequences of the Learjet 35A with steep ascents and descents were excluded, since these
flight conditions are not comparable to conditions aboard long-haul passenger aircraft. To obtain infor-
mation about the MCH performance relevant for the MOZAIC data set, i.e. for nearly constant flight
levels with moderately slow changes in temperature and humidity, the flight altitude for CIRRUS-III was
smoothed over 90 seconds time intervals, and in case altitude changes exceeded Az > 6 m in 5 seconds the

respective data points were excluded from the intercomparison. These filtering operations lead to a data set
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with MOZAIC typically operational conditions with a remaining fraction of about 36% of campaign data

(see Table 2.3 for more details).

Table 2.3: Fraction of remaining data after filtering the data set of MOZAIC atypically operational condi-

tions.

Method Remaining Data Fraction of Remaining Data
No filter 62207 100%
Tambient < -40°C 35650 57%
Tsensor > -40°C 31331 50%
w/o Ascent/Descent 26234 42%
All 22184 36%

The correlation between MCH and reference RHjiquiq data and RH;. data from FISH (clear sky) and
OJSTER (in-cirrus) is shown in Figure 2.8. The scatter plots for the 1 Hz data sets reduced to MOZAIC-
relevant conditions (hereafter referred to as “reduced dataset”) show similar scattering around the line of
unity. Linear regression analysis confirms this with similar results for both cases: a correlation coefficient of
R2 =0.92 with a slope of virtually unity. The offset for the RHiiquiq regression line is 0.18 4= 0.09% RHjiquiq
and for the RHj., regression line 0.36 £ 0.15% RH;.., respectively.

R%=0.92 R%=0.92
fit:y = 0.18 (+ 0.09)+1.02 ( 0.01) x | fit: y = 0.36 (+ 0.15)+1.01 (+ 0.01) X .
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Figure 2.8: Comparison cross plot between reference, i.e. FISH (blue dots; clear sky) and OJSTER (red
dots; in-cirrus), and MCH RHj;qiq (Ieft panel) and RHj. (right panel) displayed as scatter plot with robust

fitting curve (dashed line), respectively.

A more statistically based view on the data set is shown in Figure 2.9, where the correlation between
the sensors averaged for 5% RHjigquiq bins is shown. The MCH agrees very well with the reference in-

struments over the entire range of values measured in the cloud-free atmosphere. Inside cirrus clouds,
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i.e. RHjiquia > 65%, the sensors deviate as expected as a result of the increased response time of the
MCH. Small scale supersaturations are smoothed out, while OJSTER can detect these with response time
of approx. 1 s. Linear regression analysis weighted with the number of occurrence provides a correlation
coefficient of R? = 0.99 with an offset of -0.15 + 1.29% RHjiquia and a slope of 1.02 £ 0.03. Median
values and almost all of the 25" and 75" percentiles fall within the £5% RHj;quiq Tange around the lin-
ear regression line, which confirms the previously determined MCH uncertainty of 5% RHj;quiq (see also

Table 2.4).
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Figure 2.9: Correlation of RHjjquiq data from MCH and the reference, i.e. FISH (clear sky) and OJSTER
(in-cirrus), during CIRRUS-III; the straight line indicates the linear regression line while the dashed lines
illustrate the sensor uncertainty range 5% RHj;quiq. In the transition area both reference instruments can

be used (see Figure 2.8). The top panel shows the number of data points per 5% RHj;quiq bin.

Table 2.4: Median, 25t"/75t" percentile values and counts of ARHj;quiq (MCH - reference); data were

classified into 5% RHj;quiq bins relating to the reference, i.e. OJSTER data in cloud, otherwise FISH data.

RH bin [%] 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 40 - 45

ARHjiquid +0.2 +1.6 +2.2 +2.4 +5.5 +5.2 +3.4 +4.2
[% RH] - 307, LOT;Y 04759 -18750 23700 -017)7 37700 39755

counts [#] - 13 1276 4037 2335 1471 1606 776 569

RH bin [%] || 45-50 50-55 55-60 60-65 65-70 70-75 75 - 80 80 -85 85-90

ARHjiquia 435 2.6 138 437 127 429 +3.8 +3.8 +0.8
[% RH] 54700 42750 LTS 0475¢ 0875, 33750 7T, -123707 -897.%¢

counts [#] 813 2015 2910 2567 1109 512 148 24 3
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For a better understanding of an uncertainty of 5% RHj;quiq Figure 2.10 shows water vapour VMR as
a function of temperature for 5% and 10% RHj;quiq for pressure levels at typical passenger aircraft flight
altitudes. As an example, at Tambient = 215 K and pressure = 220 hPa a measured RHj;quia = 5% with the

uncertainty of 5% RHjiquiq corresponds to a VMR of approx. 5 ppmv £ 5 ppmv.
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Figure 2.10: Water vapour volume mixing ratios (VMR) as a function of ambient temperature for 5%
(solid lines) and 10% RHjiquia (dashed lines), respectively. The different pressure levels represent typical
passenger aircraft flight altitudes. The inserted box shows a zoom to the lower temperature and VMR

values.

The consistency of the MCH RHj;quiq data is shown in Figure 2.11. The probability distribution function
(PDF) for RHjjquiq derived from MCH data agree very well with those derived from the reference for the
entire data set. Larger deviations at higher values of RHjiquid, €.g. at cirrus cloud edges reflect the fact of
the longer response time of the MCH. The sensor behaviour for those conditions at the limit of the sensor

operation specifications is analysed in detail in the following section.

2.4.2 Limits of MCH operation

The comparison between the MCH RHj;qiq data and the reference RHjiguiq data, i.e. OJSTER data in
cloud, otherwise FISH data, during the CIRRUS-III field study shows a remarkably good agreement for
the reduced data set. However, the performance of the MCH sensor in conditions at its limits of operation,
e.g. close to the lower calibration limit of Tsepsor = -40°C or during strong humidity changes has to be
analysed in detail in order to assess the sensor’s operation range. For this purpose, the time series of Flight 2
is revisited in Figure 2.5, where the individual RHjiquiq time series, the difference of both RHjjguiq time

series, as well as the T, bient and the Teepsor time series are shown.
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Figure 2.11: Number of data points (top panel) and frequency of occurrence (bottom panel) for observations
of RHjjquia during CIRRUS-III; blue and red lines refer to data from reference, i.e. FISH (clear sky) and
OJSTER (in-cirrus), and MCH, respectively. The number of counts of both data sets agree in almost all
5% RHiiquia bins. The exponential decline at higher values is in accordance to the result of Spichtinger
et al. [2003a]. A bimodal distribution can be seen clearly in the probability density function (PDF) view
of the data sets, where there is a clear sky section at lower values and a cirrus section at higher values,
respectively. The differences in the PDF distribution can be mainly explained by the longer response time

of the MCH inside and out of clouds.

The following 3 sequences of interest have to be analysed:

» Sequence 1 lasts from 08:40 to 09:10 UTC where the MCH shows still a good response at higher sen-
sor temperatures of about -20°C and agrees within 5 - 10% RHi;quiq With the reference. However, at
decreasing sensor temperature, the response time of the MCH increases significantly. This results in a
delay causing higher humidity values and higher differences in the comparison with the reference. Be-
cause of the dominating Van der Waals forces the adsorption of new water molecules by the dielectric
membrane of the sensor occurs faster than desorption. For that, the response to positive humidity gra-
dient is faster than to negative gradient, which can be seen in the behaviour of the RHjiquiq differences

in time.

» Sequence 2 illustrates a strong humidity change between 09:40 and 10:00 UTC while flying through
a cirrus cloud. Because of slower MCH sensor response at colder sensor temperatures, the MCH

RHiiquia values can not follow the rapid changes in RHjjquiq as observed by the reference.

= Sequence 3 refers to a section of the flight between 11:00 and 11:40 UTC when Tyepnsor reaches values

below the sensor calibration limit of Tgensor = -40°C, i.e. ambient temperatures below -70°C at
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commercial aircraft speed of Mach-number M = 0.81. The MCH shows an increased response time, a
loss of signal fine structure and increasing deviations between the MCH and the reference instruments

occur.

Despite delayed sensor response for conditions at the limit of its operation range, the MCH shows a very
good overall performance during the CIRRUS-III field study. Figure 2.12 illustrates the PDF of water
vapour VMR data as a function of Typpient (panels A to C for the complete data set and panels D to F
for the reduced data set, respectively) according to Kunz et al. [2008]. The frequencies of occurrence are
calculated in 1°C bins for the MCH data set (panels A and D), the reference data set (panels B and E) and the
deviation of MCH and reference PDF for the complete and reduced data set (panel C and F), respectively.
The water vapour VMR is binned in logarithmic scale between 0.0 and 8.0 with a bin size of 0.8. The colour

bars are binned in 5% spaces for a better interpretation of the contour plots.
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Figure 2.12: Probability density function (PDF) of the complete (A-C) and reduced (D-F) MCH (A, D)
and reference (B, E), i.e. FISH (clear sky) and OJSTER (in-cirrus), water vapour volume mixing ratio
(VMR) data related to the ambient temperature T,mpient. Water vapour volume mixing ratio is binned in
the logarithmic space between 0 and 8.8 with a bin size of 0.8, the temperature in 1°C bins. Figures C and

F show the difference of the MCH and reference PDF for the complete and reduced data set, respectively.
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The MCH seems to remain at dryer values for the coldest temperatures of Tambient = -60°C, which is
again a result of the delayed sensor response at sensor temperatures below the calibration limit. Further,
small deviations at lower temperatures are also observed. In summary data sets for both cases show a similar
behaviour in the water vapour VMR distribution with only small deviations but these deviations have no

statistically significant relevance.

2.5 Conclusions and Recommendations

The CIRRUS-III (2006) aircraft campaign provided the first data set for the evaluation of the MOZAIC
Capacitive Hygrometer (MCH) in a blind intercomparison with high performance water vapour instruments
based on tunable diode laser absorption spectrometry (OJSTER, in-cloud reference) and Lyman-« fluores-
cence detection (FISH, clear sky reference).

Except for conditions at its operation limit (e.g. at sensor temperatures Tgensor < -40°C and during rapid
changes in RHjiquiq), the MCH performs with a difference of 10% RHiiquiq or less to the references.

In order to obtain a representative result for the MCH’s uncertainty for its regular deployment aboard
passenger aircraft, the data set was restricted to conditions corresponding to regular sensor operation aboard
MOZAIC aircraft: data with sensor temperatures below -40°C were excluded due to the calibration limit. In
MOZAIC less than 1% of RH observations are made at sensor temperatures colder than -40°C. Steep ascent
and descent sequences of the aircraft were removed and the maximum ambient temperature (T ampient) Was
set to -40°C to exclude effects of warm clouds.

The 1 Hz correlation yielded a robust linear fit with a slope of unity, with no statistically significant
offset and a correlation coefficient of R? = 0.92 which was confirmed by the correlation of the binned
RHiiquiq data. The RHjjquiq data grouped in 5% RHijiquiq bins agree very well for the MCH and reference
instruments over the entire cloud-free range and for the most of the cirrus clouds sequences and yield MCH
uncertainty of 5% RHijquid.

Comparing the MCH’s and references’ probability distribution functions (PDF) for RHj;quia shows no
statistically significant effect of delayed sensor response at conditions beyond the operation range. Neither
strong humidity changes, nor operation at the lower calibration limits causes considerable sensor failures.
The main limitation for the use of MCH RHi;iquiq data are related to sensor temperatures below the calibra-
tion limit of Tsepsor = -40°C. However, these temperatures are encountered only rarely in the MOZAIC
programme as long as the flight routes don’t reach polar air masses with ambient temperatures below -70°C.
In summary, the MCH is highly suitable for climatology analyses in the MOZAIC programme even if the
sensor is not applicable to high time resolution measurements.

A value for the limit of detection is not appropriate for the MCH, but the variable to describe its perfor-
mance is the here determined uncertainty of the RHj;,iqg measurements. RHj;quiq measurements below 5%,
which are common in the lowermost stratosphere, have to be used carefully because these data are close
to the sensor uncertainty range, which as shown before in Section 2.4.1, results in a relative deviation of

100%.
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This chapter is based on the manuscript ”Quality assessment of MOZAIC and IAGOS capacitive hygrom-
eters: insights from airborne field studies” by P. Neis, H. G. J. Smit, S. Rohs, U. Bundke, M. Krimer, N.
Spelten, V. Ebert, B. Buchholz, K. Thomas, and A. Petzold, published in Tellus B as Neis et al. [2015b].

Summary. In 2011, the MOZAIC (Measurement of Ozone by AIRBUS In-Service Aircraft) successor
programme IAGOS (In-service Aircraft for a Global Observing System) started to equip their long-haul
passenger aircraft with the modified capacitive hygrometer Vaisala HUMICAP® of type H. The assurance
of the data quality and the consistency of the data set during the transition from MOZAIC Capacitive Hy-
grometers to JAGOS Capacitive Hygrometers was evaluated within the CIRRUS-III and AIRTOSS-ICE
field studies. During these performance tests, the capacitive hygrometers were operated aboard a Lear-
jet 35A aircraft together with a closed-cell Lyman-« fluorescence hygrometer, an open-path tunable diode
laser system and a closed-cell, direct tunable diode laser absorption hygrometer for water vapour measure-
ment, respectively. For IAGOS-typical operation conditions, the comparison of relative humidity (RH) data
from the capacitive hygrometers and reference instruments yielded remarkably good agreement with an
uncertainty of 5% RH. The temperature-dependence of the sensor’s response time was derived from the
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By Patrick Neis Copyright © 2017



34 QUALITY ASSESSMENT OF MOZAIC AND IAGOS CAPACITIVEHYGROMETERS: INSIGHTS FROM AIRBORNE FIELD STUDIES

cross-correlation of capacitive hygrometer data and smoothed data from the fast-responding reference in-
struments. The resulting exponential moving average function could explain the major part of the observed

deviations between the capacitive hygrometers and the reference instruments.

3.1 Introduction

In the framework of the Global Climate Observing System [GCOS , 2010] water vapour was identified as
one of the core variables to be monitored for a better understanding, prediction and mitigation of climate
change. Particularly, the interaction between the water vapour in the UTLS (upper troposphere and lower-
most stratosphere) and tropopause dynamics needs a detailed consideration. This region is characterized by
thermal gradients and dynamic barriers controlling atmospheric transport processes. It is most important
for climate change and dynamical processes to understand stratosphere-troposphere-exchange [Gettelman
et al., 2011], but hardly observable from space or from ground. Since global aviation mainly operates in
the altitude band between 9 and 13 km, in-service aircraft equipped with small, compact and light-weight
scientific instruments for measuring atmospheric trace constituents are the most powerful tool for collecting
in-situ observation data in the extra-tropical UTLS.

Since 1994, the European research programme MOZAIC [Measurement of OZone and water on Air-
bus In-service airCraft; Marenco et al., 1998] and its successor JAGOS [In-service Aircraft for a Global
Observing System; Petzold et al., 2015] have provided regular data for relative humidity (RH) and other
meteorological quantities like temperature and pressure as well as data on atmospheric composition (e.g.
ozone and CO) with high spatial and temporal resolution on a global scale. Relative humidity data from the
MOZAIC programme have been used for various climatological studies including the distribution of upper
troposphere humidity [UTH; Kley et al., 2007, Luo et al., 2007, 2008], the distribution of RH with respect
to ice [e.g. Gierens et al., 1997, 1999] and ice supersaturation regions [e.g. Gierens et al., 2000, Spichtinger
et al., 2003a] in the upper troposphere. A reanalysis of the global MOZAIC RH data set for the period
2000 - 2009 was recently published [Smit et al., 2014].

Atmospheric RH is measured in the MOZAIC/TAGOS approach through a compact airborne humidity
sensing device using capacitive sensors Vaisala HUMICAP® of type H (MOZAIC/IAGOS Capacitive Hy-
grometer: MCH and ICH). The MCH itself, the applied calibration techniques and evaluations are described
in detail [Helten et al., 1998, Neis et al., 2015a], while Smit et al. [2008] presents an approach for a potential
in-flight calibration.

In 2011, TAGOS aircraft were equipped with a modified Vaisala HUMICAP® of type H sensor. To assure
the data quality and the consistency in the data set after the transition from MCH to ICH, we evaluate both

sensors during the CIRRUS-IIT (MCH) and AIRTOSS-ICE (ICH) field studies.
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3.2 Description of the modified IAGOS Capacitive Hygrometer

In the following, we describe the modification of the revised compact airborne IAGOS Capacitive Hy-
grometer. A detailed description and evaluation of the MOZAIC Capacitive Hygrometer is given elsewhere
[Helten et al., 1998, 1999, Neis et al., 2015a, Smit et al., 2014]. The ICH uses a capacitive sensor (Vaisala
HUMICAP® of type H, Finland) whose capacitance depends on the relative humidity of the dielectric
layer of the condenser, and a platinum resistance sensor (Pt100) for the direct measurement of the tem-
perature at the humidity sensing surface. The measurement principle is based on the diffusion-limited ad-
sorption/desorption of HoO-molecules by the dielectric membrane of the sensor. Since diffusion is strongly
temperature-dependent, the sensor response slows down at lower temperatures. Figure 3.1 shows the set-up
of the capacitive sensor. The improved hydroactive thin-film polymer composition, with increased capaci-
tance from former 40 - 50 pF to now 180 - 220 pF was introduced in 2011 in the ICH to decrease the sensor

response time by increasing its sensitivity.

Upper electrode
- Thin-film polymer
| Lower electrode

Glass substrate

Ao

Figure 3.1: The advanced IAGOS Capacitive Hygrometer bases on a compact capacitive sensor measures
relative humidity and differs from the MOZAIC Capacitive Hygrometer by the thin-film polymer com-
position. The improved hydroactive polymer composition of Vaisala HUMICAP® type H has a larger
capacitance to increase the sensitivity. For signal processing the Vaisala HMT333 transmitter unit is used.

(©Vaisala Oyj, 2015

3.3 Experimental Section

3.3.1 Field Campaigns CIRRUS-IIl and AIRTOSS-ICE

Both field studies CIRRUS-III and AIRTOSS-ICE used the same twin engine business-jet aircraft of type

Learjet 35A operated by enviscope GmbH as measurement platform.
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The overarching goals of CIRRUS-III, coordinated by the Forschungszentrum Jiilich, were to understand
the formation mechanism of cirrus clouds for different background conditions, their radiative effects and
the microphysical properties of the cirrus cloud particles. In total six flights were conducted in the period
between 23 and 29 November 2006 at mid-latitudes (45°N - 70°N) and at flight altitudes between 7 and
12 km. These flights in the UTLS were launched from the Hohn Airforce Base in Northern Germany.

For the sensor intercomparison studies CIRRUS-III provided four flights. The dataset consists of 13 flight
hours in air masses colder than -40°C at cruise altitude, four flight hours in cirrus clouds and nine flight
hours out of clouds.

As a main conclusion, Neis et al. [2015a] reported a good agreement of the MCH with the reference
time series (see Sec. 3.3.2), with an uncertainty of 5% RH with respect to liquid water (RHjjquiq). During
sequences with decreasing sensor temperature, the MCH showed a decreasing sensitivity as a consequence
of the increasing response time (see Sec. 3.4.1), i.e. small-scale fluctuations towards higher and lower
humidity air masses couldn’t be resolved.

In 2013, 2 years after the first aircraft had been equipped with the modified sensor, the ICH was operated
aboard the Learjet as part of the field study AIRTOSS-ICE (AIRcraft Towed Sensor Shuttle - Inhomo-
geneous Cirrus Experiment) to evaluate the performance of the ICH and to assure the data quality after
the transition from MCH to ICH. This field study was coordinated by the Johannes Gutenberg-University
Mainz and the Leipzig Institute for Meteorology.

The main objectives of AIRTOSS-ICE were to study spatially inhomogeneous cirrus clouds and to un-
derstand their formation mechanism in different background conditions, their radiative impacts and the
microphysical properties of the cirrus cloud particles. The uniqueness of this campaign was the opportunity
to measure simultaneously on two height levels with a towed sensor shuttle [Frey et al., 2009].

This study focused on the main campaign with in total seven flights in the period between 29 August
and 5 September 2013. Five of the flights were performed in two military restricted areas above the Baltic
and the North Sea. The last two flights were heading to Iceland and back without the towed sensor shuttle.
Flight altitudes between 8 and 12 km were reached. The main campaign flights were launched from the
Schleswig Air Base in Northern Germany.

The dataset consists of ca. five flight hours in air masses colder than -40°C at cruise altitude, approx.
one flight hour in cirrus clouds and four flight hours out of clouds. An overview of both field study data for

cruise altitude is provided in Table 3.1.

Table 3.1: Field study data overview for cruise altitude.

No. of Period Temperature H>0 VMR RHjiqiq In/out of

flights range [°C] [ppmv] [% RH] cirrus [min]
CIRRUS-III 4 24.11.-29.11.2006 -63 --42 16 - 360 10-78 21717537
AIRTOSS-ICE || 7 29.08. - 05.09.2013  -57 --40 6-530 1-83 60/193
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3.3.2 Instrumentation

During the CIRRUS-III and AIRTOSS-ICE field campaigns, high-precision research-grade instruments
were operated aboard the aircraft to characterise the air masses probed during flight patterns in frontal cir-
rus clouds. An important part of the instrumentation was dedicated to the measurement of the gas-phase
and condensed-phase water. An instrument overview and the parameters derived from these measure-
ments are listed in Table 3.2. The CIRRUS-III instrumentation included a MCH and an open-path tunable
diode laser (TDL) system [open-path Jiilich Stratospheric TDL ExpeRiment OJSTER; MayComm Instru-
ments, Kriamer et al., 2009, May and Webster, 1993] to measure gas-phase water vapour volume mixing
ratio (VMR). Simultaneously, total water VMR (= gas-phase plus evaporated ice water) was measured by
the well-established, closed-cell Lyman-a photofragment fluorescence hygrometer FISH [Fast In-Situ Hy-
grometer, Meyer et al., 2015, Zoger et al., 1999], which was equipped with a forward facing inlet to sample
gas-phase water in clear sky and total water inside cirrus clouds. FISH is regularly calibrated in the labora-
tory as well as in the field to a MBW DP30 reference frostpoint hygrometer and thus is regarded as transfer
standard between aircraft measurements and the ground based reference. OJSTER is compared to and, if
necessary, adjusted to the FISH measurements as described by Krédmer et al. [2009]. To determine whether
a data point is inside a cirrus cloud or not, the ratio of relative humidity with respect to ice (RHj.) from
FISH (total water) and OJSTER (water vapour) was used [see Krdmer et al., 2009].

The AIRTOSS-ICE instrumentation was similar with an ICH and FISH. For gas-phase water vapour
VMR measurements, a novel instrument, the calibration-free (first principles), direct tunable diode laser

absorption (TDLAS) hygrometer SEALDH-II [Selective Extractive Airborne Laser Diode Hygrometer,

Table 3.2: Participating hygrometers during CIRRUS-III (a) and AIRTOSS-ICE (b).

Instrument Detection Measurement Response Uncertainty Reference
quantity  technique time

MCH? & ICHP RHiiquid Capacitive sensor LT: 1 s MT: 10s +5% RH (1)
[% RH] UTLS: 1 min

FISH*P VMR Lyman-o fluores- 1s 7%=0.3 ppmv 2)
[ppmv] cence hygrometer (precision 1%)

OJSTER? VMR open-path TDL 1s 10-15% 3)
[ppmv]

SEALDH-II” Molar Direct TDLAS 0.5s 4.3%=+3 ppmv )
density 0.083 ppmv at1s

MCH & ICH: MOZAIC & TAGOS Capacitive Hygrometer; FISH: Fast in-situ Stratospheric Hygrometer;
OJSTER: Open-path Jiilich Stratospheric TDL ExpeRiment; SEALDH-II: Selective Extractive Airborne

Laser Diode Hygrometer; LT: lower troposphere; MT: middle troposphere; UT: upper troposphere; LS:

lower stratosphere; for further information see Bange et al. [2013]. References: (1) Neis et al. [2015a], (2)
Meyer et al. [2015], (3) May and Webster [1993], (4) Buchholz et al. [2013]
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Buchholz et al., 2013] was used. The SEALDH-II was validated via a comparison to the metrological water

vapour scale and a primary humidity standard [Buchholz et al., 2014]. Again, the cirrus cloud data points

have been determined from the ratio of RH;., from FISH (total water) and SEALDH-II (water vapour).
For both field campaigns we finally used reference water vapour time series combining FISH data in the

cloud free sequences and TDL instrument data for the in-cloud sequences.

3.3.3 Data Overview

For the evaluation of the MCH and ICH performances and to assure the data quality after the transition, we
classified the probed air masses of both field studies and related them to conditions met in the MOZAIC
and TAGOS programmes.

An obvious criteria is the sensor temperature. Both capacitive hygrometers are regularly calibrated in the
atmospheric simulation chamber at Jiilich [Smit et al., 2000] before installation on the aircraft, and again
after detachment. For both, these calibrations are made over a sensor temperature range between -40 and
420 °C against (i) a Lyman-a photofragment fluorescence hygrometer [Kley and Stone, 1978] for water
vapour VMR below 1000 ppmv and (ii) a dew/frost point hygrometer (General Eastern, Type D1311R) for
water vapour VMR above 1000 ppmv [Smit et al., 2000].

Another reason for classifying the field study data by the sensor temperature is the fact that [Neis et al.,
2015a] have observed an improvement in the agreement with the reference humidity data with increasing
sensor temperature, i.e. with decreasing response time of the hygrometer.

The distributions of measured sensor temperatures during 15 years of MOZAIC measurements, and dur-
ing CIRRUS-IIT and AIRTOSS-ICE are shown in Figure 3.2 as probability distribution functions (PDF’s).
The large data set of 15 years of MOZAIC measurements can be described as a Gaussian distribution with
its maximum at -22°C broadened with higher values from the ascent and descent sequences, when ap-
proaching or leaving the airport. Tyepsor colder than the minimum calibration temperature -40°C occur in
less than 1% of the data.

Most probable Tyensor during CIRRUS-III is at -38°C with 15% of the data colder than -40°C. The
distribution is shifted to colder temperatures, i.e. shifted to longer response times relative to the MOZAIC
PDF results.

AIRTOSS-ICE showed a shift to warmer temperatures compared to the MOZAIC data. The most prob-
able Tgensor 18 at -18°C with less than 1% of the data colder than -40°C. This results in a shorter response
time compared to both other data sets.

In the following section, we describe the methodology to determine the temperature-dependent response
time. This property is needed for the comparison of the capacitive hygrometer evaluations during two field

studies with different ambient conditions.
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Figure 3.2: Probability distribution functions (PDF) show the distributions of the measured sensor tem-
peratures during A) 15 years of MOZAIC measurements, B) CIRRUS-III, and C) AIRTOSS-ICE. The red

line indicates the lower limit of the sensor calibration. The grey line illustrates the most probable value of

MOZAIC distribution.
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3.4 Methodology of Performance Evaluation

Former evaluation studies of the MCH showed a good agreement with high-precision water vapour instru-
ments [Helten et al., 1998, Neis et al., 2015a]. However, they also reported a decreasing sensitivity of the
MCH with decreasing sensor temperatures as a result of an increasing but unspecified response time.

The reduced temperature range of CIRRUS-III data does not permit a reliable analysis for the MCH on
its own. But with a combined data set of CIRRUS-III and AIRTOSS-ICE measurements (see Fig. 3.2),
the complete MOZAIC-relevant temperature range from -40°C to 0°C is covered to define the temperature-

dependent response time and to evaluate both sensors without this technical restriction.

3.4.1 Temperature-dependent Response Time

The impact of the temperature-dependent response time 7 can be seen in the extracted time-series sequence
of an AIRTOSS-ICE flight in Figure 3.3. With increasing sensor temperature, the difference of the RHj;quiq
measurements of ICH and the reference, i.e. in clear sky and below 1000 ppmv water vapour VMR the

FISH instrument, otherwise SEALDH-II, decreases.
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Figure 3.3: RHjiquiq and Tiensor (blue dotted line) sequence of an AIRTOSS-ICE flight. Small-scale fluc-
tuations of the measured reference RHjiquia (black line) can be resolved by the ICH (red line) in warmer
air masses (white background). In colder air masses with Tiensor < -20°C the ICH seems to measure the

smoothed background.

For different types of Vaisala radio sondes deploying also capacitive Vaisala HUMICAP® RH sensors
[Miloshevich et al., 2004] have determined experimentally in a laboratory study the response time of the RH
sensors at different temperatures which showed a strong exponential increase at decreasing sensor temper-
atures. Qualitativily, we expect a similar exponential response time behavior for the Vaisala HUMICAP®

RH sensor of the MCH and ICH instrument at low temperatures.
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Although the hydroactive thin-film polymer composition might be the same, the design of the Vaisala
HUMICAP® RH sensor used in MCH or ICH is rather different compared to the sensor deployed on Vaisala
radiosondes, such that significant quantitative differences in their temperature dependent time response can
be expected. In this study the temperature-dependent time response 7 is derived experimentally from the
flight data as follows:

For each flight of the two field studies, an exponential moving average (EMA, [Lucas and Saccucci,
1990]) with a fixed 7 (1 - 501 s in 2 s steps) is applied to the reference relative humidity time series RH;
(see Eq. 3.1). The used EMA is defined as a linear transformation of RH; to a smoothed relative humidity

time series (ﬁﬁt) according to

ﬁt = RNHt_l 4+ o - (RHt — ﬁt—l)a (31)

where o = T—il Subsequently, the flight is grouped in distinct sensor temperature intervals. These tempera-
ture intervals T; of width 5 K are defined as T; = (T; —2.5 < T; < T;+2.5), where T € {233 : 5: 273} K.
Then the cross correlation factor R? is determined between the smoothed reference f{\ﬁt and the responsible
MCH or ICH RH; measurement for every temperature interval.

An example shown in Figure 3.4 demonstrates the way to extract the most probable response time. Upon
calculating all the cross correlation factors R? for the measurements in the temperature interval 7; = 243 K
for AIRTOSS-ICE Flight 3, the most probable response time 7 can be determined by the distinctive maxima
in R2. If there is in addition a minimum number of 600 values (equivalent to 10 minutes flight) in the
temperature bin, this 7 and 7T'-value data pair is used for the further calculation of the temperature-dependent

time response equation.

R2 | | | T=243K
max 7 #-values = 971

0.7
0.6}

0.5¢

cross correlation factor R? [

0.4 ‘ ‘ - -
0 ,100 200 300 400 500

t(R )  response time 1 [s]

Figure 3.4: Example to demonstrate the way to determine the most probable, i.e. with maximum R2,

response time 7(R2 ) in the temperature bin 7' = 243 K for AIRTOSS-ICE Flight 3.

max)
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In Figure 3.5 the determined 7 values are plotted against Tynsor for all flights of the two field studies.
Because the advanced ICH confirms and expands the MCH behaviour, it was possible to merge both field
study response times for the calculation. As described before, the number of 7 values per temperature
depends on the number of measurement values (minimum 600 values) and the existence of the distinc-
tive maxima in the R? distribution. A robust fit function yields the temperature-dependent time response
equation

7 =exp(30 — 0.1033 - Tiensor)s 3.2)
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Figure 3.5: Determined response times per temperature bin and flight for the CIRRUS-III (blue squares)
and AIRTOSS-ICE (red stars) flights. The robust exponential fit (black line) through the data leads to the

MCH and ICH characteristic temperature-dependent response time 7 (see Eq. 3.2).

with Tiensor in units of Kelvin. With decreasing sensor temperature, 7 increases from a few seconds
at 273 K to a few minutes below the calibration limit of 233 K. The increase in the spread of 7 in some
temperature intervals might be a result of the flight pattern with an increased or decreased amount of flight
level changes.

The validity check for this function is visualised in Figure 3.6 with an example flight of AIRTOSS-
ICE. The envelope of the original 1 Hz RHy;quiq difference, i.e. ICH - reference, increases from £5% to
+10% RHjjquiq with decreasing Tiensor of -18°C to -30°C. The ability of the ICH to resolve small-scale
fluctuations in RHj;q,iq reduces with the lower temperature. Later in flight, Tieps0, increases significantly,
which immediately leads to differences of less than 1% RHi;iquiq to the reference value.

The EMA smoothing function is defined by the previously determined temperature-dependent response

time (see Eq. 3.1). After applying this function to the reference RHj;quiq time series, the ICH time series is
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Figure 3.6: From top to bottom: RHjiquiq measured by the ICH (red) and the original reference (black), i.e.
FISH (clear sky) and SEALDH-II (in-cirrus (blue dots) and above 1000 ppmv); RHj;quiq measured by the
ICH (red) and the smoothed reference (EMA including the temperature-dependent response time, black);
A RHiiquia (ICH and reference) as envelope for the original reference and as green line for the smoothed
reference, as a function of flight time during the AIRTOSS-ICE Flight on 3 September 2013; and sensor

temperature Tiensor (black) as well as the lower temperature limit of the calibration (red).

reproduced for almost the complete cold flight sequence without getting worse in the warmer sequence of
the flight. The remaining deviations might originate in calibration uncertainties, as well as in the potential
deviations in the response time for conditions when RHj;qyiq is €ither increasing or decreasing [Wildmann

et al., 2014] and uncertainties in the reference measurement.

3.5 Results

We extracted a subset of the measured data set, which corresponds to the regular operation conditions
of the MCH and ICH aboard long-haul passenger aircraft. The MOZAIC/IAGOS typical conditions are
characterised by the sensor temperature Tgensor, Which depends on the cruising speed of the aircraft. As
described in Sec. 3.3.3, the regular passenger-aircraft speed of approx. 0.81 M causes a heating of the ambi-
ent temperature through adiabatic compression in the Rosemount housing and leads to sensor temperatures

Teensor = -35°C, which is above the lower calibration limit of -40°C.
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However, during CIRRUS-III the operation aboard the slower-flying Learjet 35A (cruising speed less
than 0.70 M), Tyensor Values significantly lower than -40°C were reached; see Fig. 3.2. Data with Tyeng0r
less than -40°C were excluded from the analysis.

To minimise the perturbation of measurements by potentially sampled liquid water droplets in warm
clouds, the maximum Tambient Was set to the level of instantaneous freezing of -40°C. A perturbation of
measurements by potentially sampled ice crystals haven’t been observed by [Neis et al., 2015a]. Since the
steep ascents and descents of the Learjet 35A are not comparable to conditions aboard long-haul passenger

aircraft, these flight sequences were also excluded from the analysis.
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Figure 3.7: Top panel presents comparisons between the RHj;quiq data from MCH and the original ref-
erence, i.e. FISH (clear sky) and OJSTER (in-cirrus), during CIRRUS-III. Bottom panel shows results
of comparisons between ICH and the original reference, i.e. FISH (clear sky) and SEALDH-II (in-cirrus
and above 1000 ppmv), during AIRTOSS-ICE campaign; the straight line indicates the linear regression
line, while the dashed lines illustrate the sensor uncertainty range £5% RHjjquiq. In the transition area

measurements of both reference instruments can occur.
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A statistically based view on the measured data set is shown in Figure 3.7, where the correlation be-
tween the sensors averaged for 5% RHj;quiq bins is shown. The MCH agrees very well with the reference
instruments over the entire range of values measured in the cloud-free atmosphere. Inside cirrus clouds
(see top panel in Figure 3.7), i.e. RHjquia > 65%, the sensors deviate as expected since the increased
MCH response time decreases with decreasing Tyensor- In turn, the sensitivity of the MCH decreases and
small-scale fluctuations cannot be resolved. Linear regression analysis provides a correlation coefficient of
R? = 0.99 with an offset of -0.15 + 1.29% RHi;iquia and a slope of 1.02 £ 0.03. Median values and almost
all of the 25" and 75'" percentiles fall within the +-5% RHj;quiq range around the linear regression line.

Similar results are found for the intercomparison of ICH and the measured reference (see bottom panel
in Figure 3.7), where the correlation between the sensors averaged for 5% RHiiquiq bins confirm the uncer-
tainty of 5% RHjiquiq. Inside the transition to inhomogeneous cirrus, i.e. RHjiquig > ~56%, the variability
of ICH values increases mainly as a result of the increased response time. The analysed originally measured
data provides a correlation coefficient of R? = 0.98 with an offset of 3.90 £+ 1.00% RHjiquiq and a slope of
0.88 £ 0.03.
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Figure 3.8: This Figure is the similar to Fig. 3.7, but the reference is EMA smoothed prior to comparisons.
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After smoothing the reference data by the previously determined temperature-dependent response time,
the correlation between MCH or ICH and the responsible reference data are shown in Figure 3.8. Since both
correlations reveal an improvement, i.e. median values of each bin converge to the linear regression line
with a clearly reduced variation, the main driver of measured deviations can be attributed to the temperature-
dependent response time 7.

This fact can be confirmed by Figure 3.9, where the ratios of the measured ICH and MCH medians to
the measured (left panel) and the smoothed (right panel) reference’ medians are provided for CIRRUS-III
(MCH, subfigure a)) and for AIRTOSS-ICE (ICH, subfigure b)), respectively.

80 50—
70 no EMA with EMA | no EMA | with EMA |
| 40 '
60
50 —
S Lg%
w 40 o
£ B
30 J 20
20
10¢
10
0 ! 0
08 10 12 08 10 12 08 10 12 08 10 12
RHMCH median ! RHRef. median RHICH median ! RHRef. median
(a) (b)

Figure 3.9: Frequency of occurrence of the ratios of MCH to reference RHj;quiq (subfigure a) and of ICH to
reference RHj;quiq (subfigure b), respectively. Both figures are divided into the PDF of original (left panel)

and smoothed (right panel) reference data.

Both PDFs show clearly a more narrow distribution around the ratio 1 with the applied temperature-
dependent response time algorithm. The asymmetry in the distribution of Figure 3.9(a) is caused by the
sample of the 25 - 30% RHjiquiq bin in the MCH versus smoothed reference distribution (see Fig. 3.8).

However, the deviation is still within the 5% RHj;quiq uncertainty.

3.6 Conclusions

Since 1994, long-haul passenger aircraft participating in the MOZAIC programme were equipped with
a capacitive hygrometer Vaisala HUMICAP® of type H (MCH), measuring upper troposphere humidity.
In 2011, the first aircraft of the successor programme IAGOS were equipped with the modified Vaisala
HUMICAP® type H sensor (ICH). To assure the data quality and the consistency of the data set during the
transition from MCH to ICH, we have evaluated both sensors during the CIRRUS-III (MCH) and AIRTOSS-

ICE (ICH) field studies against similar reference techniques.
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In order to obtain results for sensor uncertainties representative for its regular deployment aboard pas-
senger aircraft, a subset of data was extracted, which corresponds to the typical MOZAIC/IAGOS operation
conditions. Data with sensor temperatures below -40°C and thus below the calibration limit were excluded
and strong ascent and descent sequences of the more agile aircraft were removed. Finally, the maximum
ambient temperature was set to -40°C to exclude effects of warm clouds.

The RHjjquiq data grouped in 5% RHiiguiq bins agreed very well in cross correlations for MCH and
ICH and the respective reference instruments over the entire cloud-free range and for the most of the cirrus
clouds sequences and yields the uncertainty of 5% RHjiquia.

Main deviations between the capacitive hygrometers and reference RHj;qyiq data are related to decreas-
ing sensor temperatures. Combining both field campaigns, it was possible to determine the temperature-
dependence of the sensor’s response time. MCH and ICH RHj;quiq data were reproduced by applying the
resulting exponential filter function to the measured reference RHjiquiq data. The temperature-dependence
of the capacitive hygrometer response time may also be used to extend the measurement range of the in-
strument to the dry conditions of the lowermost stratosphere. Contrary to earlier approaches [Helten et al.,
1998] MCH and ICH data may now considered valid, if the flight time of the aircraft in the lowermost
stratosphere exceeds the sensor response time for the given temperature.

Furthermore, we showed that the quality of the UTH data is preserved during the transition from the
MCH to the modified ICH. Both sensors showed similar behaviour in same conditions, which ensures a
long-time data set for UTLS water vapour climatology and trend analyses, when combining MOZAIC and

TAGOS UTH data sets.
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CHAPTER 4

DISTRIBUTION OF WATER VAPOUR IN THE UTLS

4.1 Introduction

Since 1994, commercial passenger aircraft are measuring, amongst other, relative humidity with respect
to liquid water (RHjiquiq), and temperature in the European research programmes MOZAIC and IAGOS.
These regular flights on a global scale are unique in its quantity, continuity, and quality of measurements of
upper tropospheric and lowermost stratospheric (UTLS) air masses. In this chapter, the analyses of water
vapour distribution properties in the UTLS over the North Atlantic flight corridor will be presented, based

on a large set in statistical sense.

4.2 North Atlantic Flight Corridor as first Target Region for MOZAIC Data Analysis

The North Atlantic flight corridor covers 40 - 60°N latitude and 5 - 65°W longitude and is the overall first
region for which the MOZAIC data set is explored for statistically relevant and robust analyses of upper
tropospheric and lowermost stratospheric (UTLS) humidity. Prior analysis of Gierens et al. [1997, 1999,
2000] used the first 5 years of MOZAIC humidity data to describe the humidity distribution over the North
Atlantic which was then used to improve the cloud scheme in the ECMWF forecast model including a new
parametrisation of supersaturation with respect to ice in the cloud-free part of the grid box [Tompkins et al.,
2007]. The suitability of the North Atlantic flight corridor for the UTLS analysis is caused by its long-term

Water Vapour in the UTLS - Climatologies and Trends. 49
By Patrick Neis Copyright © 2017



50

DISTRIBUTION OF WATER VAPOUR IN THE UTLS

g 500

o

X.300

[}

j=

©

o

©

= 100: \‘

< .

° 50 Sum: 47.609.948 ]

@] L

=z o e b e b b e b b e b b PRI T S IS NS N L
1996 1998 2000 2002 2004 2006 2008 2010

time [year]

Figure 4.1: The number of data points probed by the MOZAIC programme in the North Atlantic flight
corridor and above 280 hPa between 1995 and 2010 document the long-term, continuous, homogeneous,

and dense data.

(since 1994), continuous (no gaps), homogeneous (less variation in the monthly number of data points), and
dense data (high number of monthly data points).

Within the 15 years, a yearly amount of 500 to 1500 flights (compare with Chapter 1.3) accounts for
about 48 million data points in the North Atlantic flight corridor at flight altitudes exceeding the 280 hPa
pressure level. The measurements over the North Atlantic are well distributed over the entire analysed

period (Figure 4.1) and on spatial scale considering 2°x 2° grid cells (see Figure 4.2). At least 750 samples
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Figure 4.2: Probability density function of median monthly data points in the North Atlantic flight corridor
at flight altitudes exceeding the 280 hPa pressure level during the period 1995 to 2009. 100% is according
to a monthly median of at least 1200 data points in the 2° grid boxes. Continuous sampling over 15 years

of measurements provide at least 750 data points per month in the bulk of the grid boxes.
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per grid cell were measured which corresponds to one flight hour per month. Thus, flight tracks by the
aircraft cover a much larger region, compared to the restricted flight tracks over the continents, e.g. South
Africa and Eurasia (see again Chapter 1.3).

All RH;¢ data measured in this selected region were correlated against ozone volume mixing ratio and
colour-coded with the RH;.. probability density function (PDF) in every 25 ppbv ozone VMR bin (Fig-
ure 4.3). As precondition, only data are considered which are flagged with at least limited water vapour
data validity, sensor temperatures in the range of the sensor calibration, i.e. Tyensor above -40°C (cor-
responds to ambient temperatures above -70°C for the MOZAIC-typical aircraft speed of Mach-number
M = 0.81 (see Section 2.2)), ambient temperatures below -40°C and relative humidities with respect to
liquid water below saturation to neglect liquid water contaminations. Three categories of air masses can be
revealed, of which one type is characterized with high humidity (modal value in RH;. at 100%), low ozone
VMR (below 120 ppbv), and PV values less than 2 PVU (blue contour line). Second air mass type has low
humidity data (modal value below 20% RH;..), high ozone values (above 150 ppbv), and PV values above

5 PVU, whereas the third one represents the transition between the two former types.
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Figure 4.3: Cross correlation of measured RH;., and ozone volume mixing ratio colour coded with the
humidity probability for each 25 ppbv ozone VMR bin. The black line represents the most probable RHj
value with a clear separation between low RH;.. above 120 ppbv ozone VMR and high values around ice
saturation for ozone VMR below 75 ppbv. Additionally, the potential vorticity contour lines between 2 PVU
and 6 PVU are shown with the blue dashed lines.

For a better understanding of the representativeness of the MOZAIC data, the opportunity was taken
to use the complete campaign data set of the well-established, closed-cell Lyman-« photofragment fluo-
rescence hygrometer FISH [see Section 3.3.2 and Meyer et al., 2015, Zoger et al., 1999]. The compared

FISH data set includes in-situ measurements of research aircraft flights over Western Europe, i.e. longi-
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tudes between 5°W and 5°E latitudes between 30° and 70°N, at flight altitudes less than 280 hPa, and the
temperature restrictions equal to the MOZAIC’s restrictions. Additionally, ozone measurements have to be
available for each flight. The correlation of RH;cc rrsu and ozone VMR colour-coded by the PDF of the
cross correlation is shown in Figure 4.4. The main result with three characteristic air mass types is also
obvious, whereby the most probable humidity data at low ozone VMR values is shifted from supersatura-
tion to drier values below saturation. Further, the high precision of the FISH measurements leads to a more
narrow humidity distribution above 200 ppbv ozone VMR. However, the statistical deviation of MOZAIC
(blue dashed line) and FISH (black line) most probable RH;., is in the order of the MCH uncertainty of
5% RHj,, (see Section 3.5). An additional reason can be the different region of measurements. Whereas the
MOZAIC data provide measurements over the North Atlantic for a long time, the present FISH data set is
restricted to their campaign base locations on continental Western Europe. Subsequent studies (Chapter 6)
on TAGOS upper tropospheric humidity distributions in clear sky and cirrus clouds also showed moister

conditions in both subsets over the maritime North Atlantic compared to the continental mid-latitudes.
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Figure 4.4: Similar to Figure 4.3: For the RHj.. and ozone volume mixing ratio cross correlation the
complete data set of FISH measurements between 30°N and 70°N over Western Europe is used. Again,
the black line represents the most probable RH;., value. For a comparison between general distributions
measured by FISH and by the MCH within the MOZAIC programme, the most probable MOZAIC RH;,

values are shown with the blue dash-dotted line.

As it is known from several studies [e.g. Bethan et al., 1996, Gierens et al., 1999, Thouret et al., 2006,
Zahn et al., 2004], ozone can be used as a vertical coordinate especially for the stratosphere. With the
empirical determined ozone volume mixing ratio (VMR) threshold of 120 ppbv [Thouret et al., 2006], the
here found three characteristic types of air masses can be interpreted as the atmospheric layers troposphere

(ozone VMR less than 120 ppbv), stratosphere (ozone VMR exceeding 120 ppbv), and the transition layer
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defined by the tropopause (ozone VMR around 120 ppbv). In the following section, the MOZAIC measure-

ments will be analysed within the scope of a new coordinate system depending on the tropopause height.

4.3 Vertical Separation of Observations relative to the Tropopause Height

Aircraft based measurements of atmospheric state variables and chemical composition usually refer to the
aircraft flight altitude or pressure level, respectively. Furthermore, the atmosphere is layered into distinct
spheres which are described by the chemical composition and gradients in the state variables. But the
transition of the lowest spheres, i.e. the troposphere and stratosphere, can vary in height and depth in
dependence of space and time [Gettelman et al., 2011]. This variation of the sphere’s transition layer
height can be understood by a MOZAIC example flight (see Figure 4.5), where the aircraft was flying for
around 400 minutes at a constant pressure. While flying on constant pressure level, the aircraft measures
stratospheric (yellow shaded) ozone volume mixing ratios above the threshold of 120 ppbv (red dashed
line, Thouret et al. [2006]), values close to 120 ppbv ozone volume mixing ratio in the transition layer (grey
shaded), and far lower values in upper tropospheric air masses. This example flight points out the need to

distinguish between the three atmospheric layers regardless of the geometric altitude.
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Figure 4.5: The upper panel shows the pressure of a MOZAIC example flight with around 400 minutes of
constant flight pressure. The measured ozone volume mixing ratio (VMR) is represented with the black line
in the lower panel. Stratospheric air masses with ozone VMR larger than the threshold of 120 ppbv (red
dotted line) are shaded with yellow, whereby the air masses in the transition layer with ozone VMR close

to 120 ppbv are shaded with grey.

The most frequently used atmospheric tracers for this type of study are ozone and CO [Gettelman et al.,
2011, Hoor et al., 2002, 2004, Pan et al., 2004, Tilmes et al., 2010]. Both tracers have strong gradients across
the transition layer, and their chemical lifetimes are longer than the transport timescale in this region. Ozone
is measured in the MOZAIC programme from the very beginning and can describe the vertical position in

the stratosphere with its positive and strong gradient. A benchmark for ozone volume mixing ratios in the
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lowest stratosphere is around 120 ppbv [Gierens et al., 1999, Thouret et al., 2006]. The measurements are
realised with the UV-absorption instrument Model 49-103 (Thermo Scientific), where the ambient air at
cruise altitude pressure of 230 £ 50 hPa is sucked in with a Teflon KNF Neuberger pumping system. The
detection limit of 2 ppbv and the accuracy of 2 ppbv £ 2% is warranted due to comparisons to the periodic
reference of an internal ozone generator, regular inspections and absolute recalibrations in the laboratories
by CNRS staff in Toulouse before and after each operation period of about 6 months [Marenco et al., 1998,
Nédélec et al., 2015, Thouret et al., 1998a]. However, it can not be used to describe the vertical position in
the troposphere, because the air masses are well-mixed and ozone is chemically removed in the troposphere.
Carbon monoxide (CO) is measured by an improved infra-red filter correlation instrument with a precision
estimated at £ 5 ppbv &+ 5% [Nédélec et al., 2015]. CO, that is measured in MOZAIC since 2001, has its
sources in the troposphere and negligible sources in the stratosphere. Pan et al. [2004] reported that CO
volume mixing ratio below 80 ppbv is characteristic for the lowest stratosphere.

Due to the delayed start of CO measurements, the in-situ measured chemical approach is not possible
for this work. Instead, the humidity data since 1994 will be vertically separated relative to the tropopause
height. For this purpose, we have to define the tropopause in a meaningful way.

Since a broad spectrum of tropopause height definitions in scientific work exists [Ivanova, 2013], the

two most often used definitions have been chosen.

» The thermal tropopause which is defined by the temperature lapse rate, i.e. where the lapse-rate de-
creases to 2°C/km or less and remains at least in the overlying layer of 2 km [WMO, 1957]. The
basis data set for the thermal tropopause height is the 6 hourly, 1° horizontally gridded and previously
on pressure level interpolated ECMWF ERA-Interim reanalysis data which is linearly interpolated in
space and time for every MOZAIC flight track [Kunz et al., 2014].

» The dynamical tropopause which is defined by a sharp gradient in the potential vorticity (PV). The
here used value to define the tropopause is PV =2 PVU (1 PVU= 10° K m? kg! s!, standard potential
vorticity unit) [e.g. Holton et al., 1995]. The basis data set for the dynamical tropopause height is the
ECMWEF operational analysis and forecast data for meteorological fields (1 x 1°, 31 levels in 1994 to
137 levels in 2013, every 6 h) [Petetin et al., 2015].

Figure 4.6(a) displays the monthly mean pressure of the tropopause height in the North Atlantic flight
corridor. The suitability of this region for air quality analysis around the tropopause is demonstrated with
Figure 4.6(b) where the frequency distribution of the aircraft pressure at cruise altitude is on the tropopause
height level around 230 & 50 hPa. In addition, it is demonstrated that the thermal (WMO) tropopause lies
always above the dynamical (PV2) tropopause.

This offset of ~20 hPa between both definitions demonstrates the complexity to find a valid definition
for the global transition or mixing layer, respectively. Hoerling et al. [1991] and Hoinka [1998] reported
that the dynamical tropopause approach with a range of possible values (1.6 - 3 PVU) is only useful in
the extratropics. They argue that the sign of PV values in the tropics mathematically change from positive

values on the Northern Hemisphere to negative values on the Southern Hemisphere which therefore forces
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Figure 4.6: (a) Mean of monthly median tropopause height: thermal (WMO; blue) and dynamical (PV2;
yellow) tropopause definition. (b) Probability density function of measured pressure levels over the North

Atlantic.

the PV values to zero at the equator. It is also reported that the statistically best match between thermal and
dynamical tropopause height was found for PV = 3.5 PVU. This explains the continuous median offset of
20 hPa (blue line) from the thermal tropopause (black line) to the 2-PVU-tropopause as the “lower limit of
the tropopause region” [Brunner et al., 2001], like it is presented in Figure 4.7. On the other hand, Hoerling

et al. [1991] reported that the empirically determined thermal approach misses the physical background and
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Figure 4.7: Time series of median monthly tropopause pressure difference (dynamic - thermal; blue line).
The blue triangles show the 25" and 75" percentiles of the monthly differences and therefore representing
the monthly variability. Right axis and black line refer to the pressure of the thermal tropopause height

(TPH).
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thus has its disadvantages in the vicinity of developing baroclinic disturbances which then again explains
the high monthly variability in the pressure offset.

From now on, data will be distributed into three main layers according to Thouret et al. [2006], i.e.
the upper troposphere, tropopause layer, and lowermost stratosphere, of which the outer layers are further
subdivided into three sublayers. The width of the sublayers considers the average difference between the
ozone and thermal tropopause of 780 m (30 hPa at this altitude) [Bethan et al., 1996]. The resulting seven
30 hPa thick bins separate the aircraft pressure relative to the tropopause pressure and are summarised in

Table 4.1.

Table 4.1: The data are distributed into three main layers: the upper troposphere, tropopause layer, and
lowermost stratosphere. The outer layers are additionally subdivided into three sublayers. The distribution
criterion is the pressure difference between the aircraft pressure pac and the tropopause pressure prpy with

the range of 15 hPa.

Main name | Short name | pac - prpu [hPa]
LS3 -90
Lowermost
LS2 -60
Stratosphere
LSl -30
Tropopause
pop TL 0
Layer
Upper UT1 +30
UT2 +60
Troposphere
UT3 +90

p-p(TPH) [hPa]

(0]
o

(o]
o

4 0 1 2 3
number [x10°] Anumber [x10°]

Figure 4.8: Comparison of vertical number of data distribution: thermal (WMO; blue) and dynamical
(PV2; yellow) tropopause definition. The right panel shows the difference (WMO - PV2) in the number

distribution in each vertical layer.
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The impact of different tropopause definitions on the analysis is first shown with the vertical number of
observations distribution in the seven layers. The dynamical tropopause definition contains 5% more data
in the stratosphere compared to the thermal tropopause definition. Besides that, 34% and 45% more data
contribute to the tropopause layer and tropospheric layer, respectively, when using the thermal definition
(compare with Figure 4.8). Overall, the thermal tropopause definition increases the number of selected data
by about 18%.

For both cases, the vertical temperature distribution shows the expected patterns with a decrease of tem-
perature up to the coldest layer around the tropopause, followed by a temperature increase with height. The
difference in the vertical temperature distribution in dependency of the definition is shown in Figure 4.9
where the median monthly temperature in the tropospheric layer is slightly colder with the dynamical ap-
proach. In contrast, the temperature increase in the first stratospheric layer is approx. 3 K stronger with
the thermal tropopause definition which indicates a more stable stratification and for that a much stronger

barrier for air mass transition through the tropopause layer.
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Figure 4.9: Vertical distribution of temperature. Comparison between distributions relative to the thermal
(left panel) and dynamical (middle panel) tropopause criteria. The resulting difference (WMO - PV2) in

the median temperature for each vertical layer is shown in the right panel.

Figure 4.10 describes the vertical distribution of the ozone volume mixing ratio. Both tropopause defi-
nitions yield a small variation of ozone in the tropospheric layers of about 50 to 100 ppbv. When entering
the tropopause layer the thermal approach shows a median monthly ozone VMR of 120 ppbv which is con-
sistent with the threshold value for the chemical tropopause by Thouret et al. [2006] and the mean ozone
value of 127 ppbv at the thermal tropopause calculated of 90 vertical soundings over Jiilich, Germany by
Duhnke et al. [1998]. In contrast, the dynamical approach has an air mass content with ozone values below
120 ppbv which implicates a mixing layer including mainly tropospheric air masses. Furthermore, in the
first stratospheric layer there are more than 25% of the ozone measurements in the range of tropospheric air
masses. Nevertheless, both approaches show a significant increase of ozone VMR with height in the strato-
sphere, whereby the thermal definition yields a much stronger increase, i.e. more than 100 ppbv stronger,

after entering the stratosphere.



58 DISTRIBUTION OF WATER VAPOUR IN THE UTLS

ol T o SRS [N AR S T 1wl
_DS-BO r----"T }----- 4 5-60 P 1T F----- ! ! _ 60
%-30 b---_ 1 _F----4 ;-30 - F------- ] gso
Eoob I F-------- 1 ! & of r[IH--- E 0
g 30F FFp----4 ! S0t - & 30
§60 HIF-f- -+ | Se0f I+ “ 60
90t HIF-t-- 9t H}+ I 90

(I)I l 1(30 ' 260 ' 360 . 400 . 500 ‘ 660 0 100 200 300 400 500 600 ‘0 50 100 150

ozone VMR [ppbv] ozone VMR [ppbv] Aozone VMR [ppbv]

Figure 4.10: Vertical distribution of ozone volume mixing ratio (VMR). Comparison between distributions
relative to the thermal (left panel) and dynamical (middle panel) tropopause criteria. The black vertical line
represents the 120 ppbv ozone VMR threshold value for the chemical tropopause by Thouret et al. [2006].
The resulting difference (WMO - PV2) in the median ozone VMR in each vertical layer is shown with the

right panel.

Altogether, this analysis showed again the difficulties to find a clear definition of the tropopause layer.
While the dynamical tropopause seems to mark the bottom of the extratropical tropopause layer [Hegglin
et al., 2009, Hoor et al., 2004], the thermal tropopause is located more in the centre and top of the extratrop-
ical tropopause layer [Hegglin et al., 2009]. However, the conclusion after these comparisons is, to select
the thermal tropopause definition for the further analysis of the 15 years of relative humidity measurements
over the North Atlantic. The reason for the decision is, that the stronger delimitation of tropospheric and
stratospheric air masses by, e.g. the temperature gradient and ozone gradient, corresponds more to the

concept of stratification and the concept of a mixing layer in-between these spheres.

4.4 Climatologies of Humidity

15 years of UTLS water vapour measurements by the MOZAIC programme generated an unique and pow-
erful data set for further analyses. After selecting the thermal tropopause height definition to separate the
measured data relative to the tropopause height into distinct layers (see Section 4.3), different types of
illustration of humidity climatologies over the North Atlantic will be presented.

A climatology describes the average state of the atmosphere above a specified region. Thus, the median
of the seasonal RH;, distribution for every height layer is shown in Figure 4.11 (see also Table 4.2.). The
tropospheric layer covers a wide spread of humidity from 10% RH;. to 140% RHj, in its extremes. There
is also a high variation in the distribution characterised by 50% of the data within a range of 50% RHjce.
Furthermore, the distributions of the tropospheric layers are skewed to the left which implies a modal value
higher than the median value of about 75 to 86% RHjce.

The stratospheric layers cover a more narrow spread of humidity with height, i.e. the maximum in all

stratospheric layer is reduced from saturation to 30% RH;.., whereas the minimum is constant with about
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Figure 4.11: Vertical distribution of RH;... The box and whisker plots represent the median of seasonal

[1, 25, 50, 75, 99] percentiles. The circles indicate the modal value in each vertical layer.

6% RH;... Compared to the large variability in the tropospheric distribution, 50% of the stratospheric data
fall within a smaller range of 15% RH;... Moreover, the distributions of the stratospheric layers are skewed
to the right which implies a modal value smaller than the median value of about 7 to 20% RHjce.

The distribution in the tropopause layer can be interpreted as a mixture of the uppermost tropospheric and
lowermost stratospheric layers. Besides the reduced median value of 63% RHi.., the distribution includes
dry and humid data, like it is expected from the definition as a mixing layer [Pan et al., 2004].

The probability density function (PDF) and the cumulated probability (see Figure 4.12 (a) and (b)) of
the seven vertical RH;.. distributions illustrate the different air mass signatures also for similar atmospheric
layers. The tropospheric layer closest to the tropopause (UT1), for instance, is the most humid layer which
is shown by the slowest increase in the cumulative probability. Moreover, it is shown, that a bimodalisation
is developing with increasing distance to the tropopause in the upper troposphere. That means, the UT1

layer includes mostly uplifted or cooled air masses which results in mostly saturated air. In comparison,

Table 4.2: Summary of statistical results with percentiles (perc.) and modal values for the vertical distribu-

tions of RH;. data (see Figure 4.11 and 4.12).

p - p(therm. TPH) RH;. [1]

[hPa] 1 perc. | 25 perc. | 50 perc. | 75 perc. | 99 perc. || modal
-90 (LS3) -0.06 0.03 0.07 0.12 0.29 0.05
-60 (LS2) -0.05 0.05 0.10 0.16 0.40 0.07
-30 (LS1) -0.02 0.11 0.20 0.35 1.06 0.13

0 (TL) 0.05 0.38 0.63 0.92 1.39 0.50
30 (UT1) 0.10 0.60 0.86 1.06 1.43 1.02
60 (UT2) 0.12 0.57 0.85 1.04 1.38 1.03
90 (UT3) 0.09 0.44 0.75 1.02 1.34 1.05
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Figure 4.12: Vertical RH; distributions as probability density function (a) and cumulated probability (b).

an additional dry mode develops with increased distance to the tropopause, e.g. at about 50% RHjc, in
the UT3 PDF. In other words, this layer includes, besides the dominating uplifted or cooled air masses, air
masses that are descending and warmed. Compared to the troposphere the stratosphere shows a different
signature. A strong monomodal distribution in the stratospheric layers describes the stratification with
negligible upward motion. This causes the strongest increase in the cumulative probability of the highest
stratospheric layer (LS3) which, in consequence, denotes the driest vertical layer.

As described earlier, the relative humidity on a quasi-constant pressure level (see Table 4.3) depends on
the temperature and the available water vapour quantity (such as the volume mixing ratio) according Equa-
tion 1.1. Figure 4.13 shows the temperature’s PDF (a) and cumulated probability (b) in the seven vertical
layers, respectively. With exception of layer LS3, the distributions show a quasi-Gaussian behaviour. The
explanation for the left-skewed distribution in the highest lowermost stratospheric layer is the increasing
stratification with height, whereby the restriction of data selection is still below 233.15 K (corresponds to
-40°C) for ambient temperatures. Furthermore, the tropopause layer (TL) is the coldest layer with a modal
value of approx. 216 K, like expected from the thermal definition; the UT1 layer is slightly warmer but
comparable in its distribution, whereas the layer distributions of UT2 and LS1 as well as UT3 and LSI1,
respectively, are identical. Since the temperature PDFs are uniformly distributed, they can be reconstructed

with a Gaussian fit function of type
f(x) = a-exp(—((z = b)/c)?). .1

With this function applied, the modal value (corresponds to variable b) of the temperature’s PDF is calcu-
lated. This calculated modal values (Table 4.3) confirm the graphs in Figure 4.13(a) where the coldest layer
is the TL with 216 K, followed by the UT1 with 217 K. Moreover, UT2 and LS1 are represented with the
modal value of 220 K, whereby UT3 and LS2 have a calculated modal temperature of 225 K. The warmest

layer LS3 confirms the strong stratification and reaches the modal value of 228 K.
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Finally, the vertical distributions of HoO VMR are shown in Figure 4.13(c) and (d). An overall clear
picture appears with a lognormal distribution for every layer. With increasing height, the monomodal but
slightly leftward skewed distribution is getting narrower until the MOZAIC humidity measurements reach
its limits of accuracy on the HoO VMR basis in the upper LS layers. The modal H,O VMR (see Table 4.3)
is calculated with 27 and 24 ppmv, respectively, in these layers, whereas the distributions for the other layers
seem to be clearly structured with modal values of 27 and 43 ppmv down to the tropopause layer and with

an higher increasing rate for the tropopause layers up to a modal value of 135 ppmv in the UT3 layer.

7 ; : : : 1 : :
NALS3 [——NALS3]
6| —NALS2 | zogl —NALS2
gl| T NALSY = 7| —NALst
T NATL © ——NATL
40 NAUTY 006 —NAUT1
= NAUT2 a NA UT2
L —_ [0}
a3 NAUTS > || —NAUT3
o 20400
i S
2 £
il 302"
(e ‘ : ‘ _— 0 - ‘ ‘ '
205 210 215 220 225 230 235 205 210 215 220 225 230 235
temperature [K] temperature [K]
(a) (b)
7 ‘ : 1 ;
NALS3 NALS3
67 —nNALs2 | Zos —NALS2
50 —NALS1 T 1 |——NALS1
T ——nNaTL 3 —NATL
R4+ —NAUTT €067 —nNAUTY
w NA UT2 o NA UT2
£ 3 [——NauT3 204 [ ——NAUTS|
S
’ =
i 3027
0 : 4 0 :
1 10 100 1000 1 10 100 1000
H,O VMR [ppmv] H,O VMR [ppmv]
(©) (d)

Figure 4.13: Similar to Figure 4.12: The probability density function (a, c) and the cumulated probability
(b, d) of the seven vertical temperature (a, b) and HoO VMR (c, d) distributions. The variation of HoO
VMR over several orders of magnitude requires a binning in the logarithmic space between 1 and 3 with a

bin size of 0.0414.

4.5 Comparison with ECMWF Climatologies

Berkes et al. [2016] compared the MOZAIC temperature measurements from the past 18 years (1995 to
2012) with the independent but assimilated temperatures of ECMWF ERA-Interim. By so doing, the UTLS



62 DISTRIBUTION OF WATER VAPOUR IN THE UTLS

Table 4.3: Modal values for the vertical distributions of calculated temperature, HoO VMR data (see Fig-
ure 4.13), as well as the median pressures with its almost similar variation of 11 £ 1 hPa, calculated from

half of the interquartile range.

p - p(therm. TPH) [hPa] 90 | -60 | -30 0 30 | 60 | 90
modal temperature ;.. [K] || 228 | 225 | 220 | 216 | 217 | 220 | 225
modal H,O VMR [ppmv] 27 24 | 27 | 43 63 93 | 135
median pressure [hPa] 226 | 227 | 227 | 227 | 228 | 238 | 239

temperatures are analysed for different regions, including the North Atlantic, and separated into the low-
ermost stratosphere, the tropopause layer and the upper troposphere using the thermal tropopause from
ERA-Interim as reference layer.

There they found, that the temperature inter-annual variability within all regions and layers is mostly
consistent between in-situ observations and ERA-Interim which results in an absolute bias between both
data sets for the North Atlantic of 0.81 £ 0.72 K warmer in-situ temperatures, a high correlation coefficient
of determination of R? = 0.97 and a slope of 0.94 in the cross correlation’s regression fit. Despite the fact
of a good agreement, inconsistency in the linear temperature trends and their signs have been observed.
For the North Atlantic lowermost stratosphere, the Mann-Kendall-test [Gilbert, 1987] derived a significant
(p-value = 0.05) positive trend in ERA-Interim and a insignificant (p-value = 0.98) small negative trend in
the in-situ measurements.

The reason for the observed deviations between the temperature trends was explained with the inconsis-
tent bias between the temperature time series which was explained with improvements of assimilations and
increasing amounts of measurements after 2006 in the model.

Now, the 6 hourly ECMWF ERA-Interim reanalysis data, 1° horizontally gridded and previously inter-
polated on pressure level [Kunz et al., 2014], are used for the same humidity analysis like in the previous
two sections. To accomplish that task, the RH;j., and ozone volume mixing ratios are linearly interpolated
in space and time for every MOZAIC flight track. Furthermore, only ERA-Interim data are used for the
comparison with the MOZAIC cross correlation, which are also part of the MOZAIC data set. The result-
ing correlation of RHj¢c cra and ozone VMR, is colour-coded by the PDF of the cross correlation (see
Figure 4.14), whereas the overlaid contour lines of the MOZAIC PDF reveal the differences between both
data sets. The high ozone (more than 150 ppbv), low humidity (modal value below 20% RH;..) type of air
mass is more narrow in the modelled humidity which can be mostly explained with the calibration uncer-
tainties of the MCH (see Section 2.2). The main difference is found in the low ozone (below 120 ppbv),
high humidity (modal value at 100% RH;.) type of air masses. In both cases the most probable RHj, is
around saturation, but the assimilated data cuts off the humidity at about 115% RH;.. and excludes high
supersaturation like it is measured in-situ by the FISH and MCH instruments. Nevertheless, the air mass
type of the transition layer is well represented in all cases with a similar spread in the humidity distribution.

To compare the humidity and temperature climatologies of both data sets, the vertical distributions of

median temperature, HoO VMR, RH;.., and fraction of ice supersaturated regions (ISSR), i.e. regions
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where RH;.. exceeds 100%, are further subdivided into the four seasons winter (DJF), spring (MAM),
summer (JJA), and fall (SON). In order to achieve the best possible representativeness of the seasons, the
median values of seasonal distributions are calculated and averaged over the 15 years. The gained results
for the MOZAIC data set are shown in the first row of Figure 4.15 and will be the first data set which is
described in detail; ERA-Interim results and the differences between both data sets will continue afterwards.

The temperature distribution shows a similar behaviour in all four seasons. A negative vertical gradient
up to the tropopause layer with the coldest temperatures is followed by a stronger positive gradient in the
stratosphere. The only difference is found in the absolute median values, where the winter is the coldest
season with approx. 212 K in its minimum and the summer is the warmest season with approx. 219 K in its
minimum. Furthermore, the spring season is slightly colder than the autumn season.

The water vapour mixing ratio distribution shows a similar behaviour in the tropospheric layers but a dif-
ferent behaviour in the lowermost stratosphere. Whereas the warm seasons are the seasons with the highest
H>0O VMRs with a linear decrease up to the TL the cold seasons exhibit the fewest amount of HoO VMRs
with a exponential decrease up to the TL. Moreover, the stratospheric layers represent a different type of air
masses, where the median value in the summer season drops from about 30 ppmv in the lowest stratospheric
layer to less than 20 ppmv in the highest layer. Compared to the summer all other seasons and stratospheric
heights seem to be quite constant at about 20 ppmv.

As aresult of the previous seasonal distributions, the RH;. seasonal distribution arises. The cold seasons
show a constant median relative humidity in the UT with a median RHj. of about 90%, whereas the warm

seasons start at 65% RH;.. and increase with height to a median of more than 80%. The tropopause layer

700 |
i @MOZAIC |

600 - 1 M

500 |
1-1.56

PDF [log10]

ozone VMRera [ppbv]

Lo o SN R N

07”‘/\ AN AN\ S N

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
RH

ice,era [1]

Figure 4.14: Similar to Figure 4.3: For the RH;.. and ozone volume mixing ratio cross correlation the
complete data set of ECMWF ERA-Interim reanalysis is used. The blue contour lines refer to the MOZAIC-

based distribution.
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has no significant difference in the seasons with a median of approx. 63% RH;c.. In the stratospheric layers
the behaviour is again similar for all seasons with the driest (down to 4%) summer and wettest (down to
12%) winter season.

Finally, the fraction of ISSRs in the seasonal vertical layers are compared. As it can be expected from the
median RH;., distributions, the stratospheric fraction of ISSR is insignificant for all seasons. In addition,
the seasonal fraction of ISSR varies widely in the upper troposphere, where the cold months have a median
value between 30 and 40% with its highest values in the lowest layers. In contrast, the warm seasons have
a median value of 19 to 24% in the lowest UT layer and an increase to 28 to 32% in the highest UT layer.

Second row of Figure 4.15 presents the mean seasonal distribution of the median temperature, HoO
VMR, RH;.., and fraction of ISSR from the ECMWF ERA-Interim data set. The absolute difference
between ERA-Interim and MOZAIC distributions, the standard deviation of the difference can be seen in
the third and fourth row. respectively.

There is an overall agreement in the seasonal distributions with the only significant differences in the
fraction of ISSR distributions, where the model misses 10% of the UT ISSR fraction. The maximum dif-
ference of ISSR observations is in the lowest UT layer in the cold seasons with up to 23%. Nevertheless,
this discrepancy was expected from the definition of model cloud parametrization which converses instan-
taneously the supersaturation into ice water [Tompkins et al., 2007] when ice is present because ice cloud
conditions are not assimilated directly Ma et al. [2012]. The modelled temperature distributions differ in the
order of magnitude of the temperature in-situ measurements but with with slightly colder conditions for all
seasons and heights, expect the tropopause layer, of approx. 0.25 K. The median temperature difference of
more than 0.25 K in the tropopause layer can be explained with the vertical resolution of the model. If the
minimum in the vertical distribution is not matching a model level, then this minimum cannot be resolved
and is shifted to the nearest pressure level but with a higher value. So this is the case for the temperature,
where the reduced spatial resolution of the model smooths out the distinct minimum of temperature by
about 0.5 K compared to the other layers. There is also a slightly higher variation in the difference in the
stratospheric layers which cannot be explained here.

The seasonal distributions of modelled HoO VMR and RH;.. show the closest agreement in summer
seasons, when only the lowest lowermost stratospheric layer differs in the order of magnitude of the un-
certainty (5% RH) or its limits of accuracy (10 ppmv) drier in the MOZAIC measurements, respectively.
All other seasons show slightly higher humidities by more than 5% RHj. or 10 ppmv compared to the

MOZAIC measurements with highest deviations in winter which again affects the ISSR frequency.

4.6 Conclusions

For the first time, water vapour distributions in the vicinity of the extratropical tropopause layer are analysed
with such a high vertical resolution, for such a long period, and with such a statistical robustness like
it is possible with the MOZAIC in-situ measurements. In this chapter, the first analyses of 15 years of

MOZAIC relative humidity measurements in the North Atlantic flight corridor are discussed. The suitability
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of this region for an in-depth analysis is proven with well distributed flight paths on cruise altitude and the
documented long-term, continuous, homogeneous, and dense data set.

With a comparison of MOZAIC in-situ measurements of ozone VMR and relative humidity with respect
to ice (RHjce), the probing of three atmospheric air mass layers is demonstrated. The confirmation of

measuring in the upper troposphere (low ozone VMR, high relative humidity), lowermost stratosphere (high
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Figure 4.15: Mean seasonal distribution of median temperature, HO VMR, RH;., and fraction of ice
supersaturated regions. From top to bottom: MOZAIC measurement data, ERA-Interim modelled data,
difference between ERA-Interim data and MOZAIC data (i.e. ERA-Interim - MOZAIC), and standard
deviation of the difference between ERA-Interim data and MOZAIC data.
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ozone VMR, low relative humidity) and the tropopause layer (transition between both layers) is achieved
with the similar distribution gained by the complete data set of the well-established hygrometer FISH.

The need for distributing the samples into the corresponding seven atmospheric layers centred around
the tropopause prior to further analysis is reflected by evaluating the consequences of tropopause definition
selection. The conclusion of using the thermal tropopause definition instead of the dynamical one in this
study, is justified with the stronger delimitation of tropospheric and stratospheric air masses by, e.g. the
temperature and ozone gradients which corresponds more to the concept of stratification and to the concept
of a mixing layer between the spheres.

Having achieved that, the MOZAIC humidity measurements in the North Atlantic flight corridor were
subject to a comprehensive analysis. The three stratospheric layers are characterized by a monomodal
distribution of RHj¢ in the dry mode down to 5% RH;.. and a development of an increased skewness
rightward down to the tropopause layer. This mixing layer is defined by a broad RH;. distribution with
a spread of 54% (interquartile range). It is also seen that upper tropospheric layers are most probable
supersaturated and develop a dry mode with increased distance to the tropopause which might be explained
by subsided air masses.

While temperatures follow linear Gaussian distributions with coldest layer in the tropopause, the water
vapour volume mixing ratios (H,O VMR) show an exponential Gaussian distribution with stepwise de-
crease with height. HoO VMR measurements in the driest stratospheric layers indicate irregularities which
is explained by the lower limit of MCHs accuracy (~10 ppmv).

Finally, the results are compared with model statistics gained from ECMWF ERA-Interim reanalysis
data, which was extracted from the 6 hourly model output and linearly interpolated on the flight tracks.
Main features of the ozone VMR —RH;, comparison are confirmed, whereas MCH data scatter statistically
in the dry values and the model cuts off ice supersaturation when ice is present.

Seasonal vertical distributions agree well in the variables of temperature, relative humidity and water
vapour volume mixing ratio, but temperatures in the tropopause layer show a significant signal to warmer
temperatures in the model. Humidity in the summer is matched from both observations, however, in-situ
measurements seem to be moister in the range of measurement uncertainty (~5% RH;..). The missing of
about 10 - 15% probability in the upper tropospheric fraction of ice supersaturation is the most obvious

difference and requires further investigations.



CHAPTER 5

TRANSPORT PROCESSES AND PATHWAYS

5.1 Introduction

Vertical distributions of relative humidity with respect to ice, in-situ measured in the North Atlantic flight
corridor and seasonally averaged, figured out a clear height dependency with high variability. This high vari-
ability will be further investigated with respect to its temporal evolution over 15 years of observations, to
evaluate the possibility of determining trends or shifts in the distributions. In a next step, a coordinate trans-
formation into the potential temperature (Theta) — equivalent latitude coordinate system will be conducted
on the data to present in detail global (transport) processes which are relevant for the observed distributions
over the North Atlantic, seasons of tropospheric-stratospheric exchange, and finally the potential pathways

for these.

5.2 Seasonality and Time Series

The average state of the upper troposphere and lowermost stratosphere above the North Atlantic is described
in the previous Chapter for different vertical layers, different timescales and species. Advantage but also
disadvantage of an average state is its unknown freedom of variation with time. But to describe the present
state of the atmosphere or to connect potential anthropogenic or natural events, e.g. of strong and persistent
forest fires [Clark et al., 2015] or volcanic eruptions, to the present state, it is necessary to analyse that
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unique and powerful data set on a continuous time scale. The selection criteria is similar to the analysis
before.

Briefly summarised:

* limited to the area above the North Atlantic (40 - 60°N, 5 - 65°W),

flight altitudes above the pressure level 280 hPa,

» sensor temperatures above the minimum calibration temperature of 7gepgor = -40°C,

» ambient temperatures below -40°C to avoid supercooled water droplets,

= thermal tropopause as the natural reference to classify the data into seven 30 hPa thick layers.

The monthly state of the closest atmospheric layers around the tropopause layer, i.e. the highest upper
tropospheric layer (UT1) with data between 15 and 45 hPa below the tropopause, and lowest lowermost
stratospheric layer (LS1) with data between 15 and 45 hPa above the tropopause, is determined over the
complete period between 1995 and 2009. RH;c., HoO VMR and temperature are again the state variables
of interest. In Figure 5.1, these state variables are presented as monthly time series of the median value (for

the monthly average state), and the 25" and 75" percentiles for the variability within the month.

1.5F
8 _ 1E
I = "
o 0.5

ok
« _ 150
< §100:
O, & 50
T

N

w

o o
T T

temperature

(K]
N
N
o

|

[

|

|

|

]

|

|

N
=
o

o
%
é g
Ve

time [year]

Figure 5.1: Time series of RHjc.., H2O VMR, temperature, and number of events for the highest upper

tropospheric layer (UT1, blue) and the lowest lowermost stratospheric layer (LS1, red).

During the first 15 years of relative humidity and temperature in-situ measurements on passenger aircraft
in the North Atlantic flight corridor, a clear separation between the UT and LS is found with clear layer spe-
cific water vapour distributions. The upper tropospheric layer time series describes a quasi-saturated layer
with high variability over the years. In contrast, the lowermost stratospheric layer describes a subsaturated

layer far below the 30% RH;.. level with small variation on the monthly and annual time scale.
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The H,O VMR time series suggests an annual cycle in the UT1 and gives a hint of a much less pro-
nounced annual cycle in the LS1 layer. Also noticeable is the observation, that the annual cycles seem to
be in phase for both decoupled atmospheric layers. The maximum water vapour VMR is according the
Clausius Clapeyron relation which is controlled by the temperature. Therefore, the in-situ temperature time
series is shown in the third row of Figure 5.1. Again, there is a clear annual cycle for both layers and in ad-
dition the cycle is clearly synchronised, i.e. in phase. Furthermore, the UT1 layer is slightly (~3 K) colder
than the LS1 layer. It has to be noted, that the upper tropospheric data in the first months of 2002 cannot be
taken into account since the number of data of less than 1000 measurements is below representativeness.

To get a first hint, whether there is a change or shift, respectively, in the temporal distribution, the means,
i.e. the averages of median monthly values of the three main parameters RH;.., HoO VMR, and temperature

are determined according to Equation 5.1.

5; = o ThT+j 5.1

(j: number of month, n;: number of available years, T": length of the timescale, i.e. 12 months, z: monthly
median in year k + 1 of the parameter, and 5;: average of the monthly median)

The results are presented quantitatively in Table 5.1 and graphically in Figure 5.2. The high interannual
variability in the relative humidity distributions reduces the possibility to extract a significant annual cycle in
both atmospheric layers. Nevertheless, the averaged RH;, is highest in winter months (UT1:~90% RHjce,
LS1:~25% RHjce) and has its lowermost stratospheric minimum in summer (LS1:~15% RH;,), while the

UT minimum is not well defined.

Table 5.1: Mean and standard deviation of median monthly values of the main parameter RH;.., HoO VMR,

and temperature for the atmospheric layers UT1 and LS1 (see also Figure 5.2).

RH;.. [1] H>0 VMR [ppmv] temperature [K]
UT1 LS1 UT1 LS1 UT1 LS1
Jan 0.91+0.13 | 0.254+0.07 | 39+9 1845 213.3£1.5 | 216.0+1.1
Feb 0.93£0.09 | 0.254+0.08 | 44+£18 18+5 213.742.4 | 216.5£0.9
Mar || 0.88+0.09 | 0.264+0.10 | 48+9 2346 214.74£2.0 | 217.7+1.2
Apr || 0.864+0.10 | 0.18+£0.04 | 50+8 20+3 215.740.8 | 219.1+£0.8
May || 0.88+0.09 | 0.204+0.06 | 619 2446 216.9+1.0 | 220.2+1.0
Jun || 0.83+0.11 | 0.17£0.06 | 85+14 29+10 219.9+1.1 | 222.940.9
Jul 0.79£0.08 | 0.14+0.05 | 95+13 2847 221.1+£1.1 | 224.1+0.7
Aug || 0.834+0.09 | 0.17+0.04 | 95413 3247 220.940.7 | 223.6+1.0
Sep 0.85+0.09 | 0.18+0.06 | 82+9 32410 219.5+1.1 | 222.94+1.0
Oct 0.7940.16 | 0.20+0.08 | 61£15 26£11 218.34+1.2 | 221.1+1.4
Nov || 0.914+0.07 | 0.23£0.06 | 52+7 2446 215.74+1.3 | 219.0+0.8
Dec || 0.84+0.12 | 0.254+0.10 | 39+6 2146 2139+£1.1 | 217.6+1.3
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Figure 5.2: Mean of monthly median RH;.., HbO VMR, and temperature for the upper tropospheric layer

UT1 and lowermost stratospheric layer LS1. Values and monthly variabilities can be read in Table 5.1.

Like the time series already suggested, the HoO VMR is subject to a seasonal cycle in varying de-
grees. Thus, the January is the month with the smallest value of HoO VMR in both atmospheric layers
(UT1:~40 ppmv, LS1:~20 ppmv) and May seems to be the month in which the values start to increase. For
the highest upper tropospheric layer, July and August are the months with the highest amount of Hb O VMR
(95 ppmv). The lowermost stratospheric layer, by contrast, shows a shift of one month compared to the UT1
to reach its highest values of 32 ppmv in August and September. The distribution of the mean of monthly
median temperatures shows an expected behaviour. A strong seasonal cycle in phase has its coldest month
in January (UT1:~213 K, LS1:~216 K), and its warmest month in July (UT1:~221 K, LS1:~224 K).

In the next step, the time series of Figure 5.1 will be deseasonalised by subtracting the gained results
of the averaged monthly medians. This application sets the distribution relative to its monthly baseline

according to Equation 5.2, to enable an easier analysis of possible temporal drifts or shifts.

TpT4j = TpT4j — 55 (5.2)

(y: number of month, 7": length of the timescale, i.e. 12 months, x: monthly median in year k£ + 1 of the
parameter, §;: average of the monthly median, and Z: deseasonalised month of the parameter)

Figure 5.3 indicates that there is no significant shift or continuous drift observable for all variables and
atmospheric layers. Smaller variations in the mean values are superimposed by the high monthly variability.
Even though the first few years indicate too strong variabilities in the humidity and HoO VMR which can
not be explained by natural reasons, the approach of investigating the interannual variability could provide
further improvements of knowledge.

More in-depth analyses of MOZAIC water vapour time series could prove this result of a non-detectable
change, like it is also seen elsewhere [IPCC, 2013]. A necessary requirement for an extended study will
be an additional improvement of the MOZAIC data, which is already in a good condition, by the so called
In-Flight Calibration method (IFC method by Smit et al. [2008]), and an expansion to more than two-
decades data set with the IAGOS data. The application of the IFC method is under development and will

basically result in a reduction of the variation by cancellation of the internal instrumentation calibration
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offset for every single flight. Nonetheless, due to the fact that the sign of the internal calibration offset drift

is stochastically distributed, no changes in the mean results of the climatologies are expected.
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Figure 5.3: Deseasonalised time series of RHj., HoO VMR, temperature, and number of events for the

highest upper tropospheric layer (UT1, blue) and the lowest lowermost stratospheric layer (LS1, red).

5.3 Transport Processes and Pathways

Previous sections showed seasonal cycles and variations in HoO VMR in both layers around the tropopause.
This raises the question which transport processes and pathways allow especially the transport of H,O VMR
across the natural transport barrier, the tropopause, into the lowermost stratosphere. This question, however,
is also the subject of other studies with different approaches. Duhnke et al. [1998] investigated upper
tropospheric water vapour in the coordinate system of the north Polar jet stream and found a downward
transport of dry stratospheric air through the tropopause on the cyclonic side and an upward transport of
high water vapour mixing ratio into the stratosphere on the anticyclonic side of the jet stream. Zahn et al.
[2014] subdivided the studies on HyO budgets in the UTLS which are mainly summarised in Gettelman
et al. [2011], into three categories: (1) the process studies which investigate the meteorological conditions
and pathways for transfer events (e.g. Pan et al. [2007]); (2) event studies, especially the convective events
which are considered as main driver for water vapour injection into the stratosphere (e.g. Anderson et al.
[2012]); and (3) background studies which focus on large-scale distributions and budgets (e.g. Hoor et al.
[2010], Luo et al. [2008], Ploeger et al. [2013]).

All of the mentioned investigations improved the knowledge on their topic significantly. However, all of
them have their very own restrictions, e.g. aircraft campaigns are restricted on periodicity and horizontal

resolution, balloon soundings present vertical information only over a certain station, or satellite measure-
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ments are limited in the vertical resolution. Also this work started with an investigation on the large-scale
distribution and budget analysis. But with the long-term, and high frequency of observations, high spatial
resolution, as well as with the knowledge about the restriction to extratropical UTLS and sensor limita-
tions in the deeper lower stratosphere, control processes and locations of pathways are investigated with the
MOZAIC data set in the following which result in the determined HO distributions and budgets.

To identify the season of interest, where the transport of HbO VMR into the stratosphere mainly occurs,
thousands of MOZAIC flights in the North Atlantic flight corridor are processed to mean monthly median
H>0 VMR vertical profiles. Similar to to the study by Zahn et al. [2014], the vertical profiles are scaled
relative to the thermal tropopause in the unit of km, where the altitudes of the aircraft and thermal tropopause
are calculated according to the barometric height formula [Berberan-Santos et al., 1997]:

-z
~ - lad 5.3
p(z) = po - exp <H0> (5.3)
with z the actual height, p(z) the current pressure of the aircraft or thermal tropopause, respectively,

po = 1013.25 hPa the sea surface pressure, and the scale height Hy, = 8.5 km.
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Figure 5.4: Seasonal variation of the mean monthly median H,O VMR (in ppmv) in distance relative to the
thermal tropopause height Azrpy. On the left (see Zahn et al. [2014], courtesy of American Geophysical
Union), all IAGOS-CARIBIC H5O data are collected north of 35°N and above the 280 hPa pressure level
between May 2005 and May 2013. On the right, all MOZAIC H5O data are collected in the North Atlantic
flight corridor, between January 2000 and December 2008, and below the ambient temperature of -40°C to
avoid contamination through supercooled liquid droplets. The variation of HoO VMR over several orders

of magnitude requires a nonlinear colour coding.

Figure 5.4 shows the seasonal variation of the mean monthly median HoO VMR in distance to the ther-
mal tropopause Azrpy of the IAGOS-CARIBIC data set (309 flights in 8 years in northern mid-latitudes;
Zahn et al. [2014]) on the left and of the MOZAIC data set (approx. 10° flights in 9 years in the North
Atlantic flight corridor) on the right. It is obvious by the high stratospheric values above the ~5 ppmv back-

ground [Hegglin et al., 2009] that the MOZAIC Capacitive Hygrometer has its accuracy limitations when
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measuring HoO VMR at least 2 km above the thermal tropopause. Nevertheless, the long-term, continuous,
homogeneous, and dense data set ensures a high statistical representativeness around the tropopause.

In both approaches, IAGOS-CARIBIC and MOZAIC, the upper troposphere is found to be moister dur-
ing summer months than during winter months, what can be also observed up to the lowermost stratosphere.
The amount of HoO VMR in winter and spring months can be explained by the seasonal cycle of temper-
ature in the UTLS. Thus, it adjusts high relative humidity in the upper troposphere (Figure 5.5 on the left)
and a strong vertical gradient in the temperature relative to the layer in the vicinity of the tropopause height
(TPH) (Figure 5.5 on the right) for both layers, UT and LS, respectively. It implies a downward regulation
of HoO VMR according to the Clausius Clapeyron relation with additional strong stability (UT: more than
7 K at 3 km to the TPH, and LS: more than 14 K at 4 km to the TPH) to neglect vertical transport into the
LS.

Summer and parts of fall months, in contrast, show vertical HoO VMR profiles which can not be fully
explained by the seasonal cycle of the temperature. More or less constant RH;.. conditions with 70 - 80%
in the upper troposphere between May and October, and a seasonal cycle in the temperature (see Fig. 5.2)
with the highest temperature in July suggest an additional process to regulate the HoO VMR in the UTLS.
Reduced stability in the UT (ATemp ~ 5 K at 3 km to the TPH) and in the LS (ATemp ~ 11 K at 4 km
to the TPH) let assume a mixing of humid tropospheric air masses into the lowermost stratosphere with

H50 VMR values of up to 50 ppmv.
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Figure 5.5: Seasonal variation of the mean monthly median RH;.. (left; in %) and vertical temperature
difference to the tropopause layer temperature ATemp (right; in K) in distance relative to the thermal
tropopause height Azrpy. All MOZAIC RHje, and temperature data are collected as it was in Figure 5.4.
The different variation range in UT and LS requires a nonlinear colour coding. Thin lines with numbers
representing the sample statistics in hours per month, whereas the monthly sum varies between 200 hours

in December and 330 hours in July.

It has to be mentioned that a flight more than 3 km above the thermal tropopause is highly dependent on

the large-scale dynamics, especially for the increased summer tropopause heights. This behaviour reduces
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the sample statistics in the extremes, i.e. the highest lowermost stratospheric heights is less frequently
probed in summer with less than 1 hour of measurements per month than in winter with more than 5 hours.
Similar is true for the lowest upper tropospheric heights where winter is less frequently probed with less
than 5 hours of measurements per month than summer with more than 10 sample hours.

Gettelman et al. [2011] described in the review about extratropical upper troposphere and lower strato-
sphere, that the North Atlantic is one of the preferred regions for stratosphere-troposphere exchange. The
drivers for in-mixing in the first 2 - 3 km above the tropopause are mainly shallow, fast two-way cross-
tropopause mixing (active around the year), quasi-isentropic in-mixing from the tropical tropopause layer
around the subtropical jet (active in summer and early autumn), and localized sporadic deep convection
(active mainly in summer). Thus, the MOZAIC data set also observes seasons of air mass exchange, it is
used in the following section to identify and to confirm the UTLS water vapour pathways over the North

Atlantic.

5.3.1 Identification of UTLS Water Vapour Transport Pathways

After the preferred seasons for in-mixing of tropospheric water vapour into the lowermost stratosphere have
been identified, the locations of pathways for the vertical in-mixing will be determined in this section. To
identify the transport pathway for water vapour from the UT into the LS, the potential temperature (Theta)
and the potential vorticity (PV)-based Equivalent latitude [Butchart and Remsberg, 1986] are used as a tool
for describing the latitudinal distribution of HoO VMR and RHj, relative to the tropopause.

Before the results are presented, a short introduction of the coordinate transformation is necessary. The
vertical motion of gaseous or liquid air parcels can be described in a good approximation by adiabatic
changes. Thus, atmospheric air parcels are moving in the first approximation on surfaces with equal poten-
tial temperature (Theta). These surfaces are called isentropes.

If we try to investigate UTLS exchange processes in the mid-latitudes with the goal to assign them to
distinct geometric regions (i.e. latitude, longitude, and altitude), this would inevitably lead to mixtures
of different atmospheric air mass types, e.g. in the vicinity of the jetstream [Duhnke et al., 1998]. This
jetstream can be associated with the tropopause on that height. As it is known, the jetstream flows in
meanders due to Rossby waves and as consequence, the ’border” between troposphere and stratosphere also
shows zonal asymmetries. The sketch in Figure 5.6 by Hegglin et al. [2006] describes the homogenisation
of air masses on a given isentrope. The grey area can be assumed as stratospheric air masses and the contour
line of this grey area as the jetstream or dynamical tropopause with the potential vorticity PV =2 PVU. The
chemical and dynamical fingerprint of the grey, separately circled area, e.g. a cut off low, belongs to the
stratospheric surface but would be considered to the analysis as tropospheric air masses on a conventional
latitudinal scale.

The new coordinate system shifts all air parcels with the same potential vorticity on the same potential
temperature to the same equivalent latitude for all longitudes, i.e. to its origin based on the timescale of

adiabatic processes regardless of their meridional displacement. To do that, the total surface area of the grey
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stratospheric air masses is calculated and the radius (= Equivalent latitude, red contour line in Figure 5.6)
of the idealised circle centred around the pole is determined.

The calculation is conducted according to the formula

¢e(PV;,0;) =sin™! (1 — W) , (5.4)
where ¢.(PV;, ;) is the Equivalent latitude for a given PV-value PV on a given isentrope 6, and R is the
Earth’s radius. The surface area A of the idealised circle, which is centred around the pole, is based on the
area covered by PV-values greater and equal PV; on the given isentrope [Pan et al., 2012].

It has to be mentioned that the approximation of fully adiabatic changes is mostly met by the stratosphere,
but there are concerns in the representation of the troposphere, e.g. during cloud formation processes. Thus,
the potential temperature (Theta) and Equivalent latitude coordinates do not represent UT and LS equally.

Nevertheless, changes in the chemical composition for stratospheric air masses can be traced to in-mixing

processes.

Equivalent
2\ latitude

Equator

Figure 5.6: Illustration by Hegglin et al. [2006, courtesy of European Geosciences Union] describing the
coordinate transformation on a given isentrope. The PV-contour surrounds a grey area with even higher
PV-values. The sum of the grey surfaces is transformed to the idealised circle centred around the pole with
radius of the Equivalent latitude (red hatched area). All dynamically equal air parcels (PV-contour) on the

given isentrope are thereby shifted to the equal latitude, regardless of the longitude.

For this purpose, the available ECMWF ERA-Interim meteorological fields are used. These reanalysis
data assimilate measurements, based on the Integrated Forecast System (IFS) in the available release Cy3112
[Dee et al., 2011, Simmons et al., 2014]. Furthermore, the ERA-Interim data have a time interval of 6 h with
a horizontal resolution of 1°x1° in longitude/latitude (T255L60). In a further step, the data are interpolated
linearly in latitude, longitude, atmospheric pressure, and time to the aircraft location to obtain amongst other
things the potential vorticity. Beforehand determined equivalent latitude lookup tables in a 24 h resolution
are further used to obtain the new latitudinal coordinate in dependency of the current potential vorticity and
potential temperature.

The results presenting the seasonally grouped measurements of O3, RH;.., HoO VMR, and temperature
will be plotted in the potential temperature (Theta) — equivalent latitude coordinate system. For all distri-

butions shown below, the mean of the data was calculated, which is restricted to the North Atlantic flight
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corridor (30 - 60°N, 5 - 65°W at flight altitudes less than 280 hPa) and further binned on a 2.5° equivalent
latitude / 2.5 K potential temperature grid.

As a kind of evaluation of the coordinate transformation and to demonstrate the power of this technique,
the MOZAIC ozone distribution will be analysed. Given the fact that ozone is mainly produced in the
tropical stratosphere and has a lifetime in the mid-latitudinal lower stratosphere of about 1 year [Solomon
et al., 1985], ozone can be considered as a passive tracer in the lowermost stratosphere. Figure 5.7 shows
that the ozone isopleths (colour bar) follow the PV contour lines (black lines) all year round. This coherence
is pronounced strongly in spring and fall seasons, when the ozone isopleth still follows the PV contour of
1 PVU.

The highest LS ozone values of more than 600 ppbv are observed in the higher latitudes (above 40°N)
and upper part (above 345 K) of the lowermost stratosphere in spring which confirms and extends the results
of Engel et al. [2006]. A reasonable explanation is given by the increased diabatic downward transport of
an enhanced Brewer-Dobson circulation [Sprenger and Wernli, 2003] beginning in late winter, strengthen
in spring, and finally weakening in summer. Strongest impact of tropospheric ozone (isopleths below
120 ppbv; Thouret et al. [2006]) is visible between 50° and 60°N, and at about 325 K in summer and
fall. Sawa et al. [2008] explained the tropospheric ozone in the lower stratosphere with fast meridional
transport on isentropic surfaces around the subtropical tropopause in summer, while Grise et al. [2010] sup-
ports that assumption by finding a poorly defined static stability, i.e. poorly defined tropopause inversion
layer, near the southern edge of the North Atlantic flight corridor.

The highest upper tropospheric ozone values are observed in summer when the increased photochemistry
and frequent stratosphere-troposphere exchanges processes occur [Cooper et al., 2005], such as Rossby
wave breaking.

Winter season in contrast, shows a significantly stronger PV-gradient in the stratosphere due to the in-
fluence of the Brewer-Dobson circulation [Sawa et al., 2008] which leads to suppression of stratosphere-
troposphere exchange with resulting ozone values below 60 ppbv.

After describing the principle motion of air parcels with the tracer ozone, the focus is on the distributions
of the short-living variables HoO VMR and RHj... The later one is shown in Figure 5.8(a) with a principle
behaviour for all seasons: RH;, isopleths are following the isentropes in the UT and above 350 K in both
spheres. But by entering the lowermost stratosphere the relative humidity distribution is tilted and follows
the PV contour lines with exception of summer when a quasi isentropic transport can be seen in the area of
50°N and below 350 K.

As previously shown in Figure 5.5(a) the upper troposphere has no significant minimum and its seasonal
maximum relative humidity in winter when saturation is most likely in the complete UT pattern. The region
where RH;,, close to saturation enters the stratosphere is located between 30° and 40°N. Moreover, upper
tropospheric humidity in the tropical tropopause layer (TTL; Fueglistaler et al. [2009]), i.e. above 350 K and
below 25°N, is very dry with RH;., below 0.3. Here, diabatic effects seem to be the regulating mechanisms

since ozone VMR stays in tropospheric dimensions.
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Figure 5.7: Potential temperature (Theta) — Equivalent latitude plot of all data collected above the 280 hPa
pressure level and polewards from 30°N over the North Atlantic, differentiated by season. Colour coding:
median of seasonal median ozone VMR (colour bar). Black lines with numbers: mean potential vorticity
(PV in PVU) isocontour lines (isopleths) during sampling. The dynamical tropopause PV threshold values
(2 and 3 PVU) are highlighted by the bold black lines.

The amount of HoO VMR (see Fig. 5.8(b)) above the dynamical tropopause (2 - 3 PVU) is dependent
on the influence by the Brewer-Dobson circulation. With increasing influence in winter and during its
maximum expression in spring, tropospheric-stratospheric exchange is suppressed and the amount of water
vapour is restricted by the dehydration at the Lagrangian Dry Point in the TTL [Fueglistaler et al., 2005,
Liu et al., 2010]. However, in principle the LS water vapour follows the PV isopleths with weak in-mixing
detected in the nearest environment of the tropopause region with strongest effect at 320 K and 40 - 60°N
throughout the year (see also Zahn et al. [2014]).

Especially noticeable is the transport pattern in summer when the moister UT air masses perform a
quasi isentropic transport towards the pole into the deeper LS (PV ~7 PVU) by reaching up to 60 ppmv
H>0 VMR at 325 K and 80°N. This summer troposphere-stratosphere-transport confirms the result by,
e.g. Spang et al. [2015] who analysed water vapour observations of the Cryogenic Infrared Spectrometers
and Telescopes for the Atmosphere (CRISTA) satellite instrument. Therein they found indications for
considerable isentropic flux of moister air at approx. 350 K from the UT into the extratropical lowermost
stratosphere. They also concluded that the process is triggered by Rossby wave breaking events in the

northern hemispheric subtropical jet region.
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Figure 5.8: Potential temperature (Theta) — Equivalent latitude plot as in Figure 5.7. Colour coding: median
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Through the fact that with assuming local transport of saturated air mass into the extratropical lowermost
stratosphere, the dehydration approach with the significant warmer tropopause region (see Fig. 5.9) yields

the observed amount of H,O VMR.
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Figure 5.9: Similar to Figure 5.7, but with median of seasonal median temperature (colour bar) as colour

coding.

5.4 Conclusions

The previous Chapter 4 presented the average state of seven atmospheric layers centred around the tropo-
pause in the North Atlantic flight corridor for the three humidity dependent variables temperature, water
vapour VMR, and relative humidity in the timescales of mean seasons and overall mean. In this chapter the
time resolution is increased to monthly distributions for the first layer above and below the tropopause layer
to analyse the evolution of the distributions.

After the time series of RH;, revealed a stochastic variability in the median monthly distribution without
any dependence to the annual cycle for both layers, temperature and HoO VMR distribution showed a clear
seasonal cycle which is in phase for both layers. To deseasonalyse the time series the monthly mean values
over the 15 years have been extracted. The relative humidity monthly distribution confirmed the observation
of a more or less constant state (RHjce =~ 90% in the UT, RHj.e ~ 20% in the LS) with high variability
(ARHj¢e = 10% in the UT, ARH;., =~ 8% in the LS). Monthly temperature and moister distributions also
confirm the annual cycle with the warmest month in July with the highest HoO VMR in August, and the
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coldest month with the fewest HoO VMR in January. It appears that the applied deseasonalisation could not
offer any trend which is enhanced by the high monthly variabilities of, e.g. up to 50% in RH;... This high
variability in the stratosphere will be slightly reduced in the future, when the adapted In-Flight Correction
based on Smit et al. [2008] is applied, but nevertheless, the vertical transport in the troposphere is the main
driver for the discontinuity.

These transport processes and pathways in the upper troposphere and between troposphere and strato-
sphere were in the focus of the following studies. In the winter months, a regulation of the humidity and
moister by the temperature is expected according to the Clausius Clapeyron equation because the strong
vertical temperature gradients in the UT implies a high stability and with that a reduced possibility of ver-
tical motion. This assumption is supported by the lowest upper tropospheric HoO VMR values and RH;,
values around saturation.

Weakened vertical temperature gradient in summer in the UT in addition with highest HoO VMR which
also intrusions the lowermost stratosphere let assume strong vertical transport with overshooting into the
stratosphere. Due to RH;., values clearly below saturation neglects the assumption of convective intrusion
into the stratosphere and needs further investigations to describe the observed troposphere-stratosphere
exchange.

To do so, a coordinate transformation is conducted from geographic to equivalent latitude according to
Butchart and Remsberg [1986]. The possibility of the equivalent latitude and potential temperature coor-
dinate system is that it can be regarded as tropopause-following since it follows the meridional excursions
of PV-contours induced by Rossby and smaller scale waves. Trace gas mixing ratios, which are displayed
in this coordinate system, therefore appear according to their distance to the local tropopause on a given
isentropic surface, which therefore reduces the scatter obtained in a geometric non-tropopause-following
coordinate system.

Results for RH;., show a principle behaviour for all four seasons. RH;.. isopleths are following the
isentropes in the UT and above 350 K in the UTLS. By entering the lowermost stratosphere the relative
humidity distribution is tilted and follows the PV contour lines with the exception of summer (JJA) when a
quasi isentropic transport can be seen near S0°N and below 350 K.

While ozone and H,O VMR distributions in winter (DJF) indicate a strict separation of troposphere and
stratosphere due to the greatest influence of the Brewer-Dobson circulation which suppresses exchanges
with subsided deep stratospheric air masses (ozone VMR above 600 ppbv), this separation weakens with
weakened influence of the Brewer-Dobson circulation. In principle, shallow mixing of air masses is recog-
nised throughout the year in the surrounding of the tropopause. Especially noticeable is the summer season
when moister UT air masses perform isentropic transport towards the pole into the LS which might be

triggered by Rossby wave breaking events in the northern hemispheric subtropical jet region.



CHAPTER 6

ICE SUPERSATURATED REGIONS AND CIRRUS
CLOUDS

6.1 Introduction

The IPCC Report 2013 stated that the radiative impact of cirrus clouds is one of the largest sources of
uncertainty in the Earths energy balance, and even fundamental details of ice cloud processes are still
poorly understood. Model studies demonstrate that the magnitude of the net effect depend significant on
microphysical properties of ice crystals [Wendisch et al., 2005, 2007], and ice supersaturation in clouds
[Fusina et al., 2007, Gettelman et al., 2012, IPCC, 2013]. Even the sign of the net effect of natural cirrus
is uncertain, although Chen et al. [2000] assume a net warming effect. Besides its close link to cirrus
formation and lifecycle, understanding the processes which control the distribution of water vapour is of
high relevance for predicting future climate [Miiller et al., 2016, Riese et al., 2012]. Upper tropospheric
humidity is also relevant for the formation of aviation-induced cirrus, which form in ice supersaturated
regions [Irvine and Shine, 2015].

One particular focus of current research on cirrus concerns the distribution of relative humidity with
respect to ice (RH;¢e) in clear sky and in cirrus clouds since ice supersaturation (RHjce > 100%) is the
relevant requirement for ice nucleation (homogeneous, heterogeneous; Koop et al. [2000], Kramer et al.

[2016]) and further cloud evolution.
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6.2 Ice Supersaturated Regions

As measurements in the UTLS show, air masses with RH;.. exceeding 100%, so-called ice supersatu-
rated regions (ISSR, see, e.g. Gierens et al. [1999]), occur quite frequently in the tropopause region (e.g.
Helten et al. [1998], Lamquin et al. [2012], Zoger et al. [1999]) with sharp temperature changes [Birner
et al., 2002], and preferably in regions with upwind and divergent airflow [Gierens and Brinkop, 2012].
Spichtinger et al. [2003b] used satellite measurements from the Microwave Limb Sounder (MLS) and
showed very low ISSR occurrence frequencies with 2 - 3% at 215 hPa. However, with the reduced de-
tection sensitivity by a factor of 0.2, explained with the limited vertical resolution (~3 km) and the inte-
gration along the line of sight (~200 km), the results matched the occurrence frequency of 11 - 15% in
northern mid-latitudes by Gierens et al. [2000]. More recent research by Lamquin et al. [2012] used data
from the newer satellite instrument AIRS (Atmospheric Infrared Sounder) and obtained significantly larger
frequencies near the mid-latitude tropopause region of 20 - 30%. They also found indications for ISSR in
the mid-latitudes zonal mean tropopause region itself and above with occurrence frequencies of 10 - 20%.

Spichtinger and Leschner [2016] determined the properties of ISSRs by evaluating global MOZAIC
data between 1995 to 1999 and found a typical ISSR pathlength of 150 km with smaller ISSRs in the
tropics. They also stated a strong seasonal cycle with most extratropical ISSRs in summer, and a shift in
the seasonal cycle between troposphere and the tropopause region. The reported high variability of RH;¢e
could be explained by simulating vertical upward motion and adiabatic processes.

In the following, the extension of the MOZAIC data set to the years 1995 to 2009 improves the robust-
ness of the evaluation of the ISSRs in the North Atlantic flight corridor with the restrictions introduced
in Section 5.2. During this evaluation, a similar but, nevertheless, quantitative difference in the vertical
distribution of the seasonal fraction of ISSR develops depending on the tropopause definition (Figure 6.1
and Table 6.2). The median seasonal fraction of ISSR in the upper troposphere increases with height from
29 to 34% for the thermal tropopause criteria. Using the dynamical tropopause approach results in a en-
hancement of 6% in each layer. Also the high seasonal variability of about 10% in the troposphere is
covered by both approaches and is highest (12 and 14%, respectively) in the lowest tropospheric layer.
With a deviation of 11% in the seasonal fraction, the tropopause layer shows the largest difference between

the thermal (20%) and dynamical (31%) tropopause.

Table 6.1: Mean and standard deviation of seasonal fraction of ice supersaturated regions (ISSR) for the

seven vertical layers distributed around the thermal (top row) and dynamical (bottom row) tropopause.

p - p(TPH) [hPa] -90 -60 -30 0 30 60 90
fraction of ISSR

0.0+0.1 0.1£0.3 1.54+1.1 20.0£6.5 33.949.0 314492 29.1+12.1
(therm. TPH) [%]
fraction of ISSR

0.2+0.5 0.7+1.1 84444 30.74£94 39.9+10.0 37.7£10.7 35.5£14.2

(dyn. TPH) [%]
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Whereas the lowermost stratospheric fractions of ISSR are statistically insignificant (less than 2% with
a maximum variability of 1%) for the thermal tropopause, the dynamical approach shows the most promi-
nent deviation with a significant seasonal fraction of 8% ISSR in the first LS layer (30 & 15 hPa above the
dynamical tropopause). Both results are comparable with those from regular balloon launches over Lin-
denberg, Germany (52.22°N, 14.12°E) with 6.2% relative occurrence [Spichtinger et al., 2003a] and 2%
relative occurrence for northern mid-latitudes from an earlier part MOZAIC measurements by Gierens et al.

[1999].
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Figure 6.1: Box and whisker plot [1, 25, 50, 75, and 99 percentile] for seasonal fraction of ice supersaturated
regions (ISSR) for the seven vertical layers distributed around the thermal (left panel) and dynamical (right

panel) tropopause in the North Atlantic flight corridor. Statistical values can be read in Table 6.2.

The properties of ISSRs, the comparison between ISSR (box and whisker plots) and non-ISSR (thin red
lines) air masses as well as the comparison between the results received with the thermal (left panel) and
dynamical (right panel) tropopause definitions are presented in Figure 6.2. In general, ice supersaturated
regions are colder than their subsaturated counterparts. The difference is low in the UT with approx. 1 -2 K
what is comparable with the 2 K at 215 hPa by MLS satellite measurements [Spichtinger et al., 2003b],
and increases in the stratosphere to ~5 K. The 3 - 4 K colder tropospheric ISSRs reported by Gierens et al.
[1999] are comparable with the temperature difference in the 30 hPa thick tropopause layer.

The vertical ozone VMR distribution reveals a major discrepancy between both tropopause definitions.
While the vertical distributions show similar behaviour in the troposphere and the tropopause layer with
less than 20 ppbv fewer ozone VMR in ISSR than in the non-ISSR, the stratospheric ozone VMR increases
to stratospheric values (>300 ppbv) for the thermal tropopause criteria which is in contrast to the rather
tropospheric ozone VMR of about 120 ppbv for the dynamical approach.

Figure 6.2 also shows a similar behaviour for the HoO VMR vertical distribution for ISSR and non-ISSR
data with exponentially decreasing humidity until the tropopause layer. However, while it further decreases
for the non-ISSRs, the water vapour VMR increases with height to tropospheric values of about 10 ppmv

in ISSRs. The increase of H,O VMR in the upper tropospheric ISSR is comparable with the results of the
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MLS measurements by the factor of 3, while Gierens et al. [1999] reported of only 50% more moister in

their ISSRs compared to non-ISSRs.

& ©
S O

&
S

w
o

p-p(therm. TPH) [hPa]
3 )

[{e]
o

210 215 220 225 230 210 215 220 225 230

p-p(therm. TPH) [hPa]
o

30+

60

90 -

0 100 200 300 400 500 0 100 200 300 400 500
ozone VMR [ppbv] ozone VMR [ppbv]

-90 -90 |
© —_

60 f -60 |
g
=-30 ¢ —~-30}
I —
i a
oo = 0
E S,
;GE) 30+ T 30|
= Q.
T 60 & 60/
(o

90 - 90"

1000
HZO VMR [ppmv] HZO VMR [ppmv]

Figure 6.2: Vertical distribution of temperature, ozone VMR, and H,O VMR (top-down) for ice supersatu-
rated regions (ISSR) relative to the thermal (left panel) or dynamical (right panel) tropopause, respectively.
The box and whisker plots represent the median of seasonal percentiles [1, 25, 50, 75, and 99]. For di-
rect comparison to the non-ISSR distributions, the red lines show the according median (solid line) and
25" 1 75" percentiles (dashed lines) of the non-ISSR data. The black vertical line in the ozone distribu-

tions represents the 120 ppbv threshold value for the chemical tropopause by Thouret et al. [2006].
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The result of colder, moister ISSR air masses with less ozone VMR indicates that uplifting is an impor-
tant source for supersaturation in the upper troposphere. Nevertheless, the cold temperatures for ISSR could
also be explained with an increased probability to measure ISSR in winter where the coldest temperatures
are observed (Figure 5.2 in Chapter 5).

Besides the different properties of ISSR and non-ISSR air masses, the interannual variation of ISSR
occurrence is of scientific interest to assume the amount of cirrus cloud coverage. It has to be mentioned,
that there is no direct measurement for a cloud index in the MOZAIC data set, which yields in humidity
statistics containing signatures of cloudy and clear sky air masses. However, since ice supersaturation can
be assumed as an indicator for cirrus cloud occurrence [Ovarlez et al., 2002, Spichtinger et al., 2004],
Figure 6.3 is used to present the monthly probability of upper tropospheric ISSR and cirrus occurrence in
the North Atlantic flight corridor, respectively. When following the black and bold ice saturation contour
line (RH;¢e = 100%), the high monthly variability in the RH;.e distribution (Figure 6.3) suggests a seasonal
cycle with an increased ISSR probability, i.e. lower cumulated probability of subsaturated air masses, in
the winter months. The bulge of the months show a probability for non-ISSR of 50 - 80% and thus, a
monthly probability for cirrus clouds of 20 - 50%. These values for possible cirrus cloud occurrence are
in accordance to the climatologies of high cloud amounts offered by satellite records [Sassen et al., 2008,

Stubenrauch et al., 2010].
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Figure 6.3: Time series of RH;., cumulative probability for the highest upper tropospheric layer (UT1) in
the North Atlantic flight corridor. The green line serves as a guide for the monthly median (cumulative
probability = 0.5) and the black line is the RH;¢, saturation contour. The noticeable peak in winter 2002 is

due to too few measurements which is represented with the number of data time series in the top panel.

A completely new approach to separate the observed humidity measurements into in-cloud and clear sky
data is possible in the MOZAIC successor IAGOS with the first installation of a cloud index measurement

instrument in 2011. The following section serves as example for the power of such additional information
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for humidity studies in the UTLS with a case study based on the first available 15 months of a combined

data set with humidity and ice crystal number concentrations.

6.3 Humidity Distribution inside and outside of Cirrus Clouds

This section is partly based on the manuscript “Upper tropospheric water vapour and its interaction with
cirrus clouds as seen from IAGOS long-term routine in-situ observations” by A. Petzold, M. Krimer, P.
Neis, C. Rolf, S. Rohs, F. Berkes, H. G. J. Smit, M. Gallagher, K. Beswick, G. Lloyd, D. Baumgardner, P.
Spichtinger, P. Nédélec, V. Ebert, B. Buchholz, M. Riese, and A. Wahner, published in Faraday Discussions
as Petzold et al. [2017].

The link between ice supersaturation and cirrus clouds is an important topic in the research to understand
and to simulate the lifecycle and properties of ice water clouds. Lamquin et al. [2012] postulated, for
example, that cirrus clouds form where ice supersaturation takes place by evaluating a combined data set
of humidity measurements, i.e. MOZAIC in-situ and AIRS remote sensing measurements, and CALIOP
satellite cirrus cloud measurements. Spichtinger et al. [2004] analysed on a statistically basis the relative
humidity distributions in clear sky and in-cloud with the result of nearly symmetric humidity distributions
in relatively warm cirrus (warmer than -40°C) and skewed to higher humidities in colder clouds.

With the integration of the Backscatter Cloud Probe (BCP; Beswick et al. [2014, 2015]) into the IA-
GOS instrumentation in 2011 and the in-depth evaluation of the IAGOS Capacitive Hygrometer (ICH; see
Chapter 3), a unique global-scale data set of distinguishable observations between in-cloud and clear sky
measurements is developing.

In extension to the previously conducted analysis which used MOZAIC measurements in the North
Atlantic flight corridor between 1995 and 2009, the analysis of the RHjce - Nj¢e (ice crystal number con-
centration) observations uses the first available 15 months of IAGOS-CORE measurements from July 2014
to October 2015.

Both sensors measure directly in the air passing by outside the aircraft skin. The optical particle spec-
trometer BCP detects the light scattered in a backward cone by individual hydrometeors of particle sizse
ranging from 5 to 75 pum in diameter that pass through the centre of focus of a 650 nm wavelength beam
generated by a diode laser. The fraction of light that is scattered backward is collected by a set of lenses,
whereas the detected light pulses serve as count signals for cloud particles passing through the laser sam-
pling area. With the true air speed of the aircraft the cloud particle number concentration is then calculated.
Samples with Nj.. > 0.015 cm™2 are categorised as “in-cloud” or cirrus, respectively, whereas samples
below 0.01 cm~? are categorised as cloud-free observations. The samples within these categories are inde-
terminate events and can not be clearly assigned to a category because of their high sampling uncertainty
of more than 50% [Beswick et al., 2015].

The data, which are selected for this study data are based on a set of criteria which ensure the focus of

possible cirrus cloud analysis in the upper troposphere. For that, the pressure is limited to (1) p < 350 hPa
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to limit data to cruise altitude above 8.1 km at standard atmosphere conditions; (2) the maximum ambient
temperature is 233 K due to the temperature threshold for spontaneous freezing of water droplets to exclude
data during coexistence of supercooled liquid water droplets; and (3) the minimum sensor temperature is
233 K according to the minimum ICH sensor calibration temperature (see Chapter 2). To restrict the data
to the upper troposphere, the thermal tropopause pressure based on the WMO definition [WMO, 1957] is
extracted for the flight track from the 6-hourly output from the ECMWF ERA-Interim Reanalysis according
to Kunz et al. [2014].

Since humidity sensors were partially operated significantly longer than the planned exchange after
two months, a baseline shift in the sensors offset was observed. The humidity measurements have been
corrected with a modified In-Flight Calibration (IFC) method based on the published method by Smit et al.
[2008]. A detailed description of the applied method to correct the humidity data can be read in Chapter 1.4.

Applying this IFC method on the 2014/2015 data, however, requires an evaluation against the MOZAIC
data set from 2000 to 2009 (Figure 6.4). This comparison of the RH;.. probability distribution functions
(PDF) shows that the two years of JAGOS data fit well into the range of the MOZAIC data set from
2000 to 2009. Deviations and the spread in the MOZAIC envelope can be explained with the variable
annual amount of stratospheric flights. Nevertheless, the dry peak at 5% RH;.. and the turning point at

about 105 - 110% RHj, is detectable in all distributions which indicates the successful offset correction.
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Figure 6.4: Probability density function of RH;.. values for the IAGOS data sets collected in 2014 and
2015. The grey shaded area represents the value range covered by the MOZAIC data between 2000 and
2009.

The global set of IAGOS RHj., - Nj.. data obtained in the upper troposphere between July 2014 and
October 2015 is shown in Figure 6.5(a) as PDF of observations, normalised to the complete data set of

6939 hours of sampling at p < 350 hPa in clear sky and in-cloud.
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Figure 6.5: (a) Data collected with ICH and BCP; the data set of 6939 hours of sampling is limited to the
upper troposphere; boxes indicate regions with sufficient data coverage for detailed analyses. (b) Annual

mean of global-scale cirrus cloud coverage as observed by IAGOS aircraft.

The main flight routes of the IAGOS fleet are clearly visible. For detailed analysis, five regions were
identified with sufficient data coverage (Table 6.2), whereas the latitudinal bounds of mid-latitudes (abbre-
viated ML) and sub-tropical to tropical latitudes (abbreviated ST) are 30 to 60°N and 30°N to 30°S, similar
to former studies, e.g. Beswick et al. [2015], Spichtinger et al. [2003b].

The annually averaged global distribution of cirrus cloud observations by IAGOS aircraft is presented
in Figure 6.5(b), where the global patterns correspond to features reported from annually averaged cirrus
cloud coverage data from CloudSat and CALIPSO satellites [Sassen et al., 2008]. Relating the vertical

distribution of cirrus cloud occurrence from CloudSat/CALIPSO observations to the aircraft cruise altitude
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Table 6.2: List of five regions with sufficient data coverage.

ML Atl \ ML Cont \ ML Pac

ST Atl \ ST Pac

Latitude

30-60°N

30°N-30°S

89

120-180°E
180-120°W

Longitude 100-0°W | 85-180°E

90-0°W | 0-120°E

band between 8 km and 13 km, JAGOS observations cover all cirrus occurrences at mid-latitudes, while the
hot spot of cirrus occurrence over the tropics between 12 and 18 km (Figure 6.6) is mostly outside of the
aircraft cruise altitude band. Nevertheless, the cirrus hotspots over the subtropical and tropical regions are
both reported from space-borne observations and from IAGOS in-situ observations.

The regional distribution patterns of cirrus occurrence at mid-latitudes, where altitude bands of cirrus
observations from satellites and from in-situ observations by passenger aircraft coincide, are found over
the North Atlantic between Europe and Central America and over the Northern Pacific in both data sets.
Beswick et al. [2015] showed similar global distributions in their study focused on IAGOS cloud observa-

tions.
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Figure 6.6: Annual average latitudinal dependence of identified cirrus cloud top and base heights (black
lines) determined with CloudSat/CALIPSO by Sassen et al. [2008, courtesy of American Geosciences

Union] with additional IAGOS aircraft cruise altitude pattern (blue shaded area) between 8 and 13 km.

To improve our knowledge about cirrus, the RH;. distributions for in-clouds and clear sky are investi-
gated. The resulting probability distributions (PDF) for the five different regions (Mid-latitudes: Atlantic
Ocean, Eurasian Continent, and Pacific Ocean; Subtropics and Tropics: Atlantic Ocean and Pacific Ocean)
are shown in Figure 6.7(a), where for all studied regions the most probable values of RH;, in cirrus cloud
is at ice supersaturations of 105 - 110%. Even though the ICH measurement uncertainty is 5% RHjiquiq, the

observations indicate a small amount of ice supersaturation in cirrus. The shape of the cirrus distributions
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is remarkably similar for all studied regions with only a slight deviation towards drier conditions in the
mid-latitudes continental region (Figure 6.7(c)).

Between 85% and 95% of all measurements in clear sky (Fig. 6.7(b and d)) are in the state of ice
subsaturation which is in agreement with other studies on the distribution of relative humidity in the upper
troposphere and tropopause region [Ovarlez et al., 2002, Spichtinger et al., 2002]. The shape of the clear
sky distributions is again similar for all studied regions with an exponential decay in probability for high
supersaturations, whereas there is a tendency of slightly increased probability of air masses in the mixing
state (~50% RH;..) in the ML Atlantic region. The joint behaviour of all clear sky regions is in accordance
with the results by, e.g. Gettelman et al. [2006], Gierens et al. [1999] and Spichtinger et al. [2003b].

The observed affinity for ice supersaturation in cirrus clouds, however, conflicts the reported results
of several field studies on cirrus clouds which formed the common understanding of a thermodynamic
equilibrium in cirrus clouds with the modal value of RH;.. = 100% [Diao et al., 2014, Kramer et al., 2009,
Ovarlez et al., 2002]. Nevertheless, there are also other studies which found slight supersaturations with

RHjce =100 - 110%, [e.g. Diao et al., 2015], similar to our observations.
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Figure 6.7: Probability distribution functions of RH;¢ (a, b) and cumulative probability distribution of

RHj (c, d) for the identified regions in cirrus and in clear sky.
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Table 6.3: Fraction of cirrus observations for different regimes of maximum ice cloud density Njce max-

Fraction of cirrus observations

Ice cloud density

ML Atl | ML Cont | ML Pac | ST Atl | ST Pac
Nice,max = 0.015 em™3 54% 61% 44% 41% 40%
Nice,max = 0.10 cm—3 87% 90% 81% 74% 67%
Nice,max = 1.0 em ™3 99.4% 99.4% 98.0% 97.0% | 95.0%

A possible explanation for the supersaturation in cirrus clouds is the process of continuous uplifting
of already formed clouds which results in higher dynamical equilibrium supersaturations and higher Nj
depending on the uplift velocity [Kridmer et al., 2009]. The behaviour that a persistent upward motion
in open thermodynamic systems, like it is the case for ice clouds, acts as an external forcing that causes
supersaturation, is also found from model simulations [Spichtinger and Gierens, 2009, Spichtinger, 2014].
These model simulations also see that ice clouds can stay at slight supersaturations of RHjce ~ 105 - 110%.

The RHj¢ in-situ measurements in this study could be conducted before the dynamic equilibrium is
reached, which results in relative humidity significantly higher than 105 - 110%. Heymsfield et al. [1998]
explained these events by the continuous lowering of the water vapour saturation value esat’ice(T) by
cooling of the air during uplifting which is faster than the depletion of the ambient gas phase water e
by ice crystal growth. As a result, high RHjce = €/€54¢.ice can be observed (compare to Equation 1.1 in
Chapter 1).

Despite the overall similar RH;., distributions for the five regions, Table 6.3 demonstrates the differences
in the properties of cirrus clouds. It has to be noted that the threshold value of Nj., =0.015 cm ™3 results
in a fraction between 40% (ST Pac) and 61% (ML Cont) of the observations to fall into the category of
indeterminate events and might be very thin cirrus. Besides that, thin cirrus with Njc, <0.1 cm~3 make up
the majority of observed cirrus with respective fractions of all detected ice particle number concentrations
between 90% over the mid-latitudes continent and 67% over the Pacific in the subtropics and tropics. Dense
clouds, on the other hand, are rarely observed with less than 1% in the mid-latitudes and up to 5% over the
Pacific Ocean.

In a last step, the RHj., - Njc. data set is explored for the expected relationship between higher supersat-
urations at higher uplift velocities and the resulting higher N;.. values in cirrus clouds. To ensure a higher
statistical robustness when separating into different ice crystal number regimes the following analysis is
limited to mid-latitude, subtropics and tropics observations. Thus, Figure 6.8 (respective percentiles in Ta-
ble 6.4) shows the RHj. distributions in cirrus as a function of Nj¢. for both mid-latitude and subtropical
to tropical cirrus, in which the ice crystal number concentration regimes are divided into Nj. < 0.1 cm™3,
Nice between 0.1 cm™2 and 1.0 cm™3, and Njge > 1.0 cm™3.

Cirrus clouds in the lowest Nj., regime have their relative humidity with respect to ice distributed equally
around saturation, independent of the geographic regime. RHjc in the medium N;., regime starts to

be asymmetrically distributed and is slightly supersaturated with RH;.. ~ 105 - 110%, and finally the
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Nice > 1.0 cm™3 regime show significant amounts of high ice supersaturation with values above 140%
which are not observed in the other clouds. Even the median RH;., values differ and increase with higher
Njce regimes; see Table 6.4.

As discussed previously, RH;. in cirrus with continuous uplifting tends to supersaturation, whereas the
quantity depends on the vertical velocity. For both geographic regions increased Nj.. values are associated
with enhanced RH;., values, which highlights the strong connection between ice crystal number concen-
tration and the respective RH;.. distribution. However, the N;., values above 1 cm~3 are found more
frequently in the subtropics to tropics compared to the mid-latitudes. Also the shape of the distribution
functions of RHj., for this densest type of cirrus differ significantly between mid-latitudes and the subtrop-
ics and tropics. While dense ice clouds at mid-latitudes (Fig. 6.8(a)) show regions of uplifts (bulge in the
black line when RH;j.. >100%) as well as downdrafts (bulge in the black line when RHj.e < 100%), the
same type of cirrus in the tropics and subtropics (Fig. 6.8(b)) is dominated by strong uplifts, which may
explain the observation of high N;., values. Since this kind of study requires a data set of sufficient size to

ensure statistical robustness, there are no other studies to compare with.
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Figure 6.8: Probability distribution function of RH;., for the different Nj., regimes (unit is cm™3 ) at

mid-latitudes (a) and subtropics to tropics (b); same for the cumulative distribution functions in (c) and (d).
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Table 6.4: Percentiles of the RH;, distributions for the different regimes of cloud density.

Mid-latitudes Subtropics / Tropics
Nice No. of 45 perc. Median 55 perc. No. of 45 perc. Median 55 perc.
[em—?] data  [% RHic.] [% RHicel [% RHi..] data [% RHi.c] [% RHicel [% RHiccl
< 0.1 65616 102.4 104.1 105.9 83812 96.6 98.3 100.1
0.1-1.0 || 33529 104.9 106.3 107.8 83721 100.2 101.8 103.4
> 1.0 3555 106.0 107.5 109.0 17175 104.6 106.3 107.9

The possible contamination of the RH;.. distribution by contrails especially in the highly frequented

flight routes over the North Atlantic can neither be validated nor invalidated with the available data.

6.4 Conclusions

Understanding the distribution and occurrence of ice supersaturated regions (ISSR) in the UTLS is of high
relevance due to its close link to cirrus formation and lifecycle. While ice supersaturation is the relevant
requirement for ice nucleation, the humidity distribution in cirrus clouds controls the further evolution.
Increasing our knowledge about humidity distribution in clear sky and in cirrus would therefore decrease
one of the largest uncertainties in the Earths energy balance: the radiative impact of cirrus clouds.

In this chapter the fraction of ISSR in seven vertical layers centred around the tropopause from ob-
servations gained with in-situ aircraft measurements in the MOZAIC programme in the North Atlantic
flight corridor is studied. Within 15 years a representative distribution of this fraction is presented in de-
tail, whereas the absolute quantity is dependent of the chosen tropopause criteria, and thus, the dynamical
tropopause definition turned out to include 20% more ISSR in the UT than the thermal definition, which has
an increasing seasonal mean fraction of ISSR with height up to 34%. While the thermal tropopause criteria
neglects ISSR in the lowermost stratosphere by an insignificant seasonal fraction, the dynamical approach
reveals a significant median seasonal fraction of approx. 8%.

A deeper analysis of the air mass properties in ISSR showed, that ISSRs determined with the thermal
tropopause definition are colder, drier, and with less ozone than its corresponding non-ISSR measurements
which could be explained with the potential increased probability of ISSR in the North Atlantic flight
corridor in winter. The difference in the dynamical tropopause analysis is that ISSR in the lowermost
stratosphere have clear tropospheric air mass fingerprints due to ozone VMR values below the threshold
of 120 ppbv [Thouret et al., 2006]. A further extended analysis in the future is necessary to state a final
conclusion.

What will be possible in the future when analysing IAGOS data is demonstrated with the emerging
global-scale data set on relative humidity with respect to ice (RH;¢) and cirrus cloud particle number

concentration (N;..) from the first available 15 months of combined measurements. This data set has been
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analysed for the distribution of RH;, in cirrus and in clear sky and for the potential connections between
RH;.e and Njce.

Cirrus cloud observations are split into sub-sets of mid-latitude and subtropical to tropical observations
and further divided into observations over the Atlantic Ocean, the Eurasian continent and the Pacific Ocean.
Since seasons are not equally represented, the data is analysed as a whole.

One of the key findings discovered in the IAGOS data set is that the distribution of RH;., inside clouds
shows a strong correlation to Njce, i.e. higher Nj., values are associated with higher dynamic equilibrium
RH;. values. It was also shown that the in-cloud distributions of RH;.. do not depend on the geographical
regions of sampling.

Combining the global frequency of occurrence of cirrus clouds (Figure 6.5(b)) with the RH;, distribution
in clouds for three regimes of N;.. values (Figure 6.8) and the respective probability of occurrence in
Table 6.3, a sketch of cirrus types can be drawn:

For thin clouds with Nj., < 0.1 cm™3 in the subtropics and tropics, the RH;., distribution is centred
at 100% as expected for cirrus in thermodynamic equilibrium. For the same cloud type at mid-latitudes,
however, the modal RH;. value is shifted to approx. 105% which indicates considerable uplifts in cirrus.
This indication is confirmed by model studies with continuous uplifts [Spichtinger and Gierens, 2009,
Spichtinger, 2014].

For cirrus with 0.1 cm™3 < Nje.e < 1.0 cm™3 the distribution of RH;.. becomes asymmetric and is
centred at 105 - 110% with its larger part in ice supersaturation. Higher uplifts than in the previous type
seem to be the driving force in the cloud formation and maintain during the cirrus evolution.

For cirrus with Ni, > 1.0 cm~2 highest ice supersaturations are observed with values as high as
170% RHji., in the subtropical to tropical cirrus. To reach that high ice supersaturation and ice particle
number concentrations quite strong uplifts due to convection have to be involved in the evolution of the
cirrus.

In the future the continuously growing IAGOS data set allows amongst others the investigation of sea-

sonal aspects of cirrus formation and properties.



CHAPTER 7

CONCLUSIONS AND OUTLOOK

7.1 Conclusions

Within the framework of this thesis, a broad spectrum of objectives have been worked on to increase knowl-
edge of water vapour distribution in the upper troposphere and lower stratosphere (UTLS) which is essential
for understanding cloud formation processes and the Earth’s radiation budget. For this purpose, the first
15 years of ongoing relative humidity and temperature in-situ measurements by the European infrastructure
MOZAIC (since 2011 TAGOS) were examined. Moreover, automatic analysis routines have been devel-
oped based on the existing manual routines to assure a homogeneous and traceable reanalysed MOZAIC
data set. The most important are the automatic calibration analysis routine for the used capacitive hygrom-
eter as well as the automatic flight data analysis routine for the daily incoming observations gathered by the
participating commercial passenger aircraft fleet.

In order to be able to better assess the upcoming findings, the MOZAIC Capacitive Hygrometer (MCH)
was flown during the CIRRUS-III (2006) aircraft campaign to undergo a blind intercomparison with high
performance water vapour instruments based on tunable diode laser absorption spectrometry (in-cloud ref-
erence) and Lyman-« fluorescence detection (clear sky reference). When restricting the data to MOZAIC
relevant conditions, the analysis of the flights have revealed an overall good agreement with no significant
offset and a mean measurement uncertainty of 5% relative humidity with respect to liquid water (RHjiquia)-

Furthermore, the analysis showed no contamination of humidity measurements when flying through cir-
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rus clouds. In summary, it is concluded that the MCH is highly suitable for climatology analyses in the
MOZAIC programme even if the sensor is not applicable to high time resolution measurements.

The application of a new capacitive hygrometer in 2011 let arise the question, if the modified IAGOS
Capacitive Hygrometer (ICH) can confirm the performance and data quality of the former hygrometer. By
participating the AIRTOSS-ICE (2013) aircraft campaign, the ICH was evaluated in a blind intercomparison
against reference techniques similar to the MCH evaluation. The analysis demonstrated again a very well
agreement in cross correlations for ICH and the reference instruments over the entire cloud-free range and
for the most of the cirrus clouds sequences and confirmed the uncertainty of 5% RHjiquiq.

Since both capacitive hygrometer showed similar behaviour of increased deviations to the reference
RHiiquia data with decreasing sensor temperatures, both field campaigns have been combined and the
temperature-dependence of the sensor’s response time was determined. With the application of the resulting
exponential filter function to the measured reference RHj;quiq data, the MCH and ICH RHj;qyiq data could
be reproduced with significantly decreased deviations. In summary, the quality of the upper tropospheric
humidity data is preserved during the transition from the MCH to the modified ICH, and a long-time data
set for upper tropospheric and lower stratospheric water vapour climatology and trend analyses is ensured,
when combining MOZAIC and IAGOS humidity data sets.

In the following part of the thesis, water vapour in-situ measurements in the North Atlantic flight corridor
have been analysed for the first time with such a high vertical resolution, for such a long period, and with
such a statistical robustness like it is possible within the MOZAIC programme. Starting with a comprehen-
sive analyses of 15 years of MOZAIC relative humidity measurements the questions about water vapour
background climatologies was processed in Chapter 4. Considering the variation of atmospheric stratifica-
tion with space and time, the humidity data was therefore separated into seven vertical layers around the
extratropical thermal tropopause height. The three stratospheric layers are characterized by a monomodal
distribution in the dry mode down to 5% RH;., and a development of an increased skewness rightward
down to the tropopause layer. The upper tropospheric layers are most probable supersaturated and develop
a dry mode with increased distance to the tropopause which might be explained by subsided air masses.
The tropopause layer, in contrast, is defined by a broad distribution which underlines the assumption of
a mixing layer. Besides the relative humidity also the temperature and water vapour volume mixing ratio
(H2O VMR) distributions were determined in the seven vertical layers. While temperatures follow linear
Gaussian distributions with coldest layer in the tropopause, the HbO VMR showed an exponential Gaus-
sian distribution with stepwise decrease with height. Irregularities in the HoO VMR distribution indicate
the lower limit of MCHs accuracy (~10 ppmv). Finally, the results were compared with model statistics
gained from ECMWF ERA-Interim reanalysis data. The general features of the humidity distribution were
confirmed by the model, whereas MCH data scatter statistically in the dry values and the model cuts off
ice supersaturation when ice is present. Also the seasonal distributions agreed well in the variables of tem-
perature, RH;., and H,O VMR, however temperatures in the tropopause layer showed a significant signal
to warmer temperatures in the model which also missed an ice supersaturation fraction of about 10-15%

probability in the upper troposphere.
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The upcoming analyses in Chapter 5 was addressed to the questions if there is any trend observed in
the measurements and if there are any stratosphere-troposphere exchange processes detected and in such
a case their related transport pathways had to be identified. To do so, the time resolution was increased
to monthly distributions for the closest layer above and below the tropopause layer. The monthly RH;,
distribution revealed a more or less constant state with high variability, while monthly temperature and
H>O VMR distributions presented an annual cycle with the warmest month in July with the highest H,O
VMR in August, and the coldest month with the fewest HoO VMR in January. The evaluation of the
deseasonalised time series could not offer any trend in the variables which is enhanced by the high monthly
variabilities. These variabilities were explained with two approaches. The humidity and moister in the
winter months seemed to be regulated by the temperature according to the Clausius Clapeyron equation
because the strong vertical temperature gradients in the UT implied a high stability and with that a reduced
possibility of vertical motion. This assumption is supported by the lowest upper tropospheric HoO VMR
values and RH;.. values around saturation. In addition, ozone distributions in winter indicated a strict
separation of troposphere and stratosphere due to the greatest influence of the Brewer-Dobson circulation
which suppresses exchanges with subsided deep stratospheric air masses. While this separation weakened
until summer, the influence of the Brewer-Dobson circulation weakened and a quasi isentropic transport
was seen near the northern hemispheric subtropical jet. Furthermore, shallow mixing of air masses was
recognised throughout the year in the surrounding of the tropopause.

Because of the close link of ice supersaturated regions (ISSR) to cirrus cloud formation and lifecycle, the
vertical distribution of ISSR fraction in the vicinity of the tropopause was studied in Chapter 6. With the 15
years comprehensive MOZAIC data set a representative vertical distribution of this fraction was presented
in detail, whereas the absolute quantity was dependent of the chosen tropopause criteria. In the main, the
dynamical tropopause definition turned out to include significantly more ISSR than the thermal definition
which offered a seasonal mean fraction of ISSR up to 34% in the UT. While the thermal tropopause cri-
teria neglected ISSR in the lowermost stratosphere, the dynamical approach revealed a significant median
seasonal fraction of approx. 8%. Nevertheless, these stratospheric ISSR had clear tropospheric air mass
fingerprints with ozone VMR values below the threshold of 120 ppbv [Thouret et al., 2006]. In principle,
the air mass properties of non-ISSR measurements differed clearly from the ISSR measurements which
were colder, drier, and with less ozone values.

In a final consideration, the first available 15 months of combined measurements by RH;. and the new
cloud index measurements in IJAGOS were used in a case study to investigate the connection of ice super-
saturation and cirrus cloud formation for different global regions. The distribution of RH;. inside clouds
showed a strong correlation to the ice particle number concentration (Njce), i.e. higher Nj., values were
associated with higher dynamic equilibrium RH;,, values. It was also shown that the in-cloud distributions
of RH;.. do not depend on the geographical regions of sampling. A further separation of cirrus cloud types
has been conducted and for thin clouds in the subtropics and tropics, the RH;, distribution was centred at
saturation as expected for cirrus in thermodynamic equilibrium. For the same cloud type at mid-latitudes,

however, the modal RH;., value was shifted to supersaturation which indicated considerable uplifts in cir-
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rus which was confirmed by model studies with continuous uplifts. Higher uplifts seemed to be the driving
force in the cloud formation and maintain during medium dense cirrus evolution when the distribution be-
came asymmetric with its larger part in ice supersaturation. Cirrus with the highest number concentrations
let us observe the highest ice supersaturations with values as high as 170% RH;.. in the subtropical to tropi-
cal cirrus. To reach that high ice supersaturation and ice particle number concentrations quite strong uplifts

due to convection have to be involved in the evolution of the cirrus.

7.2 Outlook

This study on water vapour distributions in the upper troposphere and lower stratosphere demonstrated the
power of the MOZAIC/IAGOS data set by addressing different aspects of atmospheric research fields. In
order to advance our understanding of e.g. water vapour distributions, transport pathways or the interaction
between ice supersaturation and cirrus cloud, further investigations are necessary to answer a number of
open questions.

As already mentioned in Chapter 5 the In-Flight Calibration method is in its evaluation process and
will be properly applied to the entire more than two decades of in-situ measurement data set to improve
the quality until the lower stratosphere. This improved and extended humidity data set will enable the
determination of climatologies for different global regions and furthermore trend analyses will investigate
the evolution of atmospheric water vapour distribution in a more robust approach.

By means of on-going simultaneous measurements of relative humidity and ice cloud number concen-
tration, the understanding of cloud formation and cloud lifecycle processes will be enhanced by separating
the measurements with a seasonal approach. Besides the analyses on the average connection, an increased
data set enables also the atmospheric transport mechanisms to be involved into the cloud development. One
of the most important impacts of this simultaneous measurement on passenger aircraft is the ability to be
part of current studies about satellite-based thunderstorm nowcasting for strategic flight planning en-route
[Forster et al., 2016]. There, IAGOS in-situ measurements are used to evaluate the predicted thunderstorm
motion and nowcasting system with respect to flight safety and efficiency.

In order to provide the best quality of humidity and temperature data by the IAGOS programme, a
comprehensive study about measured ascent and descent profiles has to be conducted with respect to fast
changing atmospheric conditions and with respect to flight sequences flying through warm clouds. It might
be reasonably assumed, that measurements could be perturbed by potentially sampled liquid water droplets
which further causes a contamination of following flight sequences. These warm cloud events have to
be detected and potential hysteresis effects determined, calculated and considered in the quality control.
By providing this quality check on the data, especially on the automated near real time data, the IAGOS
humidity and temperature profiles are highly suitable to be used as evaluation data set for model simulations

and satellite measurements or to be assimilated directly in the calculation of weather model simulation.
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1.2
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Page

Schematic of planetary radiation budget under present-day climate conditions. Numbers
represent best estimates for the magnitudes of the individual energy fluxes in W m~2.
Numbers in parentheses cover the range of uncertainties. The incoming and the sum of

outgoing top-of-atmosphere (TOA) fluxes equalises. (Adapted from Wild et al. [2013].) 2

Schematic of residual mean meridional circulation in the atmosphere. The bold lined
ellipse in the troposphere represents the thermally-driven Hadley circulation, whereas
the single-ended arrows show the motion branches for the stratospheric and mesospheric
circulation which develop in the shaded regions of breaking waves, i.e. synoptic- ("S"),

planetary-scale ("P"), and gravity ("G") waves. (Adapted from Plumb [2002].) 4

Time series of passed flights (blue line) and participating aircraft (red line). The blue
squares represent the passed flights distributed over the globe for the complete time

period, where as the blue circles represent the passed flights over the North Atlantic flight
corridor in the time period 1995 to 2009. The MOZAIC programme took place from

1994 until 2011 and was continued with its successor IAGOS-CORE (grey background). 8

Fractional horizontal distribution of MOZAIC flights during the period of 1995 to 2009. 8
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Data processing path from the aircraft raw state to the user available state. Data levels
refer to raw data (LOA), to automatically analysed data using pre-flight or in-flight
calibrations (LOB), to data validated by the responsible PI and published as preliminary
data (L1) and to final data (L2) after removal of instrument from the aircraft and
post-flight calibration. Climatological data (L.3) and added-value products (L4) are also
available, whereas near real-time (NRT) data are made available for data assimilation

and model evaluation (Adapted from Petzold et al. [2015]). 9

Raw signal (Up) of capacitive humidity sensor aboard MOZAIC and IAGOS
aircraft as a function of sensor temperature (Tp) obtained at cruise altitude (ambient
pressure = 230 hPa). Green line: zero signal for calibrated sensor; blue line:
superposition of zero signal and the contribution by 5 ppmv water vapour. The difference
voltage between the blue line and the lower voltage envelope defines the sensor offset

AUp (Adapted from Smit et al. [2008]). 12

Cross section of the airborne capacitive sensing element. Right angle protects against
particles and control holes in the side wall minimise internal boundary layer effects

[Helten et al., 1998]. 18

Sampled air flow is heated through adiabatic heating effects when entering the inlet.
ATemperature describes the increase relative to the ambient temperature T,ypient
[Static Air Temperature SAT; see Helten et al., 1998] for several aircraft speeds, i.e. the
Mach-number M, by assuming 100% conversion of kinetic energy to heat during flow

deceleration. 19
CIRRUS-III flight track overview (Map Data © 2008 Google, Sanborn) 20

Time series of water vapour volume mixing ratios (VMR) from MCH (red), FISH (blue)
and OJSTER (grey) during CIRRUS-III flight on 28 Nov. 2006. Ice saturation is shown
in cyan, while pressure (black) and ambient air temperature (green) are plotted with

dashed lines. 23

Top-down: VMR measured by the MCH (red) and the reference (blue), i.e. FISH (clear
sky) and OJSTER (in-cirrus), RHjiquiq and A RHjiquia (MCH - reference), as a function
of flight time during Flight 2 on 28 Nov 2006. Sensor temperature Tgepsor (black) as
well as ambient temperature T,ppient (green) are shown in the bottom panel of the
figure. The blue-shaded area represents air masses with high humidity and possible
cirrus cloud. Air masses with sensor temperatures at and below the calibration limit are
shaded in red. The grey-shaded sequence illustrates the effect of increasing response

time during decreasing sensor temperatures. 23

Frequency of occurrence for observations of Tgensor during approx. 15 years of

MOZAIC (A, top panel) and CIRRUS-III (B, bottom panel), respectively. 24
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Differences in relative humidity RHj;quiqg of MCH and both reference instruments, i.e.
FISH (left panel; clear sky) and OJSTER (right panel; in-cirrus), are scattered against
the sensor temperature Tgepgor- A drift towards too dry MCH measurements below the

calibration limit of -40°C is clearly seen. The median values (red lines in the box) of the

1°C-binned data as well as the 25" and 75" percentiles are within the calibration limits.

Comparison cross plot between reference, i.e. FISH (blue dots; clear sky) and OJSTER
(red dots; in-cirrus), and MCH RHj;qyiq (left panel) and RH; (right panel) displayed as

scatter plot with robust fitting curve (dashed line), respectively.

Correlation of RHjjquiq data from MCH and the reference, i.e. FISH (clear sky) and
OJSTER (in-cirrus), during CIRRUS-III; the straight line indicates the linear regression
line while the dashed lines illustrate the sensor uncertainty range +5% RHj;quiq. In the
transition area both reference instruments can be used (see Figure 2.8). The top panel

shows the number of data points per 5% RHjiquiq bin.

Water vapour volume mixing ratios (VMR) as a function of ambient temperature for 5%
(solid lines) and 10% RHj;quia (dashed lines), respectively. The different pressure levels
represent typical passenger aircraft flight altitudes. The inserted box shows a zoom to

the lower temperature and VMR values.

Number of data points (top panel) and frequency of occurrence (bottom panel) for
observations of RHjiquiq during CIRRUS-III; blue and red lines refer to data from
reference, i.e. FISH (clear sky) and OJSTER (in-cirrus), and MCH, respectively. The
number of counts of both data sets agree in almost all 5% RHj;quiq bins. The exponential
decline at higher values is in accordance to the result of Spichtinger et al. [2003a]. A
bimodal distribution can be seen clearly in the probability density function (PDF) view
of the data sets, where there is a clear sky section at lower values and a cirrus section
at higher values, respectively. The differences in the PDF distribution can be mainly

explained by the longer response time of the MCH inside and out of clouds.

Probability density function (PDF) of the complete (A-C) and reduced (D-F) MCH (A,
D) and reference (B, E), i.e. FISH (clear sky) and OJSTER (in-cirrus), water vapour
volume mixing ratio (VMR) data related to the ambient temperature T,pbient. Water
vapour volume mixing ratio is binned in the logarithmic space between 0 and 8.8 with a
bin size of 0.8, the temperature in 1°C bins. Figures C and F show the difference of the

MCH and reference PDF for the complete and reduced data set, respectively.
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The advanced IAGOS Capacitive Hygrometer bases on a compact capacitive sensor
measures relative humidity and differs from the MOZAIC Capacitive Hygrometer by
the thin-film polymer composition. The improved hydroactive polymer composition of
Vaisala HUMICAP® type H has a larger capacitance to increase the sensitivity. For
signal processing the Vaisala HMT333 transmitter unit is used. (©)Vaisala Oyj, 2015

Probability distribution functions (PDF) show the distributions of the measured sensor
temperatures during A) 15 years of MOZAIC measurements, B) CIRRUS-III, and C)
AIRTOSS-ICE. The red line indicates the lower limit of the sensor calibration. The grey
line illustrates the most probable value of MOZAIC distribution.

RHjiguid and Tyensor (blue dotted line) sequence of an AIRTOSS-ICE flight. Small-scale
fluctuations of the measured reference RHjjquiq (black line) can be resolved by the ICH
(red line) in warmer air masses (white background). In colder air masses with Tiepsor <

-20°C the ICH seems to measure the smoothed background.

Example to demonstrate the way to determine the most probable, i.e. with maximum

R?, response time 7(R2,,,) in the temperature bin 7' = 243 K for AIRTOSS-ICE Flight 3.

Determined response times per temperature bin and flight for the CIRRUS-III (blue
squares) and AIRTOSS-ICE (red stars) flights. The robust exponential fit (black line)
through the data leads to the MCH and ICH characteristic temperature-dependent

response time 7 (see Eq. 3.2).

From top to bottom: RHjiquia measured by the ICH (red) and the original reference
(black), i.e. FISH (clear sky) and SEALDH-II (in-cirrus (blue dots) and above 1000
ppmv); RHjiquiq measured by the ICH (red) and the smoothed reference (EMA including
the temperature-dependent response time, black); A RHiiquia (ICH and reference) as
envelope for the original reference and as green line for the smoothed reference, as a
function of flight time during the AIRTOSS-ICE Flight on 3 September 2013; and sensor

temperature Tyonsor (black) as well as the lower temperature limit of the calibration (red).

Top panel presents comparisons between the RHjjquiq data from MCH and the original
reference, i.e. FISH (clear sky) and OJSTER (in-cirrus), during CIRRUS-III. Bottom
panel shows results of comparisons between ICH and the original reference, i.e. FISH
(clear sky) and SEALDH-II (in-cirrus and above 1000 ppmv), during AIRTOSS-ICE
campaign; the straight line indicates the linear regression line, while the dashed
lines illustrate the sensor uncertainty range £5% RHjjquiq. In the transition area

measurements of both reference instruments can occur.

This Figure is the similar to Fig. 3.7, but the reference is EMA smoothed prior to

comparisons.
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Frequency of occurrence of the ratios of MCH to reference RHj;quiq (subfigure a) and of
ICH to reference RHj;quiq (subfigure b), respectively. Both figures are divided into the

PDF of original (left panel) and smoothed (right panel) reference data.

The number of data points probed by the MOZAIC programme in the North Atlantic
flight corridor and above 280 hPa between 1995 and 2010 document the long-term,

continuous, homogeneous, and dense data.

Probability density function of median monthly data points in the North Atlantic flight
corridor at flight altitudes exceeding the 280 hPa pressure level during the period 1995
to 2009. 100% is according to a monthly median of at least 1200 data points in the 2°
grid boxes. Continuous sampling over 15 years of measurements provide at least 750

data points per month in the bulk of the grid boxes.

Cross correlation of measured RH;, and ozone volume mixing ratio colour coded with
the humidity probability for each 25 ppbv ozone VMR bin. The black line represents
the most probable RH;.. value with a clear separation between low RH;.. above 120
ppbv ozone VMR and high values around ice saturation for ozone VMR below 75 ppbv.
Additionally, the potential vorticity contour lines between 2 PVU and 6 PVU are shown
with the blue dashed lines.

Similar to Figure 4.3: For the RH;., and ozone volume mixing ratio cross correlation
the complete data set of FISH measurements between 30°N and 70°N over Western
Europe is used. Again, the black line represents the most probable RH;., value. For a
comparison between general distributions measured by FISH and by the MCH within
the MOZAIC programme, the most probable MOZAIC RH; values are shown with the
blue dash-dotted line.

The upper panel shows the pressure of a MOZAIC example flight with around 400
minutes of constant flight pressure. The measured ozone volume mixing ratio (VMR) is
represented with the black line in the lower panel. Stratospheric air masses with ozone
VMR larger than the threshold of 120 ppbv (red dotted line) are shaded with yellow,
whereby the air masses in the transition layer with ozone VMR close to 120 ppbv are

shaded with grey.

(a) Mean of monthly median tropopause height: thermal (WMO; blue) and dynamical
(PV2; yellow) tropopause definition. (b) Probability density function of measured

pressure levels over the North Atlantic.

Time series of median monthly tropopause pressure difference (dynamic - thermal; blue
line). The blue triangles show the 25" and 75" percentiles of the monthly differences
and therefore representing the monthly variability. Right axis and black line refer to the

pressure of the thermal tropopause height (TPH).
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Comparison of vertical number of data distribution: thermal (WMO; blue) and
dynamical (PV2; yellow) tropopause definition. The right panel shows the difference
(WMO - PV2) in the number distribution in each vertical layer.

Vertical distribution of temperature. Comparison between distributions relative to the
thermal (left panel) and dynamical (middle panel) tropopause criteria. The resulting
difference (WMO - PV2) in the median temperature for each vertical layer is shown in

the right panel.

Vertical distribution of ozone volume mixing ratio (VMR). Comparison between
distributions relative to the thermal (left panel) and dynamical (middle panel) tropopause
criteria. The black vertical line represents the 120 ppbv ozone VMR threshold value
for the chemical tropopause by Thouret et al. [2006]. The resulting difference (WMO -

PV2) in the median ozone VMR in each vertical layer is shown with the right panel.

Vertical distribution of RH;... The box and whisker plots represent the median of
seasonal [1, 25, 50, 75, 99] percentiles. The circles indicate the modal value in each

vertical layer.

Vertical RH;., distributions as probability density function (a) and cumulated probability

(b).

Similar to Figure 4.12: The probability density function (a, ¢) and the cumulated
probability (b, d) of the seven vertical temperature (a, b) and HoO VMR (c, d)
distributions. The variation of H,O VMR over several orders of magnitude requires a

binning in the logarithmic space between 1 and 3 with a bin size of 0.0414.

Similar to Figure 4.3: For the RH;., and ozone volume mixing ratio cross correlation
the complete data set of ECMWF ERA-Interim reanalysis is used. The blue contour
lines refer to the MOZAIC-based distribution.

Mean seasonal distribution of median temperature, HoO VMR, RH;.., and fraction
of ice supersaturated regions. From top to bottom: MOZAIC measurement data,
ERA-Interim modelled data, difference between ERA-Interim data and MOZAIC data
(i.e. ERA-Interim - MOZAIC), and standard deviation of the difference between
ERA-Interim data and MOZAIC data.

Time series of RH;.., HoO VMR, temperature, and number of events for the highest
upper tropospheric layer (UT1, blue) and the lowest lowermost stratospheric layer (LS1,

red).

Mean of monthly median RHj.., HoO VMR, and temperature for the upper tropospheric
layer UT1 and lowermost stratospheric layer LS1. Values and monthly variabilities can

be read in Table 5.1.
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Deseasonalised time series of RH;.., HoO VMR, temperature, and number of events for
the highest upper tropospheric layer (UT1, blue) and the lowest lowermost stratospheric
layer (LS1, red).

Seasonal variation of the mean monthly median H,O VMR (in ppmv) in distance relative
to the thermal tropopause height Azppy. On the left (see Zahn et al. [2014], courtesy of
American Geophysical Union), all IAGOS-CARIBIC H5O data are collected north of
35°N and above the 280 hPa pressure level between May 2005 and May 2013. On the
right, all MOZAIC H,O data are collected in the North Atlantic flight corridor, between
January 2000 and December 2008, and below the ambient temperature of -40°C to avoid
contamination through supercooled liquid droplets. The variation of HoO VMR over

several orders of magnitude requires a nonlinear colour coding.

Seasonal variation of the mean monthly median RH;.. (left; in %) and vertical
temperature difference to the tropopause layer temperature ATemp (right; in K) in
distance relative to the thermal tropopause height Aztpy. All MOZAIC RH;. and
temperature data are collected as it was in Figure 5.4. The different variation range in
UT and LS requires a nonlinear colour coding. Thin lines with numbers representing
the sample statistics in hours per month, whereas the monthly sum varies between 200

hours in December and 330 hours in July.

Illustration by Hegglin et al. [2006, courtesy of European Geosciences Union] describing
the coordinate transformation on a given isentrope. The PV-contour surrounds a grey
area with even higher PV-values. The sum of the grey surfaces is transformed to the
idealised circle centred around the pole with radius of the Equivalent latitude (red
hatched area). All dynamically equal air parcels (PV-contour) on the given isentrope are

thereby shifted to the equal latitude, regardless of the longitude.

Potential temperature (Theta) — Equivalent latitude plot of all data collected above the
280 hPa pressure level and polewards from 30°N over the North Atlantic, differentiated
by season. Colour coding: median of seasonal median ozone VMR (colour bar). Black
lines with numbers: mean potential vorticity (PV in PVU) isocontour lines (isopleths)
during sampling. The dynamical tropopause PV threshold values (2 and 3 PVU) are
highlighted by the bold black lines.

Potential temperature (Theta) — Equivalent latitude plot as in Figure 5.7. Colour coding:

median of seasonal median (a) RH;.. and (b) HoO VMR (colour bar).

Similar to Figure 5.7, but with median of seasonal median temperature (colour bar) as

colour coding.
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Box and whisker plot [1, 25, 50, 75, and 99 percentile] for seasonal fraction of ice
supersaturated regions (ISSR) for the seven vertical layers distributed around the thermal
(left panel) and dynamical (right panel) tropopause in the North Atlantic flight corridor.

Statistical values can be read in Table 6.2.

Vertical distribution of temperature, ozone VMR, and HoO VMR (top-down) for ice
supersaturated regions (ISSR) relative to the thermal (left panel) or dynamical (right
panel) tropopause, respectively. The box and whisker plots represent the median of
seasonal percentiles [1, 25, 50, 75, and 99]. For direct comparison to the non-ISSR
distributions, the red lines show the according median (solid line) and 25th 1 75th
percentiles (dashed lines) of the non-ISSR data. The black vertical line in the ozone
distributions represents the 120 ppbv threshold value for the chemical tropopause by
Thouret et al. [2006].

Time series of RH;j.. cumulative probability for the highest upper tropospheric layer
(UT1) in the North Atlantic flight corridor. The green line serves as a guide for the
monthly median (cumulative probability = 0.5) and the black line is the RH;, saturation
contour. The noticeable peak in winter 2002 is due to too few measurements which is

represented with the number of data time series in the top panel.

Probability density function of RH;.. values for the IAGOS data sets collected in 2014
and 2015. The grey shaded area represents the value range covered by the MOZAIC
data between 2000 and 2009.

(a) Data collected with ICH and BCP; the data set of 6939 hours of sampling is limited to
the upper troposphere; boxes indicate regions with sufficient data coverage for detailed
analyses. (b) Annual mean of global-scale cirrus cloud coverage as observed by IAGOS

aircraft.

Annual average latitudinal dependence of identified cirrus cloud top and base heights
(black lines) determined with CloudSat/CALIPSO by Sassen et al. [2008, courtesy of
American Geosciences Union] with additional IAGOS aircraft cruise altitude pattern

(blue shaded area) between 8 and 13 km.

Probability distribution functions of RH;., (a, b) and cumulative probability distribution

of RH;, (c, d) for the identified regions in cirrus and in clear sky.

Probability distribution function of RH;, for the different Nj.. regimes (unit is cm™3

) at mid-latitudes (a) and subtropics to tropics (b); same for the cumulative distribution

functions in (c) and (d).
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