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Chapter 1

Introduction

Water vapour in the atmosphere is a major greenhouse gas and plays an important role for the
climate (Chahine, 1992)). Its distribution is highly variable in time and space on global and
regional scales (Jacobl 2001). While the total column water vapour is large in the tropics, the
conditions are very dry in the polar regions. The global atmospheric circulation provides for
the exchange of airmasses around the globe and the compensation of the energy surplus at the
equator and the energy deficit at the poles. An important part of this energy is transported
as latent heat in form of water vapour within the airmasses. Beside its contribution as latent
heat to the energy budget of the atmosphere, water vapour contributes to the radiation budget
by the emission of longwave radiation. The downward longwave radiation is an important part
of the greenhouse effect and impacts the surface temperature and energy budget (Doyle et al.
2011). As the atmospheric temperatures increase due to climate change, the atmosphere can
contain more water vapour (O’Gorman & Muller} [2010), which leads to a positive water vapour
feedback (Ghatak & Miller, 2013). In the atmosphere itself, water vapour is prerequisite for
many physical processes like the formation of clouds and precipitation. Sources for atmospheric
moisture are evaporation from the Earth’s surface or from cloud droplets in the atmosphere.
Sinks are mainly precipitation and cloud or ice formation. The transport of water vapour is a
sink in one region and a source in another region (Vazquez et al., |2016).

The Arctic is a key-region for climate change, as it is warming much faster than the rest
of the globe (Graversen et al.l 2008; Screen & Simmonds, [2010; [Wendisch et al., [2017; Boeke
& Taylor, |2018). Beside the changes in surface temperatures, changes in the moisture content
were reported by [Screen & Simmonds| (2010), [Rinke et al. (2019)) and others. The moistening
trend is regional and seasonal different (Rinke et al. 2019), and differs also vertically (Gra-
versen et al, 2008 Screen & Simmonds, [2010). In the mentioned studies, two main sources for
the increasing moisture in the Arctic were presented. On the one hand, changes at the surface,
like snow and sea-ice retreat, lead to an enhanced evaporation and more moisture near the
surface (Screen & Simmonds|, 2010). On the other hand, the advection of warm and moist air
plays a role in larger heights (Graversen et al., 2008). The role of the horizontal transport of
water vapour with the atmospheric circulation was considered in many studies (Vazquez et al.,
2016; Nash et al., 2018; [Naakka et al., 2019; Rinke et al., 2019; Nygard et al., [2019, 2020)).
It was shown, that atmospheric rivers, which are narrow pathways of large amounts of water
vapour, play an important role for the water budget of the Arctic and the meridional transport
of water vapour into the Arctic (Nash et al.l [2018). The influence of the large-scale circulation
on the distribution of water vapour, but also on the longwave radiation, is mainly determined
by the horizontal moisture transport and the large-scale pressure distribution (Nygard et al.
2019). Changes in the mid-latitude circulation determines the temperature in many parts of
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the Arctic, which impacts the trend in integrated water vapour and moisture transport (Nygard
et al., 2020).

Several studies used large-scale circulation indices, like the Arctic Oscillation (AO) index to
quantify the large-scale circulation (Devasthale et al. |2012; Nygard et al., [2019). The different
phases of the AO are linked to the temperatures (Graversen et al., |2008), but also to the mois-
ture transport into the Arctic (Nygard et al., 2019). Beside, the specific synoptics at one place
can be very different for the same phase of the AO (Nygard et al., 2019). The AO index can
be used as a first overview over the atmospheric circulation, but the specific synoptics have to
be taken into account for the evaluation of specific cases.

Moreover, the atmospheric water vapour impacts the surface radiation budget. Doyle et al.
(2011)) emphasised the importance of water vapour intrusions on the surface energy budget in
the Arctic winter. Ruckstuhl et al. (2007) and (Ghatak & Miller| (2013) considered the rela-
tionship between monthly mean values of the downward longwave radiation (DLR) and the
integrated water vapour (IWV) in the Alps and in the Arctic and found a correlation by a
power function. The correlation function shows a much steeper slope for small IWV values,
which occur in the Arctic winter than for higher IWV in summer. This correlation implies a
huge influence of temporal changes in the wintertime IWV due to the advection of water vapour
layers on small timescales or an increasing moisture content in context with the Arctic warm-
ing. The influence of the IWV on the radiation budget can be evaluated by model results, but
measurements of the vertical distributed water vapour and the downward longwave radiation
would deliver new detailed insights in the correlation of those two quantities.

Most studies mentioned above are based on the evaluation of model data, satellite measure-
ments of integrated values or measurements at the north coast of the continents, because there
are no regular measurements in the Central Arctic. Satellite measurements are regularly avail-
able, but none of them covers the whole Arctic (Rinke et al., 2019)). Models instead use the
input from data assimilation of all available measurements, but since the data coverage over
the Arctic is low and some of the processes are still not fully understood, the models contain
uncertainties (Rinke et al.| 2019). For that reason, local measurements in the Central Arctic
are needed to investigate the processes and improve the models. One large campaign, that
conducted measurements in the Central Arctic for one full year, was the ‘Surface Heat Budget
of the Arctic Ocean’ (SHEBA) campaign (Uttal et al., 2002; |Andreas et al.| |2002)). During
this campaign, a ship was frozen in the ice from 2 October 1997 to 11 October 1998 in the
Central Arctic north of Alaska and many different meteorological parameters were measured on
the ice around the ship. Based on the experiences from this campaign, another campaign was
carried out in winter 2019/20. For the ‘Multidisciplinary drifting Observatory for the Study of
Arctic Climate’” (MOSAIC) campaign (Shupe et al., 2020} [2022)), the German research vessel
Polarstern was frozen in the Arctic ice for one full year from September 2019 until October
2020. The cooperation and contribution of scientists and institutions from all over the world
enabled year-round measurements of many parameters in the atmosphere, the ocean, the ice
and the ecosystem. Among others, a Raman lidar was brought to the Central Arctic for the
first time, which delivered continuous and vertically high-resolved profiles of aerosol and water
vapour. This dataset opens the possibility to analyse the vertical structure and the temporal
evolution of water vapour over the Arctic sea ice. Continuous measurements of the vertical
distributed water vapour were possible during the polar night in the Arctic winter.

This work evaluates the water vapour measurements from the Raman lidar PollyXT, that
were conducted during the MOSAIC campaign (Engelmann et al., 2021)). Although measure-
ments below clouds are possible, this work focus on clear-sky cases in the time period between
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25 October 2019 and 29 February 2020. Before the data can be analysed, they have to be
processed and calibrated (Foth et al., [2015; Dai et al.l 2018). After presenting the theoretical
background to the instruments and the lidar data processing (Chapter , the first part of this
work deals with the explanation of different calibration methods, their adaption to the very
dry conditions in the Arctic and their application on the MOSAIC winter data (Chapter [4]).
The calibration results are compared to determine the method with the smallest uncertainty
and assign a calibration constant for all evaluations (Sect. . The second part of this work
comprises the analysis of calibrated WVMR profiles in Chapter [5| with the aim of examining
three main research question. Firstly, the vertical structure, temporal development and amount
of water vapour is considered in general in the Central Arctic winter to improve the knowledge
about the general distribution and related processes. Secondly, the influence of the vertical dis-
tributed water vapour on the DLR is investigated at clear-sky conditions. Thirdly, the relation
of the water vapour structures to the Arctic Oscillation and the synoptics is evaluated, since
the atmospheric circulation has an impact on the water vapour distribution. Therefore two case
studies are presented in Sect. one from the negative and one from the positive phase of the
Arctic Oscillation. The studies include a general description of the water vapour distribution,
its influence on surface parameters like the DLR and the synoptics. The impact of the water
vapour on the DLR is investigated in Sect. [5.3]for several cases. Statistical evaluations of many
profiles of the chosen time period are conducted in Sect. to draw conclusions about the
vertical structure of water vapour in the Arctic winter and the relation to the atmospheric cir-
culation. The main results of both parts, the calibration and the analyses, are finally concluded
in Chapter [6]



Chapter 2

Meteorological conditions in the Arctic
and the MOSAiC-campaign

2.1 Characteristics of the Arctic

2.1.1 The definition of the Arctic and the seasonal cycle of the Arctic
climate system

Different definitions for the Arctic are used in studies dependent on their topics. Model studies
often use the definition of an area north of a certain latitude, mostly 60° (e.g. Naakka et al.
(2018)) or 70° N (e.g.Ghatak & Miller| (2013)); |Screen & Simmonds| (2010); Rinke et al.| (2019)),
and characterise the Arctic by averaged values over that domain. The net moisture transport
into the Arctic is also often calculated at a latitudinal cycle at 60-70° N (Graversen et al., |2008;
Nash et al., [2018; Naakka et al.. |2019). Other studies define the Arctic as the region north
of a certain air or sea temperature isotherm (e.g. |Vazquez et al.| (2016)), which is especially
usefull for biological or hydrological considerations. All those definitions enclose a large region
with many different characteristics, so that averaged model results have to be separated from
measurements or evaluations at a specific location. The data of the MOSAIC campaign (cf.
Sect. , which are used in this work, are point measurements, that were collected north of 85°
during the winter 2019/20. The results from these measurements are only partly comparable
to averaged model results.

Independent of the exact definition, the Arctic is the area around the North Pole, which is
characterised by the Arctic Ocean surrounded by land. The circulation in the Arctic Ocean is
connected to the Pacific and the Atlantic through the Bering and Fram Strait (Timmermans &
Marshall, 2020). Large parts of the Arctic Ocean are covered by sea ice, which is an important
part of the Arctic climate system. The sea ice drifts with the transpolar drift from the source
regions north of Siberia over the North Pole area towards the Fram Strait (Krumpen et al.,
2019). The Arctic climate shows a strong seasonal cycle between the summer with polar day
and the winter with polar night. The sea ice concentration is lowest after the summer melting
in September and highest at the end of the winter. The mean air temperatures and integrated
water vapour (IWV) fluctuates between their maximum in the summer month and their min-
imum at the end of February or beginning of March (Rinke et al., 2021)). The temperatures
reach values between slightly above 0 and —40°C and the IWV reaches values between 1 and
up to 25-30 kg m~? in peaks (Rinke et al.,[2021). The Arctic winter is characterised by very cold
surface surface temperatures and very low values of IWV of below 5kgm~2. The atmospheric
parameters are strongly influenced by the sea ice and the Arctic Ocean below. The structure
of the atmosphere over sea ice is described in detail in [Persson & Vihma| (2017). The Arctic
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is warming faster than the rest of the globe (Wendisch et al., 2017), leading to fundamental
changes in the Arctic climate system, like the sea ice concentration (Perovich et al., [2019),
the transpolar drift (Krumpen et al., 2019) or the atmospheric circulation and the moisture
transport (Rinke et al., 2019; Nygard et al.l 2020)).

2.1.2 The Atmospheric circulation in the Arctic

The mean circulation in the Arctic was described by [Serreze & Barry| (2014)) for all seasons and
different heights using NCEO/NCAR data from 1970-1999. They found three main pressure
systems, that influence the Arctic during wintertime: a High over Siberia, the Icelandic Low
and the Aleutian Low in the North Pacific. The Arctic Ocean is then influenced by relatively
high pressure. In a height of 500 hPa, they found an asymmetrical Low over the Arctic with its
pressure minimum over the Canadian Archielago. The stratosphere in 30 hPa is characterised
by a strong, cold and symmetric polar vortex, that is surrounded by westerlies in the middle
and upper stratosphere (Serreze & Barry, 2014). These circulation pattern are a long-term
mean and the actual circulation differs due to the interannual and regional variability.

The large-scale atmospheric circulation in the Arctic can be expressed by the Arctic Oscillation
(AO) (Thompson & Wallace, 1998), which is quantified by the AO index. The AO index is
defined as the projection of the daily 1000 hPa height anomalies at 00 UTC on the loading
pattern of the AO. The loading pattern of the AO is determined by the leading mode of the
Empirical Orthogonal Function (EOF) analysis of the monthly mean 1000 hPa height during
the period from 1979-2000 ﬂ The resulting AO indices are positive or negative values in the
order of magnitude of 10°.

The Arctic Oscillation index represents the strength of the stratospheric polar vortex and its
influence on the surface pressure (Serreze & Barryl 2014)). A positive phase of the AO is charac-
terised by a strong polar vortex, surrounded by a strong jetstream leading to a weak meridional
transport into the Arctic. In contrast, during the negative phase of the AQO, the polar vortex
is weak or distorted with a strong meandering jetstream, leading to larger meridional trans-
port. This meridional transport, which often brings warm and moist air into the Arctic, has
an influence on the amount of water vapour in the Arctic and potentially also on its vertical
structures.

2.2 Water vapour in the Arctic

2.2.1 The atmospheric water budget and moisture transport

The amount of atmospheric water vapour shows a strong seasonal cycle in the Arctic. [Rinke
et al. (2019)) evaluated monthly mean values of the IWV from four different models averaged
over 1979-2016 and found minimum values in January and February with a mean IWV of about
2.2mm and maximum values in July with an IWV up to 14 mm. Beside, the IWV differs re-
gionally for the ice-covered Arctic Ocean, the continents and open ocean areas.

The atmospheric water vapour budget of the Arctic is mainly controlled by local sinks and
sources and by transport processes (Nash et al., |2018). A local source is evaporation, while lo-
cal sinks are precipitation and cloud and ice formation. Horizontal transport processes of water
vapour as well as trends in the moisture transport were considered in many studies (Vazquez
et all [2016; [Nash et al., 2018; Naakka et al., 2019; Rinke et al., 2019; Nygard et al., [2019]

'https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml, 15-07-2022
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2020). Vazquez et al.| (2016) found four major sources for water vapour throughout the year
with the Atlantic and the Pacific Oceans as main sources during winter and the landmasses
North America and Siberia as dominant sources during summer. Beside, they could show the
influence of each source on a specific region, which is mainly the area northeast of the source.
Nygard et al| investigated the regional moistening pattern in the Arctic and found interactions
between the moisture transport, surface evaporation and total column water vapour. They
concluded that the moistening pattern in the Arctic is mainly due to moisture transport and
that evaporation only plays a larger role in the marginal ice zone. Moreover, there are some
interactions between both. Large evaporation can strengthen the horizontal transport, whereas
large horizontal transport can suppress evaporation. As MOSAIC took place in the Arctic ice,
moisture transport would be expected as the main source of atmospheric moisture, but at the
specific location and on short time scales local evaporation could also have an impact.

New insights about the influence of evaporation over sea ice were also found from the SHEBA
campaign, which are presented in [Uttal et al.| (2002)) and |Andreas et al.| (2002)). |Andreas et al.
showed, that the near-surface relative humidity is always near or even slightly above saturation
with respect to ice, by evaluating different measurements of relative humidity in several heights
and with multiple sensors. With the help of a simple model of the moisture content in the
atmospheric boundary layer, they found open leads and polynyas as reason for the saturated
air near the surface.

2.2.2 The impact of water vapour on the radiation budget

The amount of water vapour in the atmosphere influences the energy budget at the surface
and in the atmosphere. Water vapour impacts the surface energy budget in two ways (Shupe
et al., 2022). On the one hand, vertical fluxes of latent heat play a role. On the other hand,
the vertical distributed water vapour in the atmosphere contributes to the downward longwave
radiation at the surface. In the Arctic winter, the longwave radiation is an essential source in
the surface radiation budget due to the absence of sunlight (Shupe et al.l [2022). The largest
changes in the downward longwave radiation are induced by clouds, leading to a warming of
the surface. In contrast, the surface is cooling during clear-sky periods (Shupe et al., 2022},
showing the direct impact of the radiation budget on the surface temperatures. Doyle et al.
(2011) and others showed, that the atmospheric water vapour is influencing the downward
longwave radiation during clear-sky conditions, for example the advection of large amounts of
water vapour increases the DLR.

Ghatak & Miller| (2013) evaluated monthly mean values of precipitable water (PW) and DLR
from two different reanalysis models (ERA-interim and JRA 25) for the time period between
1979 and 2011. They presented a positive feedback loop between temperature, PW and DLR,
meaning that all three variables change in the same direction. For simplicity they used PW as a
measure for the water vapour in the atmosphere, but they stated the importance of the vertical
distribution. One result of Ghatak & Miller| (2013) was the non-linear correlation between DLR
and PW, which is shown in Fig. In principle, large amounts of water vapour are correlated
with large DLR, which can be seen for the values from summer. In contrast, lower values of PW
are observed during winter, which correlate with a lower DLR. The lower values of DLR show
a much higher sensitivity on changes of PW than the higher values in summer. That means,
that the advection of humidity layers has a huge influence on the DLR during wintertime.
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2.3 The MOSAiC-campaign

2.3.1 The campaign

The Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC) expe-
dition (Shupe et al. 2020, 2022) was an international research campaign in the Central Arctic
with the goal of measuring the coupled Arctic processes continuously during a whole year.
Therefore, the German icebreaker Polarstern was frozen in the ice in October 2019 north of
Siberia and drifting with the transpolar drift close to the North Pole until it reached the Fram
Strait end of July 2020. This was earlier than expected, so that the Polarstern was steered back
to the Central Arctic to study the onset of the freezing as last missing process of the yearly
cycle until the campaign ended in October 2020. The ship was the basis of the campaign during
the whole drift and home for scientists from many countries. Some of the large and complex
instruments were installed directly on the ship. Around the ship, a research camp was build up
on the ice, measuring many different parameters of the atmosphere, the ocean, the cryosphere
and the biosphere. In greater distance of ~ 50 km, a distributed network was set up on the ice
for regional surrounding measurements of the heterogeneous processes in an area as large as
one model gridbox to understand sub-grid scale processes. The campaign delivered exceptional
measurements of the complex Arctic climate system with the aim of understanding processes
and improving climate models.

The Raman lidar from the Leibniz Institute for Tropospheric Research (TROPOS) was installed
in the OCEANET container (Engelmann et al., 2021)), which was positioned on top of the D
deck at the bow area of Polarstern. The container housed also two microwave radiometers, a
sun and a lunar photometer, two distrometers and radiation measurement systems including a
pyrgeometer. The pyrgeometer, which will be used for this study, was positioned at the bow
crane of Polarstern. The radiosonde launches took place on another deck of Polarstern, but at
the same height as the lidar position, which is important for the application of the calibration
of the water vapour mixing ratio profiles (WVMR) profiles described in Sect. 3.3

2.3.2 Meteorological conditions and the Arctic Oscillation index be-
tween October 2019 and February 2020

Rinke et al. (2021) provide an overview over the development of different meteorological pa-
rameters during the MOSAiIC campaign. With the help of a comparison to the climatology
between 1979-2019, an estimation was done about the normality of that year. The mean
sea level pressure was lower than the long-term mean between January and April with es-
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Figure 2.2: Time series of the AO indend the measured daily mean integrated water vapour
(IWV) from the microwave radiometer LHUMPRO (Walbrol et al., 2022) for the MOSAiC
winter period from 25 Oct 2019 to 29 Feb 2020.

pecially large differences in February and March, when many cyclones occured. The coldest
temperatures between October 2019 and January 2020 were higher during MOSAiIC than in
the climatological mean. The first half of November 2019 was embossed by anomalously cold
temperatures, whereas it was warmer in the second half due to two cyclones between 16 and
20 November 2019. [Rinke et al. (2021) found two more warming events during the winter
between 3-5 December 2019 and 18-22 February 2020. All of these events were accompanied
by anomalous high values of the IWV due to the intrusions of moisture and related increases
of the downward longwave radiation. The number of cyclones was below the long-term mean
for October 2019 to January 2020 and within the mean for February and March 2020. In con-
trast, the cyclone intensity and depth was higher than the average in February and March 2020.

The development of the AO index was unusual between late autumn 2019 and early spring
2020 (Rinke et al.. 2021)), because of a record-breaking strong positive phase of the AO from
January to March (Lawrence et al., 2020). The time period of this study from 25 Oct 2019 to
29 Feb 2020 can be divided into three parts regarding the AO. October and November 2019
were embossed by a negative phase of the AO, followed by a transition phase from 01 to 29
December 2019 and a strong positive phase from 30 December 2019 until April 2020 (Fig. .
The AO index is shown in Fig. for the studied time period from 25 Oct 2019 to 29 Feb
2020. The period can be divided in three parts, a negative phase of the AO in October and
November, a transition phase from 01 to 29 December 2019 and a strong positive phase from
30 December 2019 until April 2020. Beside the AO index, Fig. presents the temporal de-
velopment of the IWV, that was measured by the microwave radiometer LHUMPRO onboard
the Polarstern. The highest IWV values were measured during the reported warming events in
mid of November, beginning of December and mid of February, although the latter maximum
reached a slightly smaller maximum IWV compared to the two in November and December.
Hence, a larger variability and larger maximum values of the IWV are seen during the negative
phase of the AO in comparison with the positive phase, but no direct correlation of the IWV
values to the AO index can be observed.

Zhttps://ftp.cpc.ncep.noaa.gov/cwlinks/ (31.05.2021)
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Chapter 3

Theory: Instrumentation and Methods

The following chapter presents the methods, which were used in this study to derive calibrated
profiles of the WVMR from the measurements of the Raman lidar PollyXT during MOSAiC.
The four instruments, which are used for the calibration and the different evaluations are
presented in Sect. The processing of the lidar data and the determination of WVMR
profiles is explained in Sect. The WVMR profiles from the Raman lidar measurements
have to be calibrated. Three methods are presented to determine the calibration constant by
comparison of the lidar measurements with the measurements of a reference instrument (Sect.
. The calculation of WVMR profiles from the lidar measurements and the determination
of the calibration constant was done with an own matlab program according to the presented
methods in this chapter. Some of the basic calculations were adopted from an earlier program,
which was used for the calibration of PollyXT measurements of the WVMR by (Dai et al.
2018]).

3.1 Instrumentation

3.1.1 The Raman lidar

A lidar (light detection and ranging) is an active remote-sensing instrument for the distance-
resolved measurement of atmospheric quantities. It measures vertical profiles of the backscatter
and extinction properties of particles in the atmosphere. The measurements are done contin-
uously and vertically high-resolved and can be used for a better understanding of particular
processes as well as for long-term observations. The basic principle of a lidar is as follows. First,
pulsed radiation with a selected wavelength is emitted by a laser and scattered at particles and
molecules in the atmosphere. A small part of the scattered radiation is scattered back at 180°
to the instrument, received by a telescope and seperated into different channels by a receiver
optics. From the time ¢ between sending and receiving the signal and the speed of light ¢, the
distance z of the scattering particles and molecules can be calculated as (Weitkampl 2006):

z2=05-t-c. (3.1)

The use of different wavelengths supports the lidars sensitivity for different sizes of particles.
As the used laser light is polarized, the received radiation can be seperated in perpendicular
and parallel polarized radiation giving information about the shape of the scattering particles.
For this work, the data of the PollyXT lidar Arielle are used, which was installed in the
OCEANET container during MOSAIC (Engelmann et al. 2021)). All instrument specifics are
described in (Engelmann et al. [2016)). The PollyXT is a multiwavelength Raman and polariza-
tion lidar emitting radiation with the three wavelength 355 nm, 532nm and 1064 nm. Beside

11
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the particle backscattering coefficients at all three wavelengths, it allows the determination of
the particle extinction coefficients and depolarization at 355nm and 532nm and the Raman
backscattering at 387 nm and 407 nm. Moreover, it includes five near-range channels at 355,
387, 532 and 607 nm wavelength and at 532 nm cross polarized. The resolution of the raw data
of the PollyXT amounts to 30s temporally and 7.47 m vertically. The first measurement height
is 3.75m above the instrument, given from the data acquisition system.

The Raman lidar technique allows the detection of the inelastic scattering of the molecules
of water vapour (at Ag,o = 407nm) and nitrogen (at Ay, = 387nm) from a transmitted
laser wavelength of 355nm. Profiles of the WVMR can directly be derived from the Raman
backscattering at these wavelengths (Melfi et al., [1969; [Whiteman, 2003b; Wandinger, [2005]).
The basic principle of the inelastic scattering is the frequency shift of the scattered radiation
due to changes of the vibrational and rotational states of the molecules during the scattering
processes, which are characteristic for each molecule. That means the wavelength of the scat-
tered radiation Ar differs from the wavelength of the emitted radiation A\g. The underlying
processes are explained in detail in [Wandinger| (2005). The scattering cross section for Raman
scattering is very low compared to the elastic scattering cross section, so that only a few photons
are scattered back to the receiver optics. It is challenging to separate these low signals from the
background light, especially during daytime. For that reason, Raman lidars are mainly used at
nighttime. For the application in the Arctic winter, the background light is no limitation as it
is completely dark during the polar night.

Before using the measured data for further calculations and analyses, several corrections have
to be performed (Weitkamp, 2006). The received signal Pg consists not only of the signal of the
backscattered photons Py, but includes instrumental noise and signals from the background
light from the sky P:

igy
PR:Psig+Pbg- (32)

Thus, the data have to be background-corrected to derive the particle backscattering, which
can be done by two different approaches. The background signal is either calculated as the
mean over the signals of a height range at large altitudes or as the mean over the signals from
about 12.5 us (250 bins) before the laser pulse. For PollyXT, the background is calculated
as the mean over the first 250 bins in the data, which represent the background before the
emitted laser pulse (pretrigger), as the first measurement bin after the laser-pulse emission is
the bin 254. The scattering processes at most particles in the atmosphere generate spherical
waves, but the telescope area covers only a small part of such a sphere. This fraction gets
smaller with increasing distance z between the scattering volume and the telescope. To correct
this distance-dependence, the signal is usually range-corrected by multiplying it with 22. At
closer distances between the lidar and the scattering volumes, the overlap between the laser
and the telescope field of view is not complete, so that the signals from those heights have to
be corrected for the overlap.

The measured signals of a Raman lidar can then be expressed by the Raman lidar equation
including all the corrections named above:

Pa(z) = S0 5 ) (exp— / Z[mo(&)mR@)Jdg), (33)

z

where O(z) is the overlap function, Kg is a system constant, which comprises all range-indepent
system parameters, e.g. telescope area, receiver transmission and detection efficiency. Fr(z)
is the Raman backscattering coefficient and «), and a,, express the extinction of light on
the way between lidar and the backscattering volume before and after the scattering process
(Wandinger}, 2005). The Raman backscattering coefficient fg(z) results from the product of
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the molecular number density of the Raman-active gas Ng(z) and the differential cross section
for the backward direction do(7)/dQ2 (Wandinger, 2005):

do(7) ‘

Br(z) = Nr(2) a0

(3.4)

The measured lidar signals Pr(z) are counted photons, that follow a Poisson distribution.
Hence, the statistical error of each signal Pgr(z) is given by /Pr(z) (Wandinger, 2005). Ac-
cording to this error and the composition of the total signal (Eq. 3.2), the signal-to-noise ratio
(SNR) S(z) can be calculated for each measured signal to get a quantity for the data quality
of the measurement (Heese et al., [2010):

Psig(z)

V/Pug(2) + 2P,

Pys(2) is the background-corrected signal for each height and P, is the background signal. Both
signals have the unit counts. If the signals of the backscattered photons are too small compared
to the background, the data are noisy and the SNR becomes small. A simple method to assure
the data quality of the lidar profiles and to exclude noisy data is to define a threshold of the SNR
and to use only signals for evaluations with a higher SNR than that threshold. To minimize
noise and to increase the SNR, the lidar signals are smoothed temporally and/or vertically by
calculating the sum over several lidar signals. A small disadvantage of every smoothing is the
decline of the resolution of the data, but for the purpose of higher data quality. To calculate
the SNR of the smoothed profiles, the background signals have to be smoothed in the same
manner as the signals. According to Eq. summing up several single signals increases the
resulting signal Ps, much more than the small background B, so that the SNR increases. In
the following study the signals of water vapour and nitrogen molecules will be used. Only the
SNR of the water vapour signal will be considered for the quality assurance, since the Raman
scattering of nitrogen is much higher than the Raman scattering of water vapour, due to the
atmospheric abundance of the respective molecules.

S(z) = (3.5)

3.1.2 The radiosonde

A radiosonde (RS) measures profiles of the basic atmospheric parameters such as temperature,
relative humidity, pressure and wind. The vertical resolution of the profiles is very high with
measurements every several meters. In contrast, the temporal resolution is limited to four
soundings per day, but which are regularly provided during the whole MOSAiIC campaign.
During MOSAIC, radiosondes of the type Vaisala RS41 were used with relative measurement
errors of maximum 0.1% in temperature and 4% in relative humidity (Survo et al.,|[2014)). These
are combined uncertainties including sensor errors and sounding uncertainties. This means for
example the uncertainty in relative humidity is the maximum error for very low temperatures.
The very accurate measurements make the radiosonde highly suitable for the calibration of
other instruments measuring vertical profiles or vertical integrated variables. Examples are
the calibration of the microwave radiometer measurements or the lidar measurements of water
vapour. When using radiosonde profiles for calibration two characteristics of the radiosonde
measurements have to be considered. The most important feature is the drift of the radiosonde
with the wind field, leading to a shift of the profile into different airmasses, depending on wind
speed and stratification. Another feature is the time shift of the profile with height, because the
rising of the radiosonde takes a certain time. As for the calibration of water vapour mainly the
lowest part of the troposphere is relevant, this shift is negligible. To conclude, the uncertainties
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given above should be used for evaluating the measurement errors in temperature and relative
humidity and the drift of the radiosonde with the wind has to be considered. The radiosonde
data from the MOSAiIC campaign, that were used in this study are provided on Pangaea by
Maturilli et al.| (2021)).

3.1.3 The Microwave Radiometer

The microwave radiometer (MWR) is a passive remote-sensing instrument, which measures the
brightness temperature of the atmosphere at specific frequencies (Janssen, [1994). The emis-
sion of water vapour or trace gases like oxygen, are detected and profiles of temperature and
absolute humidity and the vertically integrated water vapour (IWV) and liquid water path
(LWP) are estimated. A big advantage of microwave radiometers is their ability to continuous
measurements during all weather conditions except rain. Moreover, it is not sensitive to the
thermal radiation of ice, but on that from liquid water, allowing the measurement of liquid
water and water vapour only. During MOSAIC, two microwave radiometers were installed on
the OCEANET container next to the lidar, allowing direct comparisons of the measurements.
The microwave radiometer HATPRO (Humidity And Temperature PROfiler) has 7 channels in
the water vapour absorption band between 22 — 31 GHz for humidity profiling and 7 channels in
the oxygen absorption band between 51 — 58 GHz for temperature profiling (Rose et al., [2005]).
Main products of HATPRO are the integrated water vapour (IWV) and the liquid water path
(LWP). The measurements of HATPRO from the MOSAIiC campaign are published in Ebell
et al.|(2022). The second microwave radiometer LHUMPRO (or passive Microwave Radiome-
ter for Arctic Clouds (MiRAC-P), Mech et al.| (2019)) combines millimeter and submillimeter
channels. It contains 6 channels centered around the strong water vapour line at 183.31 GHz
and two window channels at 243 and 340 GHz (Mech et al., 2019). The high frequencies of the
LHUMPRO are especially suitable for low amounts of water vapour. The instrument delivers
IWV, LWP and humidity profiles. The measurements of LHUMPRO from the MOSAiC cam-
paign are published in [Walbrol et al.| (2022).

Only the IWV (I) will be used in this study. The uncertainty of the measured IWV from the
two MWR is given in their data files. In the case of HATPRO an absolute error is given in
each data file for the different elevation angles. This absolute error is Algarpro = 0.37kgm—2
for the used elevation angle of 90°. For the MWR LHUMPRO, the absolute error of the IWV
is given in the data file to Al gumpro = 0.07kgm~2 for values of the IWV below 5kgm~2. By
averaging the MWR data over 5 minutes, this error can be reduced to an absolute error around
0.02-0.03 kg m~2 for HATPRO and 0.0042kg m~2 for LHUMPRO (cf. Eq. ?7?). According to
Walbrol et al.| (2021), the measurement uncertainty of HATPRO increase for low values of IWV,
which appear frequently during the Arctic winter. The TWV of LHUMPRO showed a much
better agreement with the IWV calculated from radiosonde profiles, than the IWV of HATPRO
during winter time (Walbrol et al., 2021)). As the following study is limited to the Arctic winter
and due to the much smaller uncertainties in the IWV from LHUMPRO, the LHUMPRO was
chosen for calibration and comparisons of the IWV.

3.1.4 The pyrgeometer

A pyrgeometer measures the up- or downwelling broadband longwave radiation. In this study,
the downward longwave radiation (DLR) will be used, which was measured at the bow crane of
the Polarstern. The instrument was part of the "Scalable automatic weather station’ (SCAWS),
supervised by TROPOS. The data have a resolution of 1 second and the measurements were
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done continuously. The uncertainty of the instrument is negligible and can be given to 0.41%,
which was deviated from the calibration of the instrument in Lindenberg. To proof a possible
influence of the ship on the data, the data of one cloud-free case, namely the 13 November 2019,
were compared with the radiation measurements of the ARM-site on the ice E] The comparison
showed differences of 2 — 3 W m™2, which should be in mind.

As a pyrgeometer measures the broadband longwave radiation, the Stefan-Boltzmann-law can
be used for conclusions about the temperature of the radiation source in a first approximation.
The Stefan-Boltzmann-law expresses the broadband longwave radiation of a black body with
the temperature 7" into the total half space (Kraus| 2007):

mFw = oT?, (3.6)

with o = 5.67- 107 Wm 2 K~!. In that case, the temperature T is the radiation temperature
of the sky T;.q and can be calculated from the measured longwave radiation Frw as:

F
Thg = ] 22V (3.7)

g

3.2 Lidar data processing

3.2.1 Determination of the water vapour mixing ratio

Two Raman signals are used for the determination of the water vapour mixing ratio (WVMR):
the backscattered signal from the water vapour molecules at the wavelength of 407 nm and the
signal of the nitrogen molecules at 387 nm as the reference gas (Wandinger, 2005). In general,
the WVMR (wp,0) is defined as the ratio of the mass of water vapour (my,0) and the mass of
dry air (ma;):

mHZO(’Z) _ IOHZO(Z) NH2O
Maie(2)  pan(2) — Ny,
where the mass can be expressed as the densities of water vapour (pm,0) and dry air (pai)
respectively, considering the same volume. Furthermore the WVMR is proportional to the
ratio of the molecular number densities of water vapour and nitrogen (Np,o and Ny, ), which
are correlated to the Raman backscattering coefficients as shown in Eq. Combining Eq.
B3] and [3.§) delivers an equation for the height-resolved WVMR measured by the Raman
lidar in gkg=! (Whiteman|, 2003b; Wandinger, |2005; Foth et al., [2015):

wh,o0(2) = (3.8)

F,[T(2)]  Puyo(z) €xp (= J5 o]
FHzo[T(z)] PN2 (Z) exXp [_ foz O‘AHQO} '

The four factors of this equation represent the calibration constant Cy,o, the temperature
dependence of the filter transmission Ry = Fx,[T(2)]/Fu,o0[T(2)] (Sect. [3.2.4)), the ratio of
the measured backscattered signals R, for the two gases HoO and Ny (Pu,0(2)/Pn,(2)), and
a differential transmission term. The differential transmission term accounts for the different
atmospheric transmission at the two used wavelengths Ay, and Ap,o and will be estimated
in Sect. The calibration constant Cy,o can be determined by the use of a reference
instrument, e.g. a radiosonde or a microwave radiometer, as it is further explained in Sect. [3.3

ngO(Z) = CHQO . (39)

'https://dq.arm.gov/dq-zoom/?ds=mosiceradriihimakiS3.bl&variable=LWdn&sdate=20191113&
edate=20191113&coordinate=, 26-07-2022


https://dq.arm.gov/dq-zoom/?ds=mosiceradriihimakiS3.b1&variable=LWdn&sdate=20191113&edate=20191113&coordinate=
https://dq.arm.gov/dq-zoom/?ds=mosiceradriihimakiS3.b1&variable=LWdn&sdate=20191113&edate=20191113&coordinate=
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The uncalibrated WVMR (WVMR uca1), which will be used later, is defined as follows:

_ FR[T()] Puo(z) o [ [y o,
Wi1,0,uncal (2)

B Fu,olT(2)] Pn,(2)  exp [— fOZ O‘/\Hgo} ' (3.10)

The exact processing of the lidar data to derive the uncalibrated WVMR is explained in the next
section (Sect. [3.2.2). For the calculation of the WVMR, no range-correction of the measured
Raman lidar signals is needed due to the used ratio, but the signals of each channel have to be
background corrected. An overlap correction is omitted, assuming the same overlap for both
channels (Foth et al., 2015).

3.2.2 Processing of the lidar signals from water vapour and nitrogen

Several processing steps are necessary to derive the signal profiles Py,0(2) and Py,(2), that can
be used to calculate the uncalibrated WVMR (Eq. [3.10). The raw data from the Raman lidar
contains profiles of the counted backscattered photons at different wavelengths. For Arielle, the
raw signals of nitrogen at 387 nm are stored in channel 3 and those of water vapour at 407 nm
are stored in channel 4. For photon-counting detection systems a so-called detector deadtime
is responsible for a certain amount of non-counted photons at high count rates. This deadtime
effect depends on the pulse width of the single photon signal of each detector in which no other
photon can be counted and the measured lidar signals have to be corrected for this deadtime
effect. For the deadtime correction, the raw signals have to be converted from counts to Mcps:

Plcounts]

P[Mcps| = 5.5

x 1076, (3.11)
with the temporal resolution of the data acquisition B, which is 50 ns for the Arielle, and the
measurement shots per dataset Sy,, which are 600 shots for Arielle. The vertical resolution of
the lidar measurements is determined by the temporal resolution of the data acquisition (50 ns)
to be 7.5m according to Eq. [3.1] The deadtime correction (Engelmann et al) [2016) is then
done by a 5-order polynomial with the polynomial coefficients, that are stored in the data file.
For further calculations the signals are converted back to counts, which is especially necessary
for the later determination of the SNR.

The next step is the smoothing of both signals, the water vapour and the nitrogen signal, and
their background signals. The temporal and vertical smoothing is performed by summing over
several deadtime corrected signals in time and height. The temporal smoothing length is fixed in
the program input and applied equally to all signals. For clear-sky cases, the vertical smoothing
length is adapted to the SNR of the water vapour signal. The number of water vapour molecules
in the atmosphere is decreasing with height, leading to a decreasing SNR. The decreasing SNR
is reaching the SNR threshold faster in the Arctic due to very small signals, leading to lower
height ranges of the profiles. To counteract this problem, the vertical smoothing is increased
with height. Therefore several assumptions were made. The equation of the SNR (Eq.
is the basis of the consideration as it shows the relation between the SNR and the corrected
signal. The equation was simplified by assuming the background B, to be zero. That can be
done in a good approximation, because the background is very small in the Arctic due to the
complete darkness during the polar night and the used detectors having dark counts of less
than 100s™. The signal Py, is then replaced by the sum of n vertically consecutive signals
Pium » and for the SNR a specified threshold SNRy, (Si) is taken. The resulting criterion is:

Psum,n 2 (Sth>27 (312)
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which have to be fulfilled in each height. The minimum smoothing length is n = 3 bins
(= 22.5m) close to the ground, starting at the second height bin. The smoothing length is kept
constant with increasing height as long the criterion is fulfilled, otherwise n is increased until
the criterion is reached. The maximum smoothing length was usually defined to be 101 bins,
corresponding to around 750 m, but can be adapted in the program input. This criterion is only
applied to the water vapour signals, because they are much smaller than the nitrogen signals
and reach the threshold of the SNR at lower heights. The advantage of the enlarging smoothing
length is, that the height range of the profile is increased, but the higher vertical resolution is
kept near the surface, where the SNR of the water vapour signals is larger. The resulting lower
vertical resolution in greater heights is limited by the maximum smoothing length.

After determining the vertical smoothing lengths in dependence of the SNR of the water vapour
signals, the same smoothing lengths are applied to the corresponding nitrogen signals and the
background signals of both channels. Then, the SNR of both channels is calculated with Eq.
3.5l This approach is not applicable to cloudy cases, were the upper limit of the profiles is
determined by high backscattering of the clouds. In that case, a larger vertical smoothing
length can not increase the upper limit of the profiles significantly and is strongly influenced
by multiscattering in the cloud-region. For that reason, the vertical smoothing length is fixed
to one value over all heights in cloudy cases. After the temporal and vertical smoothing of the
signals and their corresponding background signals, each signal is corrected for its background
noise.

The uncalibrated WVMR (Eq. can now be calculated from the smoothed signals, the
filter transmission (Sect. and the differential transmission term (Sect. [3.2.3). To assure
the data quality, some criteria has to be fulfilled for each height: the SNR of the water vapour
signal has to be greater than the threshold, the WVMR has to be greater than zero and smaller
than infinity. Data that not fulfill these criteria are set to NaN. The resulting uncalibrated
profiles of the WVMR, are mean profiles with different maximum heights due to the SNR’s of
each profile. They can be used for the calculation of the calibration constant. The calibrated
profiles are then used for analyses of the atmosphere.

In dependence of the further use of the WVMR profiles, mean profiles are determined by either
calculating one mean profile over a fixed time period or several smoothed profiles over a longer
time period. If one single profile is needed, as for the calibration with radiosonde or the analysis
of specific cases, one mean profile is calculated over a time period with a defined start and end
time. If a time series of WVMR profiles is needed, as for example for the calibration with IWV
or analyses of the temporal development, temporal smoothed profiles are calculated for every
time step of the original lidar data (30s). Therefore, the temporal smoothing is realized by
summing over several time steps centered around each time step. The vertical smoothing is
done centered around each height bin for both cases.

3.2.3 Calculation of the differential transmission

The last factor of Eq. accounts for the differential transmission of the radiation at the two
wavelengths Ay, = 387nm and Ag,0 = 407 nm. It is expressed by:

exp [— [y g, (€) d¢]
€xXp [_ foz Oé)\HZO (5) df] ’

with the extinction coefficients «vy at the two wavelengths (Whiteman) 2003b; |Wandinger, [2005]).
The atmospheric extinction coefficients consists of the molecular extinction )" and the particle
extinction o} and both include the scattering and absorption of light:

AT (z) =

(3.13)

ay = oy +ab. (3.14)
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According to |[Whiteman| (2003a), the molecular absorption is negligible at the used wavelength
of 355 nm of the Nd:YAG laser, so that the molecular component of the atmospheric extinction
can be expressed by the total volume scattering coefficient g™ of Rayleigh scattering:

) = Bin + Oég. (315)

The total Rayleigh volume scattering coefficient 8™ [ecm ™' sr™!| can be calculated from the

molecular number density N and the total Rayleigh scattering cross section o™ (Measures|,
1984)):

B(2) = o™ - N(2) = 2# o™ N(2), (3.16)

™

which can be retrieved from the Rayleigh backscattering cross section o'. There are different
possibilities to calculate the Rayleigh backscattering cross section. \Whiteman (2003a) compared
a complex solution, dependent on temperature, pressure and number density (Bucholtzl [1995)
with a simpler numeric solution. This simpler solution is commonly used in lidar applications,
but does not consider effects of the dispersion of depolarization (Whiteman, [2003a)). They
found, that the result of the numeric equation is &~ 3% smaller than that from the full calculation
at the wavelength of 355 nm. The difference gets smaller at higher wavelengths.

Here, the numeric solution is used in the calibration procedure (Measures, 1984; Whiteman,
2003a)):

550
ot =5.45 [T} x 107 cm?sr?, (3.17)

with the wavelength A\ in nm. The total Rayleigh volume scattering coefficient for each height
is calculated by inserting the result of Eg. in Eq.

The molecular number density N is proportional to the air density and decreases in the same
manner with height. The decrease of the air density with height can be expressed by an
exponential term including the scale height 2 of the atmosphere:

p(z) = p(z = 0) - exp (—3> . (3.18)

Zs

It follows for the molecular number density:

N(z) = N(z = 0) - exp <—i> . (3.19)
2
A scale height of 8.3km is taken for the calculation, corresponding to the value at mean sea
level at 15°C. The molecular number density at mean sea level is N(z = 0) = 2.55 x 10!? cm 3.

The extinction coefficient due to particles of is dependent on the amount of particles in the
atmosphere and can be retrieved from the lidar measurements at the emitted wavelength. The
particle extinction at any wavelength A\, can be calculated from a known particle extinction at
the wavelength \; and a corresponding height-dependent Angstrom coefficient A(z) with the

following equation:

aP 2 A A(z)

g1< ) _ <—2) . (3.20)
a/\Q(z) A

Figure [3.1] illustrates the differential transmission due to molecular and particle extinction.

The molecular extinction profiles were calculated with Eq. [3.16] using Eq. and The

particle extinction coefficient was set to 10 Mm~' at 355nm for all heights, corresponding to
an optical thickness of 0.1. [Engelmann et al. (2021) and |Ohneiser et al.| (2021)) report, that the
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Figure 3.1: (a) Profiles of the molecular extinction coefficient at 387 and 407 nm. (b) Differential
transmission due to pure molecular and particle extinction compared with the total differential
transmission. The particle extinction coefficient was set to a constant value of 10 Mm™" at
355 nm and an Angstrom coefficient of 1.0 was assumed to calculate the differential transmission
due to particles.

particle extinction can be higher close to the surface, but it is much smaller in large parts of
the troposphere. Hence, assuming a constant particle extinction of 10 Mm™! for all heights can
be regarded as a maximum value. Assuming an Angstrém coefficient of 1.0 leads to a particle
extinction of 9.17Mm ™! at 387 nm and 8.72Mm ™! at 407 nm (Eq. [3.20). The differential trans-
mission only due to particle extinction is then 0.9955 in 10 km height. That means, neglecting
the particle extinction in the calculation of the total differential transmission results in an error
of less than 0.5% in 10 km height and even less below. [Engelmann et al.| (2021)) found a mean
Angstrom coefficient of 1.7 on 4 March 2020 during MOSAIC in Arctic haze, but even then the
error in the differential transmission is smaller than 0.7%. Using a real extinction profile from
13 November 2019 at 16:40-16:50 UTC, the differential transmission due to particles is close to
one for all heights, confirming that the air is very clean in the Arctic. All these calculations
show, that the particle extinction can be neglected in the calculation of the differential trans-
mission. Previous studies came to the same conclusion for different locations (Herold et al.,
2011} Foth et al., [2015).

A second uncertainty in the differential transmission term results from the use of a simpler
numeric equation for the calculation of the Rayleigh backscattering coefficient instead of the
full Eq. This error amounts to about 3% in each extinction coefficient for the used
laser wavelength of 355 nm (Whiteman, [2003a). To consider its influence on the differential
transmission, 3% higher values of the molecular extinction coefficient were taken and the differ-
ential transmission was calculated for the example shown in Fig. The resulting differential
transmission in 10 km height was 0.15% smaller than the one from the extinction coefficients
from the numeric solution, which means, the numeric solution (Eq. can be used without
limitations and the error of the differential transmission term is negligible.
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Figure 3.2: The transmission of the detected signals through the filters for nitrogen at 387 nm
(F3s7) and water vapour at 407 nm (Fjo7). Their ratio (F3s7/ Fyo7) is needed for the calculation of
the WVMR. The temperature of the atmospheric scatterers determines the spectral properties
of the backscattered radiation and thus its transmission through the filters.

3.2.4 Dependence of the signal ratio on the temperature of the at-
mospheric scatterers

The factors F, in Eq. include all the temperature-dependent variables (Whiteman) 2003a)).
The temperature dependence of the measurements is mainly determined by the temperature
dependence of the rotational Raman scattering process in combination with the used filters and
their properties (Whiteman) 2003b)).

The intensity of the rotational Raman scattered radiation depends mainly on the specific
molecule and on the wavelength of the incident radiation. The rotational Raman lines are
distributed around a central wavelength for each molecule with different widths of the distri-
bution. The used filters in the instrument need to have an appropriate transmission curve with
a central wavelength and a full width at half maximum (FWHM) adapted to the rotational
Raman spectrum of the observed molecules (Whiteman) 2003a). During MOSAIC, the filters
for the nitrogen and water vapour channels were chosen to fulfil the requirements for the mea-
surements of the backscattered light from the vibrational-rotational Raman transitions of the
molecules. But it is to be regarded, that the intensities of the Raman lines are slightly different
at different temperatures of the scatterers. The temperature dependent Raman spectrum is
calculated and in combination with the transmission curves of the filters the total transmission
of the detected signals through the filters was derived (courtesy of R. Engelmann (TROPOS)).
Figure |3.2| shows the change of the total transmission of the signal with temperature for the
nitrogen (Fizg7) and water vapour (Fjo7) molecules. The total transmission of the nitrogen sig-
nal changes by 0.34% between 0 and —100°C, whereas the change amounts to 0.63% in the
water vapour channel. The temperature dependent ratio Rp of the transmissions of these two
channels is needed in the calculation of the WVMR (Eq. and shown in orange in Fig.
3.2l Tt changes by only +0.97% between 0 and —100°C with the highest influence for very low
temperatures. The temperature dependent total transmission of the signal through the filter is
included in the calculation and no error of the ratio Rp is considered. The required temperature
profile is taken from the nearest radiosonde.

3.2.5 Determination of the integrated water vapour

The integrated water vapour (IWV) is defined as the integral over the water vapour density
pr,0(2) [gm™3], which can be expressed by the product of the water vapour mixing ratio wy,o
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[gkg™!| and the density of dry air pq [kgm™3] (Elgered et al., [1982; Dai et al., 2018):
[lidar = / szO(Z) dz = / wHQO(Z)pd(Z) dz (321)

The resulting unit of the IWV is gm~2. For the calibration of the lidar water vapour measure-
ments, the uncalibrated WVMR (Eq. is used to determine an uncalibrated IWV of the
lidar [liqar,uncal- The profile of the air density can be calculated from the ideal gas law for dry
air: )
Ppalz
pal2) = Ra-T(2)
with the pressure of dry air pq, the temperature 7" and the individual gas constant for dry air
Rq = 287.06 Jkg ! K~!. The required profiles of temperature and pressure can be taken from
either another instrument, e.g. the radiosonde or the MWR, or from models like the Global
Data Assimilation System (GDAS). In the following, radiosonde measurements are used. A
problem is, that both, instruments and models, deliver only the pressure of moist air instead of
the required partial pressure of dry air. An estimation shows the influence of water vapour on
the total air pressure to be small, assuming a standard atmosphere and 100% relative humidity.
In that case, the partial pressure of water vapour would amount to 1.7% of the total pressure
at mean sea level and of less than 1% in 2km height. Hence, the measured pressure of moist
air can be used for the calculation of the density of dry air in a good approximation.
The integration range is chosen in dependence of the application. For comparison with the
total IWV of the atmosphere from other instruments, the integration range should cover the
whole atmosphere, but is limited by the increasing noise of the lidar data in greater heights.
Especially in the Arctic with very low amounts of water vapour the maximum height range of
the profiles is strongly limited. A great benefit of calculating the IWV from lidar profiles is the
opportunity to determine the IWV of single layers.

(3.22)

3.2.6 Error analysis

According to Dai et al. (2018) and Whiteman| (2003b)), the relative error in the WVMR can be
expressed by:

o ot | Ok Ok oAz
_w —_ F _Ivw r ) 2
Ta(2) = 55+ D) + o)+ ). (3.23)

where o, expresses the uncertainty of the quantity . The uncertainties of the differential trans-
mission term AT, and the temperature dependence of the filter transmission Ry are negligible
(Sect. and [3.2.4). The uncertainty of the calibration constant o¢ will be considered in
Sect. [3.3] This first term of Eq. is left out in the estimation of an error of the uncalibrated
WVMR.

The relative error of the signal ratio R, results from the statistical error of the measured lidar
signals. As explained in Sect. [3.1.1] the statistical error is determined by the Poisson statistics.
Hence, the relative error of the signal ratio R, can be calculated by use of the signal-to-noise
ratio (SNR) (Dai et al.| [2018):

2 2
0%, Punolx . Thye 1 1

R2 " Po(2)? | Po(2)  Smo(2)? | Sxy(2)?

(3.24)

The error of the IWV from the lidar is determined by error propagation in the calculation
of the IWV (Eq. [3.21). The uncertainty of the WVMR from the lidar is given in Eq. [3.23]
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The uncertainty of the air density depends on the used instrument. When using the data
from the radiosonde, several aspects have to be discussed. The measurement uncertainties of
temperature and pressure are very small (cf. Sect. , leading to a negligible measurement
uncertainty in the air density. Another small uncertainty occurs due to a possible time shift
between the radiosonde launch and the lidar measurement. As the temperature changes over
time are very small, this has a negligible influence. As the IWV from the lidar is numerically
calculated by using a sum, the error of the IWV is calculated with the rules of error propagation
as:

A[lidar,uncal = \/Z [Pd(z) : O—Wuncal(Z)P‘ (325)

3.3 Calibration methods

A calibration is needed to derive profiles of the water vapour mixing ratio from the Raman lidar
measurements. Therefore, water vapour measurements of a reference instrument are needed.
In the following section, three methods will be compared. Two calibration methods using a
radiosonde profile are explained in section and the calibration method using the IWV will
be shown in section 3.3.2]

3.3.1 Calibration with radiosonde

Radiosondes are often used instruments for the calibration of Raman lidar profiles as they are
regularly provided and deliver accurate vertical profiles of water vapour. This method is de-
scribed in literature in detail (e.g. [Foth et al.| (2015); Gerding et al.| (2004)); Herold et al.| (2011));
Melfi et al.| (1969); Melfi & Whiteman| (1985))).

In their paper about the automatical calibration of water vapour profiles from Raman lidar mea-
sured during the HOPE campaign (HD(CP)? Observational Prototype Experiment) in Jiilich
2013, |[Foth et al| (2015) demonstrated two methods using radiosonde profiles: the regression
and the profile method. For both methods, the WVMR profile of the radiosonde wp,o rs is
needed, which is calculated as

URS - €sat

(3.26)

wH2O’Rg = 622 .

PRS — URS * €sat
with the relative humidity of the radiosonde urg in %, the pressure of the radiosonde pgrs in
Pa and the saturation pressure eg,; in hPa, which is calculated from the temperature of the RS.

The regression method is one calibration method using radiosonde profiles. Here, a linear re-
gression is done between the WVMR measured by the radiosonde and the uncalibrated WVMR
measured by the lidar. The calibration constant Cy,o is determined by the slope of the re-
gression line (Foth et al., 2015). Using this method, the measurement height of the data is
not considered, so that small shifts in height between the two profiles may be compensated.
As a quality check of the regression, the correlation coefficient R? can be used, which is larger
for a better correlation between the two profiles. A large range of mixing ratios improves the
correlation. To calculate an error of the calibration constant oc, the standard error of the slope
of the regression line is used (Foth et al., 2015).

The other possible method is the profile method, where a calibration constant is calculated for
each height:

Wit,0,Rs(2)

CH o\R) =
: ( ) ngO,uncal(z)’

(3.27)
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from the WVMR of the radiosonde wp,o rs and the uncalibrated WVMR of the lidar w,0, uncal
(Eq. 3.10). The resulting calibration constant is the mean over all calibration constants of a
specified height range. The standard deviation o¢ can be used as a measure for the uncertainty
of the calibration constant (Foth et al., [2015). In this study, the standard deviation is used as
the error of the calibration constant from the profile method, which is not directly comparable
to the error of the calibration constant from the linear fit method.

It is essential for both methods to choose a height range, where the profiles of RS and lidar
fit together. The minimum height should be chosen in dependence of the possible influence
of surface structures or instrument setups. The maximum height depends on the drift of
the radiosonde and its ascending time, which leads to differences between the lidar and the
radiosonde profiles. In general, the profile method helps to determine height ranges, where the
profiles of lidar and radiosonde fit best, because the determined height dependent calibration
constants represents the relation between the WVMR of the radiosonde and the lidar. The
standard deviation of the mean calibration constant over a certain height range is a measure
for the congruence of the two profiles in that height range.

The atmospheric conditions should be cloud-free due to the limitations of the lidar by clouds.
The water vapour distribution should be stable around the calibration time to minimize the
influence of the radiosonde drift.

3.3.2 Calibration with integrated water vapour

Another calibration method for the WVMR of the lidar is based on the IWV. Possible reference
instruments are a microwave radiometer (Foth et al., 2015) or a sun photometer (Dai et al.,
2018). The sun photometer measures direct sunlight and thus can not be used in the Arctic
winter. The microwave radiometer measures continuously and independent from clouds. Only
during periods of rain, i.e., when the dome of the instrument is wet, the data cannot be
used. The advantage of the MWR compared to the radiosonde as reference instrument is its
continuous measuring parallel and close to the lidar, which are aligned directly vertical.

The calibration constant Cp,o can be calculated as the ratio of the IWV from the reference
instrument [os and the IWV from the lidar Iqa, (Eq. [3.21)) for each measurement time:

Crz0(t) = Ifdf%

The atmospheric conditions have to be cloud-free during calibration periods due to the lidar
limitations by clouds. In addition, the lidar profiles should cover large height ranges to capture
most of the water vapour in the atmospheric column. The temporal variability of the vertical
distributed water vapour should be small and should match the temporal smoothing length. A
stable vertical distribution of the WVMR over the calibration time period allows to treat the
different measurements as samples of similar atmospheric conditions and to average over them.
Hence, a mean calibration constant is determined from the single calibration constants of each
measurement time in the respective time period (Foth et al., 2015).

The error of each single calibration constant ACy,0 ¢ results from error propagation of Eq.

as follows: ) ) )
AC AIre AIl ar,unca
CH,0.t et Didar,uncal
The uncertainty of the measured IWV from the MWR is part of the data files and presented in

section [3.1.3. The uncertainty of the IWV from the lidar is determined by error propagation in
the calculation of the IWV from lidar as shown in Eq. During the Arctic winter, the error

(3.28)
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of the lidar IWV is much higher than the measurement error of the MWR. Thus, the error of
each single calibration constant is mainly determined by the high uncertainty of the lidar IWV.
The resulting calibration constant is the mean over all single calibration constant of the respec-
tive time period. The error of a mean value over certain number of single values that contain
an error each, is calculated by applying the rules of the error propagation on the calculation
of the mean. Hence, the error of the mean calibration constant ACyy,o is calculated from the
errors of all single calibration constants ACy,0 as:

N
ACu,o = Z ACH,0.4)2, (3.30)
t=1

with the amount of measurements N. This means, that the error of each mean calibration
constant depends on the instrumental errors and the length of the chosen calibration time
period.

3.3.3 Determination of one calibration constant for the MOSAiC win-
ter data

Independent of the method, a calibration is only possible during specific conditions, which
means at specific times. In recent studies, different approaches are used to determine which
calibration constant to use during the times between the calibrations. One approach is to use
the last calculated calibration constant (Foth et al., [2015]), which could lead to sudden changes
or errors if one constant was anomalous. The other possibility is to calculate a mean over
all determined calibration constants at one location, if the instrumental setup is stable. This
constant is then applied to all measurements of the instrument in that location and on that
setup (Dai et al., |2018). The second approach is applied to the MOSAiC winter data due to
the deployed stable instrumental setup.



Chapter 4

Calibration results

The total amount of water vapour in the Arctic is very small. Thus, the theoretical methods
for calibration (Sect. and the parameters in the lidar data processing have to be adapted
to those very dry conditions in order to determine the calibration constant for the MOSAiC
winter data appropriately. The adapted technical criteria are explained in Sect. including
the concrete settings for the data processing, discussions about the influence of the different
parameters and the choice of the calibration time periods. All three calibration methods are
then applied to one case on 27 October 2019 (Sect. . Finally, 55 calibration cases were found
and are presented between 22 October 2019 and 29 February 2020. The calibration results for
all these cases with all three methods are discussed in Sect. 4.3 and a mean calibration constant
for each method is calculated. Taking the uncertainties of the different methods into account,
one final calibration constant is selected, which is used for the further analyses of water vapour
profiles in Chapter [5

4.1 Technical criteria for the determination of the calibra-
tion constants

4.1.1 Calibration with radiosonde

Consistent setups are required in the calculation of the lidar profiles and several criteria have to
be set in the calibration procedures to determine reasonable and comparable calibration con-
stants. For the calibration with radiosonde, lidar profiles are needed at the same time as the
radiosonde launches. The mean lidar profiles are calculated according to the processing steps
in Sect. The temporal smoothing was set to 10 minutes around the radiosonde launch,
because 10 minutes are a good compromise between increasing the SNR of the resulting profile
and keeping the atmospheric variability. Moreover, the radiosondes reach heights of around
3km in 10 minutes, which is the maximum height chosen for some of the calibrations. The
vertical smoothing length is increasing with height dependent on the SNR of the water vapour
signal. The threshold of the SNR was set to 5, corresponding to a maximum statistical error
of the WVMR of around 20% in the largest heights of the profiles, but much lower errors close
to the surface, where the calibration was done.

The calibration height range was chosen in dependence of different criteria for the linear fit and
the profile method. The minimum height was always set to 0.1 km to reduce the influences from
the ship. The maximum height was determined manually for each lidar profile dependent on
the correlation coefficient R? of the linear fit and the standard deviation of the profile method.
Practically, a large maximum height was chosen and then decreased until the following criteria

25
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were fulfilled. For the choice of reliable calibration constants from the linear fit method and the
corresponding height range, a threshold of the correlation coefficient was fixed. The threshold
was set to a minimum correlation coefficient of 0.9 for this study. Simultaneously, the standard
deviation of the profile method was set to be below 10% that height range with some exceptions.
For the profile method, only the standard deviation of its calibration constant was considered.
Hence, a stronger limit was set of a standard deviation below 5% with some exceptions for
cases with a standard deviation between 5 and 10%.

To evaluate the calibration results, the wind speed in the calibration height range and the as-
cending time of the radiosonde were considered. The ascending time of the radiosonde should
not strongly exceed the averaging time of the lidar profiles of 10 minutes to reach the maximum
calibration height. A smaller height range should be better for high wind speeds, because of
an expected strong drift of the radiosonde, but an evaluation of the changing wind speed with
height is difficult. From quicklooks of the wind speed profiles, no correlation between wind
speed and calibration height range was apparently for the calibrations.

4.1.2 Calibration with integrated water vapour

Before using the IWV of the MWR LHUMPRO for calibration, it was compared to the IWV
calculated from the radiosonde profiles to assure a good performance of the MWR. Figure [4.1
shows a very good correlation between the IWV of the two instruments for all chosen calibration
times. Only a small bias towards higher values is visible in the IWV of the MWR. The shift
is slightly higher than the absolute error of 0.07kgm~2, which is given in the data file of the
MWR, and thus should be in mind when evaluating the calibration results.

For the calibration with the IWV, continuous profiles of cloudfree periods are necessary. The
lidar profiles were calculated according to the processing steps in Sect. The temporal
smoothing was set to 30 minutes centered around each measured profile to decrease the error
in the IWV of the lidar, but still get one profile every 30 seconds. The vertical smoothing is
increasing with height and determined by the threshold of the SNR, which was set to 5 in a
first step, but increased to 10 if the criteria could not be reached, which are explained later in
this section.

The IWV was then calculated by integrating over the maximum height range of the calculated
WVMR profiles (cf. Sect. . This height range do not cover the whole atmosphere. Hence,
that lidar IWV is not comparable to the IWV of the MWR and has to be corrected for the
covered height. The height-correction can be done with the help of the closest radiosonde profile.
The RS profile of the WVMR cover the whole atmosphere and can be used to calculate a total
column IWV (Igg) as well as a partial IWV (Iggpart) for the height range of the respective
lidar profile. The ratio A = Igs part/Irs of those two values gives the fraction of the total IWV,
that is covered by the lidar IWV. The IWV of the MWR is now multiplied with this fraction A
to be comparable with the determined lidar IWV. The calibration constant is then calculated
from the height-corrected IWV of the MWR and the determined IWV of the lidar profile. This
correction is done for each timestep seperately, because the maximum height of each lidar profile
is different as it depends on the SNR of the profiles. This correction is absolutely necessary
due the data processing. Beside, the correction solves the problem of the uncomplete coverage
of the atmospheric column by the lidar IWV in the Arctic, because of very low amounts of
water vapour. On the other hand, a radiosonde profile is necessary for the calibration. The
temporal shift between the radiosonde launch and the calibration period can lead to errors in
the correction and thus in the determined calibration constant, but this error is small, if the



CHAPTER 4. CALIBRATION RESULTS 27

——y=1.0117x-0.0790, R?=0.9978

IWV from RS (kg/mz)
[y n w
ol N ol w ul

[
T

0.5 1 1.5 2 25 3 35 4
IWV from MWR (kg/m?)

Figure 4.1: Correlation between the IWV measured by the MWR LHUMPRO and the ra-
diosondes for 51 of the 55 calibration times with available MWR data.

lidar profile covers a high fraction of the total column water vapour.

Finally, two criteria are defined, which have to be fulfilled for every calibration constant. Firstly,
the mean relative error of the IWV from the lidar over the chosen time period have to be
minimal, but in any case smaller than 30%. Secondly, the coverage of the lidar IWV have to
amount to more than 90% of the total atmospheric column IWV (A > 0.9). If the criteria
could not be reached with 30 min temporal smoothing and a SNR threshold of 5, the SNR
threshold was increased to 10. This increased threshold of the SNR leads to a stronger vertical
smoothing and possibly to a lower height range of the profiles, but it reduces the statistical
error in the WVMR and thus the error of the IWV. The lower height range of the profiles is
corrected in the calculations and thus has a small influence. If the temporal smoothing would
be increased instead, the lower resolution would lead to a loss of the covered atmospheric
variability. Only for very stable distributions of the atmospheric water vapour, a temporal
smoothing of 1 h would be reasonable. In contrast, a smoothing of 10 min is more appropriate
for a high temporal atmospheric variability of water vapour, but then the second criterium could
not be reached in most cases. The graphs of the IWV from lidar and MWR were compared for
each calibration period to check their representation of the temporal variabilities. A measure
for their congruence is the standard deviation of the mean calibration constant of that period,
which is usually small.

4.1.3 Influence of the chosen threshold of the SNR

A threshold of the SNR of the water vapour signals was defined to assure the data quality. The
relation between the maximum relative error of the WVMR and the minimum accepted SNR
regarding the water vapour signal is given by Eq. The SNR of the nitrogen signal is much
higher than the SNR of the water vapour signal, due to much a greater amount of nitrogen
molecules in the atmosphere, especially in the Arctic. Hence, the relative error of the WVMR
is mainly determined by the SNR of the water vapour signal and the maximum relative error
can be approximated by 1/SNRy,. The SNR of the water vapour signal decreases with height
due to the decreasing number of detected water vapour molecules. Hence, the relative error of
the WVMR increases until its maximum in the height where the SNR has reached the defined
threshold.

The errors of the WVMR's along the profile are influencing the error of the IWV from lidar
(Eq. [3-25)). A small threshold of the SNR leads to a high maximum relative error in the WVMR
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profile and thus to larger errors in the IWV. In contrast, a high threshold of the SNR leads
to smaller height ranges of the profiles and thus an error in the IWV due to the uncomplete
coverage of the atmospheric column. As the IWV of the lidar is corrected for the uncomplete
atmospheric column in the calibration procedure, a higher SNR is preferred to reach smaller
errors in the IWV. Beside, the SNR threshold influences the increasing range of the vertical
smoothing and the height range covered by the profiles. A high SNR threshold leads to a
stronger vertical smoothing and thus a lower resolution. As the vertical structure is crucial
for the calibration with radiosonde, the vertical smoothing should be small in the calibration
height range and the chosen threshold of the SNR should be not to large. For the determination
of the IWV, the vertical resolution is not that important, so that the vertical smoothing and
the SNR threshold could be larger. The resulting loss of vertical resolution is largest in the
uppermost parts of the profiles, where the WVMR is usually very small and thus its influence
on the IWV is small too. As a result of these considerations, the threshold of the SNR was set
to 5 for the calibration with radiosonde and to 5 or 10 if necessary for the calibration with the
IWV.

4.1.4 Choice of calibration time periods

The atmospheric conditions have to be cloudfree for all calibration methods and the vertical
distribution of the water vapour should be stable during the calibration periods. The attenuated
backscatter at 1064 nm was used to determine cloudfree periods. Cases with clouds above 6 km
height were considered as cloud-free, because the calculated water vapour profiles have not
reached that height and the contribution of the water vapour to the IWV is mostly negligible
in that height (Foth et al. |2015). The temporal variability of the WVMR profiles should be
in the order of the temporal smoothing length or lower to calculate reasonable mean profiles.
A quicklook in the temporal development of the WVMR helped to determine cases with stable
conditions around the radiosonde launch (calibration with radiosonde) or between the closest
radiosonde launch and the calibration period (IWV method). The calibration with IWV is also
possible between two radiosonde launches, but a radiosonde profile is needed for the height-
correction of the lidar IWV. Therefore the closest radiosonde was chosen to minimize the error
in the height-correction. A stable water vapour distribution is very important for those cases.
Most calibration cases were chosen close to a radiosonde launch, so that calibration constants
could be calculated with all methods.

4.2 Discussion of the calibration methods

The calibration procedures of the shown methods are discussed using the example of the 27 Oc-
tober 2019 in this section. The attenuated backscatter at 1064 nm shows clear-sky conditions
between 00:00 and 13:30 UTC, so that two radiosondes are used for calibration on that day
at 05:06 and 10:53 UTC. The shown example is the calibration with the radiosonde at 05:06
UTC.

An appropriate height range has to be determined for the calibration with radiosonde. A large
height range between 0.1 and 3 km is chosen in a first step to calculate a preliminary calibration
constant with the linear fit method. The WVMR profile of the lidar is then calibrated using
this calibration constant and manually compared with the profile measured by the radiosonde.
Figure shows these profiles, but using the final calibration constant from the linear fit
method of that case of 16.1117gkg™!. A very good conformity of the profiles is visible until
2.5km height, so that the calibration is repeated for that height range, resulting in a cali-
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Figure 4.2: Calibration with radiosonde using an example case on 27 October 2019. The lidar
profile was averaged between 05:00-05:10 UTC and the radiosonde was launched at 05:06 UTC.

bration constant of 16.1055 & 0.0551 g kg~! with a correlation coefficient of R? = 0.97 for the
linear fit. Parallel, the mean calibration constant from the profile method is determined to be
16.2861+1.8451 g kg~ for that height range. The standard deviation of 11.3% was higher than
the defined maximum 10% for the profile method, so that a smaller height range has to be
chosen. It is chosen manually to 0.1 — 2.2 km by looking at the profile of calibration constants
and their standard deviation in Fig. |4.2c, The mean calibration constant for that height range
amounts to 16.2082 £ 1.6029 gkg ™!, which corresponds to a standard deviation of 9.9% and
fulfill the criterion for the profile method. The calibration with the linear fit is repeated for
that lower height range and results in a calibration constant of 16.1117 4= 0.0577 gkg™! with a
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correlation coefficient of R? = 0.96. Those calibration constants are then taken for that case,
because both criteria (R? > 0.9 and o¢ < 10% for the profile method) are fulfilled.

It can be discussed, if it is better to choose a larger height range, where the correlation coeffi-
cient of the linear fit is higher or to choose a smaller height range, where the standard deviation
of the profile method is below 10%. Both aspects are important and have to be balanced for
each case. It can be seen from several cases, that a larger height range with a broader range of
WVMR values increase the correlation of the linear fit, as long as the profiles do not diverge.
In contrast, a smaller height range with a very good conformity is better for the profile method.
Figure shows the vertical smoothing of the lidar profile for different thresholds of the SNR.
As explained in Sect. the vertical smoothing length increases with height depending on
the SNR of the lidar water vapour signal. The example shows, that increasing the SNR thresh-
old from 5 to 10 causes no difference in the vertical smoothing length below 2.2km, slightly
larger smoothing between 2.2 and 3.6 km and a strong increase above. That means, the SNR
of the lidar signal is greater than 10 below 2.2 km height for the initial vertical smoothing over
22.5m (3 bins). The found calibration height range matches this height and thus the calibration
was done with the lowest vertical smoothing length of 22.5 m in that case. The smoothing length
increase faster for a larger threshold of the SNR, corresponding to a higher quality demand on
the WVMR profile, but also reaching the maximum smoothing length earlier and covering a
lower height range. A stronger vertical smoothing is necessary for low amounts of water vapour
or low quality of the lidar data, which is the case in larger heights, but depends also on the
atmospheric conditions. For the calibration with radiosonde, the vertical smoothing should be
small, as the vertical structure plays a huge role. The calibration height range begins close to
the surface and thus covers the range of the smallest vertical smoothing and the highest data
quality. The chosen threshold of the SNR usually plays a minor role in that height range.

For the calibration with IWV, the time period between 03:15 and 05:30 UTC was chosen,
because of the relatively stable water vapour layering. The temporal development of the height-
resolved WVMR during that timeperiod is shown in Fig. The vertical profiles are reaching
a maximum height of nearly 6 km. A humid layer is visible below 1km height, that is slowly
shrinking with time. The changes occur slowly and thus allow the temporal smoothing of 30
minutes, which is necessary for the calculation of the IWV from the lidar profiles. The applied
vertical smoothing lengths are plotted in Fig. The lowest smoothing length of 22.5m
matches the quality criterium up to a height of around 3.6km and a medium smoothing is
applied up to around 5.5km. The WVMR measurements (Fig. above 3.6 km show very
small values, leading to the enhanced smoothing. A possible influence of the changing smooth-
ing length with height on the data could not be prooved, as the radiosonde drifts away from
the lidar profile in greater heights, but it should be small due to the very low values of the
WVMR in that height.

The uncalibrated IWV of the lidar was caclulated from each profile during that time period,
corrected for the maximum height of the profiles and then used to determine calibration con-
stants. The radiosonde at 05:06 UTC was used for the height-correction. Figure [4.4a|shows the
temporal developement of the calibrated and height-corrected IWV from the lidar compared
with the IWV of the microwave radiometer LHUMPRO. Both instruments show a similar evo-
lution, but there are also some differences. The lidar seems to react faster on changes and shows
more small-scale variability, although the data were smoothed temporally over 30 minutes. On
the other hand, the relative error of the lidar IWV is still high with a mean value of 23.27% over
the shown time period due to very small amounts of water vapour in the Arctic. Such com-
parisons were done for every calibration time period to proof, if both instruments capture the
atmospheric conditions similarly. Possible sources for differences are instrument-specific causes
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Figure 4.3: Example case on 27 October 2019 for the calibration with the IWV of a MWR:
the time period of 03:15 to 05:30 UTC was chosen with a centered temporal smoothing over 30
minutes.
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Figure 4.4: Temporal development of the IWV and the calculated calibration constants in the
calibration time period between 03:15 and 05:30 UTC on 27 October 2019.

like problems with the very dry conditions, slightly different observed atmospheric volumes or
causes in the data processing like influences of the temporal smoothing. The small differences
in the IWV of the two instruments are also reflected in the calculated calibration constants
which are shown in Fig. and leading to a mean calibration constant of 16.2714 gkg™! and
a standard deviation of 0.1233 gkg™!. Figure also shows calibration constants, which were
calculated without applying the height-correction on the IWV of the microwave radiometer.
The resulting calibration constants are around 0.3 gkg ™! higher for that example, in spite of a
very high vertical coverage of the lidar profile with 98.3% of the total IWV in average. Many
other cases show a lower vertical coverage of the lidar profiles or strong changes in the maximum
reached height, indicating the importance of that height-correction for a good calibration. The
error calculation was done as explained in Sect. [3.3.2] leading to large uncertainties of each
single calibration constant of around ACg,0 = 3.786 gkg ™! in average, but to a much smaller
final error of the mean calibration constant of ACy,o = 0.2310gkg ™! due to error propagation.
Thus the final constant from the IWV method is given to Cp,o = 16.2714 4+ 0.2310gkg ™! for
that case.
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4.3 Determination of the final calibration constants

To deliver a final calibration constant, cloud-free and stable cases were chosen during the pe-
riod 22 October 2019 to 29 February 2020. This measurement period starts at the earliest
measurement time of the MWR LHUMPRO and includes all winter month. The first sunlight
came back at the location of Polarstern around the 10 March 2020, so that some cases in the
beginning of March may have been possible for calibration, but were not used here. In total,
55 cases were considered for calibration, but not for every case all methods delivered calibra-
tion constants using the criteria explained above. At the end, 49 calibration constants could
be determined with the linear fit method, 45 with the profile method and 41 with the IWV
method, which are shown in Fig. and [£.6] The final calibration constant is a constant,
which should only change, if the instrumental setup is changed. No such changes were done
during the considered measurement period. Thus, all determined calibration constants were
averaged for every method to retrieve one final constant for each method.

The two methods using the radiosonde profile deliver very similar mean calibration constants
and standard deviations with 15.96 £ 0.37gkg™"! for the linear fit (Fig. and 16.01 £
0.35gkg™! for the profile method (Fig. . In contrast, the error of each single constant is
much higher for the profile method. Possible reasons are the different definitions of the errors
for both methods (cf. Sect. or the height dependence of the two methods. Possible shifts
of vertical water vapour structures in the profiles of radiosonde and lidar due to the drift of the
radiosonde play a large role in the height-dependent profile method, but are less important in
the height-independent correlation of the linear fit.

The correlation between the constants of both methods itself is very good with a correlation
coefficient of 0.9378 (Fig. showing that both methods coincides, if the right height ranges
are chosen. The used height ranges are shown in the bottom plots in Fig. for the two meth-
ods, respectively. They are the same for many of the cases, but the height range for the profile
method is smaller if necessary. The reason for that are the different requirements for a good
calibration. While only a good conformity between lidar and radiosonde profile is important
for the profile method, the range of the used WVMR values have to be large enough as well for
the linear regression. Moreover, the bottom plot in Fig. shows the correlation coefficient
of the linear fit for each determined calibration constant. All correlation coefficients are greater
than 0.9 as claimed by the calibration criteria, but it is visible, that larger correlation coeffients
could be reached from October to mid of December, when the total amount of water vapour
was higher. A higher total amount of water vapour leads to a greater range of WVMR, values
in the profile, which improves the correlation of the linear fit.

The calibration results of the IWV method are shown in Fig. [4.6| The mean calibration con-
stant amounts to 16.36 £0.36 gkg ! and is 0.35 to 0.4 g kg~! higher than the constants from the
calibration with radiosonde. The standard deviation is similar to the other methods. Two cal-
ibration constants stand out with extraordinary high values, but they fulfill all the calibration
criteria explained above. Thus, the IWV of the reference instrument, the MWR LHUMPRO,
was compared to that derived from the radiosonde to evaluate the adequacy of the measurement
periods used for calibration. The IWV of LHUMPRO was therefore averaged over the same 10
minutes around the corresponding radiosonde launch, which were used to calculate mean lidar
profiles for the calibration with radiosonde. The IWV of both instruments could be calculated
for 50 out of the 55 calibration cases due to missing data of the MWR and shifts between the
calibration time period of the IWV method and the radiosonde launch. The determined values
of the IWV are shown in Fig. In general, they are very well correlated, but looking at
the relative difference between both, some values stand out. It could be determined, that the
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Figure 4.5: Results from the two calibration methods using radiosonde profiles.

calibration constants with the highest deviation from the mean correspond to the cases with
the largest difference between the IWV from LHUMPRO Iyywr and the IWV of the radiosonde
Irs. This leads to an additional criterion for the choice of the calibation constants from TWV
method. All constants with a relative difference larger than 10% between the Iyywr and the
Irg were excluded from the calculation of the mean calibration constant and are marked in red

in Fig.

The resulting mean calibration constant is still 0.35 to 0.4gkg™! higher than the constants
from the calibration with radiosonde. Moreover, the single calibration constants from the IWV
method poorly correlate with those from the linear fit method as shown in in Fig. (blue
triangles). Beside the general shift of the IWV method towards greater calibration constants,
they show a great spread. This leads to the conclusion, that the method is not very stable in
the Arctic. Possible reasons for the differences could be the very small absolute amounts of
water vapour in the Arctic atmosphere and associated problems of the instruments. Both, the
lidar and the MWR are limited by very dry conditions. It could be seen, that the relative error
of the IWV from the lidar is high with a defined limit of 30% for the calibration. Reducing
this error is only possible by enlarging the temporal or vertical smoothing, which leads to a
loss of information. Beside, the increasing smoothing with height could have an influence on
the resulting IWV from the lidar, although the influence should be small (cf. Sect. {.1.3). The
large spread in the correlation of the calibration constants from different methods could be
additionally influenced by a low stability in the calibration procedure. Many carefully selected,
but still manually determined factors are influencing the calculation of each constant, which
are the choice of proper cases, the different lengths of the calibration time periods, the thresh-
old of the SNR and the changing quality of the data. In addition, the accuracy of the IWV
from the MWR has an impact on the resulting calibration constant. The comparison with the
radiosonde measurements showed a general overestimation of the IWV by around 0.08 kg m~2
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Figure 4.6: Results from the calibration with the IWV from the MWR LHUMPRO.

(Fig. [4.1)), which contributes to higher calibration constants.

The values of the IWV help to evaluate the influence of the absolute amount of water vapour
on the calibration and are shown in Fig. [1.6b] Cases with the highest IWV could be observed
from October to the beginning of December, while the IWV was smaller in general afterwards
due to colder temperatures. There is no clear correlation observable between the IWV and
the deviation of the calibration constants from the mean. For the case with the highest IWV
(> 4kgm™?), the calibration constants of all methods match the mean very well, but for most
of the other cases, positive and negative deviations occur similarly. When looking at the cases
with the smallest measured IWV (< 1.2kgm™2), the calibration constants from the radiosonde
methods tend to be smaller than the mean, while the calibration constants from the TWV
method are all larger then their mean. To summarize, there are small tendencies at very dry
conditions for the different reference instruments, but in general no correlation between the
deviation of the calibration constants from the mean and the IWV could be found.

To conclude, all shown calibration methods had to be adapted to the very dry conditions in the
Arctic. In principle, all calibration procedures are reasonably working, but they have limita-
tions at very low WVMR’s. The comparison of the determined calibration constants showed a
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very good correlation between the two methods using radiosonde measurements. The most im-
portant factor for those calibrations is the determination of the height range. The determined
errors of the single calibration constant are much lower for the linear fit method. In contrast,
the IWV method delivered a higher mean calibration constant and a greater spread in the
comparison with the linear fit method. The main reason for that is the large relative error in
the IWV calculated from the lidar profiles of WVMR at the dry conditions in the Arctic, but
also a small general overestimation of the IWV by the MWR LHUMPRO in comparison with
the radiosonde. For that reason, the WVMR of the lidar should be calibrated with radiosonde
profiles in the Arctic. The two radiosonde methods both deliver very good results, but the
determined errors of the single calibration constants are smaller for the linear fit method. Fur-
thermore the method is widely established and delivers stable results. For these reasons, it
was chosen to use the calibration constant from the linear fit method as the final calibration
constant. All further profiles of the WVMR are calibrated with that calibration constant of
15.96 4+ 0.37gkg L.



Chapter 5

Analysis of water vapour profiles

Profiles of the WVMR can be derived from the Raman lidar measurements according to Sect.
and calibrated with the determined calibration constant (Sect. [£.3). The period between
25 October 2019 and 29 February 2020 was chosen for the analyses in this chapter, because
the water vapour measurements from the lidar are limited to polar night and the calibration
was done for that time period. The vertically distributed water vapour in the Arctic is an
important part of the Arctic climate system and influences for instance cloud formation and
the longwave radiation fluxes. Possible sources are local sources, like evaporation or dissolving
clouds, or the advection of water vapour from remote sources. Both, the vertical distribution
and the sources of water vapour depend on the synoptic conditions, which are represented by
the Arctic Oscillation in a first approximation. The following analyses aim to answer three
main questions. Firstly, the vertical distribution of water vapour in the Central Arctic winter is
considered in general. Secondly, the influence of the water vapour on the downward longwave
radiation is evaluated (Sect. and thirdly, a possible relation between the vertical structure
of the water vapour and the AO is examined. There are two main methods to investigate
those questions. Case studies deliver a very detailed view on single cases, whereas statistical
analyses help to generalise conclusions. Two case studies are presented in Sect. for a case
with a negative and a case with a positive AO index. The correlation between the IWV and
the DLR is combined for 7 selected cases in Sect. and the influence of the temperature
of the water vapour is evaluated. Many profiles, distributed over the whole time period, are
analysed statistically in Sect. regarding the amount of water vapour in different layers and
the gradients in the WVMR. The applied methods to analyse the profiles are introduced in
Sect.

5.1 Methods to analyse profiles of the WVMR

There is a variety of options to evaluate the vertical profiles of WVMR from the lidar measure-
ments. The lidar profiles are stored every 30 seconds and smoothed vertically and temporally
according to the processing steps explained in Sect. Two visualisations of the lidar mea-
surements are used in this work. Colorplots are showing the temporal evolution of the vertical
resolved WVMR. Mean profiles over 10 minutes are used to analyse the vertical structure in
detail at a certain time. The data for the colorplot are smoothed temporally over 10 minutes.
All shown data were calculated with a threshold of the SNR of 5 in the signal processing. The
shown single profiles of the WVMR are smoothed vertically over 5 bins.

There are different possible parameters, which will be used to characterise each WVMR profile.
Some of the following parameters are only possible with a coincident temperature profile, which

36
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is taken from the radiosonde. If their is no radiosounding at the time of the chosen lidar profile,
the radiosonde data are linear interpolated over time. The simplest parameters to characterise
the profiles are minimum, maximum and mean values the WVMR and the temperature profile.
Another parameter is the IWV of the total profile, which represents the total amount of water
vapour in the respective atmospheric column. The WVMR profiles can be divided into different
layers to determine the TWV of humid layers and to get an overview over the layering without
looking at each profile separately, which is especially important for the statistical analyses.
The definition of layers was done according to the temperature or the WVMR profile and is
explained in Sect. The determination of one characteristic temperature for each profile is
discussed in Sect. Vertical gradients of the WVMR are calculated over specified vertical
height ranges and analysed according to their strength and width in the WVMR (Sect. .
Beside plotting the profile of the vertical gradients, all WVMR gradients of one selected profile
are plotted in a histogram to analyse their frequency of occurrence. For all listed parameters,
a specific height range has to be fixed for the analyses to get comparable results.

5.1.1 Definition of atmospheric layers

There are several possibilities to divide a profile of the WVMR into layers. The first possibility
is to define layers separated by temperature inversions. Persson & Vihma (2017) defined the
Arctic inversion at the height of the absolute maximum in the temperature profile. Usually,
there is one dominating temperature inversion, but it could be seen, that there are several
cases with more than one strong temperature inversion in the Arctic. Thus, all temperature
inversions of a profile were determined by calculating all local maxima of the profile with a
minimum prominence of 0.3K (red circles in Fig. [.1a)). The prominence of a local temperature
maximum in the profile is defined as follows: Firstly, a vertical line is drawn at the value of the
local maximum. Secondly, the height of the next intersections of this vertical line with either
the profile or the end of the plot is identified in both directions. Then, the local minima are
determined in the height range between those intersections and the local maximum. Finally,
the prominence of the local maximum is calculated as the temperature difference between the
local maximum and the larger local minimum.

The inversion height is defined as the height of the local maximum in the temperature profile.
To calculate the inversion strength, the local minimum between each two maxima is determined
(blue circles in Fig. [5.1a). The temperature difference between the local maximum and the
next minimum below is defined as the inversion strength. The determined inversion heights
are then used to seperate the WVMR profile into layers, as shown in Fig. The inversion
heights do not meet exactly the limits of the observed water vapour layers, but they are close to
them and divide the profile reasonably. An advantage of using temperature inversions for the
layer separation is a possible conclusion on airmasses and their limitations by the inversions. A
disadvantage of using temperature profiles from the radiosonde is the small shift between the
WVMR and the temperature profile due to the drift of the radiosonde and the time it needs
for ascending.

The second possibility to define water vapour layers is to use the profile of the WVMR itself.
Therefore the local minima of the WVMR, profile were determined and their heights are used
as layer boundaries. The minimum prominence of the local minima was defined as 10% of
the absolute maximum of each WVMR profile to take the temporal variability in the total
amount of water vapour into account. The determined heights of the local minima are marked
in the profile in Fig. [5.Ibl The lower two points meet the boundaries of the water vapour
layers very well, but the upper point misses the top of the uppermost layer. The reason for the
unexpected layer boundary in the height of the uppermost local minimum are strong vertical
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Figure 5.1: Methods to analyse WVMR profiles. The profiles show the mean WVMR pro-
file from the 13 November 2019 19:50-20:00 UTC and the temperature profile at 19:55 UTC.
Temperature profiles were measured by the radiosonde at 16:51 and 22:54 UTC and linear in-
terpolated.

variations in the lidar signal due to the atmospheric variability or remaining noise. This is a
limitation of the automatical division into layers, especially for cases with low WVMR values,
but the example shows still a reasonable layer separation, that represents the main vertical
water vapour distribution. The depth of each water vapour layer is calculated by determining
the maximum between each two local minima. The layer depth is then the difference between
the WVMR at the determined maximum and the WVMR at the larger neighbour minimum.
A third possibility is to use the vertical gradients of the WVMR profile. The calculation of
the gradients is explained in Sect. [5.1.2] Heights with gradients and absolute differences in
the WVMR larger than a defined limit mark the edges of the different layers. This method
is not very robust for lidar profiles, because of the small-scale changes in the profile due to
atmospheric variability or instrumental noise. Thus, it will not be used to separate the WVMR
profile into layers. A possibility for an improvement could be a stronger smoothing of the lidar
profiles and an adjustment of the limit for the gradients, but was not done in this study.

The TWV of the defined layers of a profile will be calculated for the first two methods to
characterise the layers and the vertical structure. To get comparable results, the determined
IWV of each layer will be weighted with the height of the layer and further called the layer
IWV.
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5.1.2 Analysis of gradients

Two methods are used to calculate vertical gradients of the WVMR. Firstly, the vertical gradi-
ents of the mean lidar profile are calculated over a fixed vertical range of 5 bins centered around
each measurement bin. Beside plotting them as a profile, they are plotted in a histogram to
consider their frequency distribution. For further analyses a normal distribution is fitted on
the data to determine the mean p, and the standard deviation o,,. The function for the normal
distribution is:

1 _(x_,un)2)
T, fy, On) = exp| ————— |, forzeR. 5.1
) =~ e (< (5.1

This function is scaled to a maximum of 1. Hence, the fitted function is multiplied with a scaling
factor to adjust the function to the frequency distribution. The scaling factor is calculated by
dividing the maximum of the frequency distribution through the maximum of the fitted normal
distribution.

A second possibility is the calculation of gradients of specific layers. Therefore, the gradients
are calculated over each bin in a first step and then the WVMR profile is seperated into
segments with the same sign of the gradient. Segments with a length of just one bin are
excluded and added to the neighbouring segments. In a second step the gradients and absolute
differences in the WVMR are calculated for each of those segments and allocated to the top
height of the segments. The resulting gradients are averaged values for the respective height
range of the segments. Most of the resulting gradients are small and cover small ranges of
WVMR. Thus, only gradients larger than a limit of 0.4gkg™! per 100m are evaluated for a
more focused analysis. Beside, a limit for a minimum absolute difference in the WVMR was
set for a definition of water vapour layers. A limit of 20% of the maximum WVMR in the
respective profile was found to be appropriate to take the temporal variability of the maximum
WVMR into account.

5.1.3 Determination of a characteristic temperature

For analyses of the relation between the vertical distributed water vapour and the downward
longwave radiation, it has become necessary to determine one characteristic temperature for
each profile. The simplest solution would be to use the surface temperature or the absolute
maximum temperature of the profile, but they do not represent the temperature of the water
vapour, which emits the longwave radiation. The measured longwave radiation is the total
downward longwave radiation from the sky, that means from all the different components,
from all directions and from all heights. In this study only the influence of the water vapour
is investigated. The water vapour is vertically distributed and has different temperatures in
different heights. For the following investigations, the temperature at the height of the largest
amounts of water vapour is used to get a temperature, that represents the water vapour as a
source for the downward longwave radiation. To avoid the uncertainty of a single value in the
lidar profile, that still contains some noise and atmospheric variability, the mean temperature
of a height is used. Therefore, the 90. percentile of all WVMR values between 100 m and 5 km
is calculated. Then, the heights of all WVMR values are determined, which are larger than
this 90. percentile. These are the heights, that contain the largest amounts of water vapour
and represent the largest contribution to the downward longwave radiation of the water vapour
in the atmosphere. A mean temperature is calculated from the temperatures in these heights,
that is used as the characteristic temperature of the water vapour profile when estimating
its influence on the downward longwave radiation. This mean temperature is further called
the mean temperature from the 90. percentile of the WVMR or simply the 90. percentile
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temperature. Beside, a mean WVMR is calculated from these heights, further called the mean
WVMR of the 90. percentile. Figure shows the determined heights for the example
of the 13 Nov 2019 19:50-20:00 UTC. The 90. percentile of the WVMR profile amounts to
1.2545 g kg1 for that example. The calculated mean WVMR and temperature from the marked
heights are 1.3075gkg ! and —12.13°C, respectively. The determined height ranges cover
the highest WVMR values, which are located in more than one layer. The calculated mean
temperature of the height range is lower than the maximum temperature, but it represents
the mean temperature of the heights with the largest WVMR. Using a lower percentile as
limit, for example the 80. percentile, would lead to a larger temperature range and lower
mean temperatures. The limit of the 90. percentile was chosen, because the smaller height
range of the 90. percentile ensures, that the determined mean temperature is closer to the real
temperatures of the water vapour in that heights.

5.2 Case studies

Case studies deliver detailed insights into specific events or processes and are used to illustrate
answers to the three research questions: Firstly, the vertical distribution of water vapour in
the Arctic and possible sinks and sources in different heights are analysed in general. Secondly,
the relation between the vertical resolved WVMR and the downward longwave radiation is
considered for specific cases. Thirdly, a relation to the Arctic Oscillation index is studied by
choosing cases from the positive and the negative phase of the Arctic Oscillation. The results
from the case studies are not comprehensive enough for a robust conclusion about a correlation
between the AO index and parameters of the WVMR profiles, but they deliver a detailed view
on specific cases and the influence of the synoptic conditions on the total amount and the
vertical structure of the water vapour. In the next two sections, one case from each AO phase
is shown in detail and brought in context with the synoptics. The examinations are limited on
clear-sky cases due to the limitation of the lidar measurements by clouds. Profiles below clouds
could be considered too, but this study concentrates on the evaluation of clear-sky cases only.

5.2.1 Water vapour profiles during the negative phase of the Arctic
Oscillation - Case 13 November 2019

The AO index was negative between October and end of November. As an example for the
negative phase, the 13 November was chosen with an AO index of -2.177. The attenuated
backscatter at 1064 nm showed clear-sky conditions between 07:00 and 21:00 UTC on that day
without any clouds or aerosol layers. Figure shows the temporal development of the
height resolved WVMR for the time period between 13 Nov 2019 06:00 UTC and 14 Nov 2019
00:00 UTC. The black areas at the beginning and the end of the time period are heightranges
without lidar measurements due to clouds. Missing values in the middle of the plot are due to
small SNR’s in that heights. The plot shows two water vapour layers, a descending moist layer
between 06:00 and 17:00 UTC and an advected layer after 17:00 UTC above a surface layer. A
cloud developed at the top of the advected layer at the end of the shown period. Figure [5.2b
shows three selected profiles of the WVMR during the advection, its times are marked as lines
of the same color in the colourplot. The profile at 16:40-16:50 UTC still shows a rest of the first
water vapour layer between 600 and 800 m height and the arriving of the lofted layer in around
1.25 km height. The two later profiles clearly show how the lofted layer is growing in height and
the dry layer below is decreasing. Corresponding profiles of temperature, wind speed and wind
direction from the radiosonde are shown to evaluate the total process and differentiate between
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(b) Profiles of the WVMR of the lidar and
the corresponding temperatures form the ra-
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(c) Profiles of wind speed and direction measured by the
RS.

Figure 5.2: Lidar and radiosonde measurements for the measurement case on 13 November
2019 between 07:00 and 21:00 UTC.

airmasses. Typical for the Arctic is a strong surface inversion, but the shown profiles contain
more than one temperature inversion. The heights of these temperature inversions correlate
with the base or top height of the observed water vapour layers. Especially for the profile at
22:50-23:00 UTC, the lofted layer is limited by two strong temperature inversions, which seem
to cause the strong gradients and clear boundaries of the layer. The values of the WVMR
are not only increased inside this lofted layer but also in the surface layer compared to the
earlier profiles. Beside, the radiosonde profile of 23:51 UTC shows warmer temperatures than
at 16:51 UTC in both layers from the ground up to 1.5km height, leading to the conclusion,
that warm and most air was advected to the location of the Polarstern in the Central Arctic.
The corresponding windprofiles show a lower wind speed and a different wind direction between
800m and 1.5 km height, leading to the separation into two water vapour layers with a dry layer
in between, which is limited by strong gradients. Considering all the shown parameters con-
firms that an airmass with different properties is advected from a remote place. The synoptics
showed a strong high pressure system over the Beaufort Sea causing southerly winds at the
location of the Polarstern with an inflow of airmasses from the Laptev Sea (Fig. [A.lal). The
Laptev Sea was already completely covered by sea ice (Fig. , but there are small areas of
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Figure 5.3: Estimating the influence of water vapour on the downward longwave radiation at
the surface for the case on 13 November 2019.

open ocean close to the coast of the New Siberian Islands, which could be a possible source of
water vapour. Other possible sources could be open leads or polynyas in the sea ice or sources
over land further south. Further investigations and the consideration of backward trajectories
would be necessary to determine the sinks and sources of water vapour in different heights in
more detail. Both, the colourplot and the WVMR profiles show a lot of small-scale structures
and strong gradients, because of the high vertical resolution of the lidar data.

Beside looking at profiles, the integrated water vapour can be calculated from the lidar profiles
(Eq. [3.21)). Figure shows the calculated IWV from different height ranges compared to the
measured downward longwave radiation (DLR). The highest height range is up to 2.5km for
this case due to the missing data above, but this height range is covering the largest amounts
of water vapour and the area of the highest temporal variability of the IWV. The IWV of that
height range is decreasing until 16:47 UTC and increasing afterwards during the advection of
warm and moist air. The DLR shows a similar evolution between 07:00 and 21:00 UTC, leading
to the conclusion that the change of the total amount of water vapour with time is determining
the temporal development of the DLR during clear-sky conditions. The influence of clouds
on the DLR is visible in the beginning and the end of the time period and fog was present
partly between 21:00 and 22:00 UTC, which caused higher values of the DLR. The IWV below
500 m is not changing much during the time period and also the IWV below 1000 m shows only
small changes. Thus, the main variations occur in the height range between 1000 and 2500 m.
Finally, the DLR was correlated with the IWV between 0 and 2.5km height in Fig. for
the descending moist layer and the advected layer. The correlation coefficient of the linear fit
is very high for all chosen time periods, but it is highest during the advection event between
16:47 and 20:00 UTC. The slope of the linear fit is a measure for the influence of the integrated
water vapour on the DLR. A change in the IWV of 1kgm~2 causes a differences in the DLR of
8.07 W m~2 during the advection, 9.97 W m~2 during the descending and 9.33 W m~2 in average
for the whole time period on that day. To conlude, changes in the columnar integrated water
vapour are the main influence on the DLR during clear-sky conditions.

The vertical gradients are analysed for the mean profile between 19:50-20:00 UTC and the
results are shown in Fig. [5.4] Firstly, the vertical gradients were calculated over 5 bins cen-
tered around each height bin. The profile of those gradients is plotted in the middle plot of Fig.
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Figure 5.4: Mean WVMR profile at 13 Nov 2019 19:50-20:00 UTC with the determined heights
of gradients larger than 0.4gkg™! per 100m and with an absolute difference in the WVMR
larger than 20% of the maximum WVMR of the profile (left). Vertical gradients over 5 bins
centered around each bin plotted as profile (middle) and histogram (right). The red line in the
histogram is the fitted normal distribution with u, = 0.0117, o, = 0.2523 and a scaling factor
of 2.2961 in y-direction (Eq. [5.1).

b.4 The gradients show small absolute values in most heights, but some positive and negative
values are conspicuous, which mark the heights of very strong gradients at the base and the top
heights of the water vapour layers. Plotting all the calculated gradients in a histogram reflects
this result. There is a very high number of small absolute values of the vertical gradients and
a decreasing number towards larger absolute values. There are more negative gradients and
their number is decreasing towards higher absolute values, following the normal distribution. In
contrast, there are larger absolute values of the positive gradients, but the number of positive
gradients is already small for gradients larger than 0.5gkg™! per 100m. The histogram shows
a second small maximum around 1.2gkg™! per 100m . That means, the water vapour layers
have very clear boundaries at their base with strong positive gradients and large differences in
the WVMR, while the WVMR decreases slowly at the top heights of the layers in this specific
profile. The red curve shows the normal distribution, which was fitted on the data as explained
in Sect. [0.1.2] The distribution of the measured gradients do not fit the normal distribution in
that case, because medium high absolute values of the gradients are missing and there is this
small second maximum at high positive gradients.

Secondly, gradients were calculated over height ranges with the same sign in the gradient
per bin as explained in Sect. [5.1.2l To determine layers on the basis of these gradients,
only the strongest gradients were chosen. The limits were set to a minimum gradient of
0.4gkg™! per 100m and a minimum WVMR range of 20% of the profiles maximum. Height bins,
that reach these limits are marked in the left plot in Fig. [5.4f The height of the largest negative
gradients meet the boundaries of water vapour layers and could be used for a layer separation in
this case. The largest gradient, that occur amounts to 0.96 gkg ™! per 100 m in a height of 71 m,
but also the other two positive gradients are large with values of 0.80 and 0.72 gkg™! per 100m
in heights of 303 and 855 m. The negative gradients are absolutely smaller. The strongest neg-
ative gradient was found in 138 m height and has a value of —0.70 gkg™! per 100m. It is the
one in the lowest height, corresponding to the layer limited by the strongest positive gradient
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at its base. This shallow humid layer close to the surface could be observed in many profiles,
but not in all cases. Since it is no systematic error, it might be related to an influence of the
ship during specific weather conditions. The negative gradients in greater heights have smaller
absolute values with —0.42 and —0.51 gkg™! per 100m in 661 and 2148 m height.

To conclude, the strongest gradients could be used for a layer separation for this specific case.
The evaluation of gradients with different methods came to the conclusion, that the water
vapour layers are limited by stronger gradients at their base than at their top for this advection
case.

5.2.2 Water vapour profiles during the positive phase of the Arctic
Oscillation - Case 11 February 2020

The Arctic Oscillation had an exceptional strong positive phase from January to March 2020
(Lawrence et al., [2020)). The 11 February 2020 was chosen as an example case for the positive
AO phase with an AO index of 4.422. The attenuated backscatter at 1064 nm showed cloudfree
conditions between 00:00 and 14:00 UTC, but a thin aerosol layer was detected between 04:00
and 14:00 UTC. The temporal development of the height resolved WVMR is shown in Fig. [5.5a]
It shows much lower values of the WVMR than the measurements on the 13 November 2019,
with maximum values below 0.8 gkg™!, but still with a high variability. A lofted moist layer is
visible after 03:00 UTC. The base of this lofted layer is at around 700 to 800 m height in the
beginning as can be seen in the mean profile of the WVMR at 04:50-05:00 UTC in Fig. [5.5b
The later profiles show the lifting of the layer up to a base height of 2.8 km at 10:50-11:00 UTC.
A temperature inversion is visible in the corresponding temperature profile at 04:48 UTC in
around 1km height, slightly higher than the base of the lofted moisture layer. This inversion
is not measured anymore by the next radiosonde launch at 10:48 UTC. The profiles of wind
speed and direction do not show clear changes inside the moisture layer. Thus, there are no
indications for a different airmass. During the positive AO phase, the jetstream is strong and
the Arctic airmass is enclosed with less exchange with lower latitudes, which could lead to the
observed low values of the WVMR with high variability. The synoptics of that case show a low
pressure system over the Kara Sea and high pressure over North America, which caused winds
from East to Southeast at the location of Polarstern (Fig. [A.2a)). The inflow comes from the
direction of the Laptev Sea, which is similar to the case from November 2019.

The two selected cases show, that a similar direction of the flow can cause contrasting amounts
and vertical distributions of water vapour during different phases of the AO, in different sea-
sons with different air temperatures. For a deeper conclusion about a relation between these
parameters and the AO, more profiles are analysed in Sect.

The TWV was calculated for different height ranges and compared to the measured downward
longwave radiation at the surface in Fig. In a first step, the IWV was calculated from 0
to 3km height, to exclude missing values in larger heights, because if the covered height range
changes with time, the values of the calculated IWV may not be comparable. This consid-
eration was a problem for that case, because of the ascending of moisture above 3km. The
comparison with the calculated IWV up to 3km height in Fig. shows a good conformity
until 04:00 UTC, but strong differences afterwards. That means, the IWV up to 3km do not
cover the main part of the total column TWV and can not be used for comparisons with the
DLR. In contrast, the missing values above 3-4km height in the beginning have a negligible
influence on the correlation of the IWV up to 5km with the radiation. The values covered by
the black areas are excluded due to the quality criterium at small SNR’s. Small SNR’s in those
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(a) The temporal evolution of the height resolved WVMR measured by the Raman lidar.
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(b) Profiles of the WVMR of the lidar and
the corresponding temperatures form the ra-
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(c) Profiles of wind speed and direction measured by the
RS.

Figure 5.5: Lidar and radiosonde measurements for the measurement case on 11 February 2020.

heights imply low values of the WVMR, which have a small impact on the IWV. The compar-
ison with the radiation shows, that it is better to take the maximum height reached by each
profile although it changes drastically over time, instead of cutting all profiles at the smallest
maximum height for the calculation of an IWV. The total height range up to 5km height was
then separated into two layers, where the lower layer is below the lofted water vapour layer
and covers the height range from the surface to 800 m height. Its IWV is very small and stays
relatively constant over time. The temporal variability of the IWV is determined by the water
vapour between 800m and 5km height. The temporal development of the DLR and the IWV
between the surface and 5km height is very similar except for a small peak in the DLR around
01:50 UTC, which is due to some fog close to the surface. The DLR is correlated to the TWV for
the time with the best correlation between 02:00 and 11:00 UTC (Fig. [5.6b)). The correlation
shows a high linear correlation coefficient of 0.97. In contrast, the correlation of the DLR and
the IWV below 3km (Fig. shows only a good linear fit between 01:00 and 05:00 UTC and
large differences afterwards. This example shows, that the DLR only correlates linearly with
the IWV, if the IWV includes the main amounts and variability of water vapour. The choice
of the height range is crucial.
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Figure 5.6: Estimating the influence of the water vapour on the downward longwave radiation
at the surface for the case on 11 February 2020.

The mean profile at 10:50-11:00 UTC is analysed according to its gradients as shown in Fig.
b.7 The top height of the profile is in 5.19km due to small SNR’s above this altitude. Gra-
dients of layers with the same sign in the gradients over one bin were calculated according to
Sect. [5.1.2l The limits for strong gradients were set equally to the case of the 13 Nov 2019
to 0.4gkg™! per 100m in the gradients and a minimum WVMR range of 20% of the profiles
maximum. In that case, no gradients are found, that match these limits. Hence, the exam-
ple profile do not include strong gradients over a relatively large WVMR range, although the
WVMR range was defined relative to the maximum WVMR of the profile. The profile of the
gradients over 5 bins shows no exceptional peaks, but similar gradients in all heights, changing
between positive and negative values. These fluctuations are the sum of the instrumental noise
of the lidar and the real atmospheric variability. The histogram shows a normal distribution of
the gradients around a mean value of —0.0027 gkg~!. The standard deviation is much smaller
than for the case in November and amounts to 0.090 g kg~!, reflecting that the most gradients
are very small with absolute values close to 0. Larger gradients occur with similar numbers
of values with positive and negative signs. The largest gradient is a positive gradient, which
amounts to 0.4058 gkg™!/100m and is located close to the surface. A larger bin range may be
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Figure 5.7: The mean WVMR profile at 11 Feb 2020 10:50-11:00 UTC (left), its vertical gra-
dients over 5 bins centered around each bin plotted as a profile (middle) and as a histogram
(right). The red line in the histogram is a fitted normal distribution with p, = —0.0027,
on = 0.0900 and a scaling factor of 31.35 in y-direction (Eq. .

more appropriate for the calculation of gradients in that case to exclude the small-scale varia-
tions, but the bin range over 5 bins was chosen for both shown case studies for comparison. A
larger bin range in the November case would have led to an underestimation of the very strong
gradients in that measurements.

5.2.3 Summary from case studies

The case studies showed very different conditions for the negative and the positive phase of
the Arctic Oscillation. While the absolute values of the WVMR, and the IWV were much
higher during the negative phase, both cases showed a high temporal and vertical variability.
In general, a relation of the vertical distributed water vapour to temperature and wind profiles
could be seen. Temperature inversions occured often in the heights of strong gradients in the
WVMR and limited the water vapour layers vertically. The temporal and vertical change in
temperature, wind speed and wind direction in the height of a water vapour layer is an indi-
cation for the advection of a different airmass in a certain height. The synoptic maps deliver
information about the main wind direction and possible source regions of the airmasses. For
a detailed consideration of the sources of the measured water vapour, backward trajectories
would be necessary, which were not part of this study.

Beside, the case during the negative phase of the AO with large amounts of water vapour
showed much stronger vertical gradients than the positive case with small WVMR values. The
frequency distribution showed a maximum at low absolute values of the gradients for both cases,
but with a normal distribution only for the positive case. For the case with the negative AO
index, a second maximum at large positive gradients was found in the frequency distribution.
Furthermore, the water vapour layers were limited by stronger positive gradients at their bases
than negative gradients at their top.
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5.3 The influence of the vertical distributed WVMR on the
downward longwave radiation during clear-sky condi-
tions

5.3.1 Results from correlating IWV, DLR and temperature

The case studies in Sect. showed a linear correlation between the measured downward
longwave radiation and the calculated TWV of a height range, that covers the main part of the
total column IWV. Seven completely cloudfree cases were analysed regarding the influence of
the water vapour on the DLR. A linear correlation between the IWV of the highest possible
height range and the DLR was found for each of those cases. Fig. combines the correlation
data of all those cases in one plot, showing a shift of the linear functions in y-directions and a
slightly change of the slopes. Table lists the date and time period used for the correlation
of each case, as well as the correlation coefficient, the slope m and the y-intercept n of each
linear equation. The correlation coefficients of the chosen time periods are very high with values
larger than 0.9, except for the case on 11 Dec 2019, where the correlation coefficient amounts
to only 0.67 due to small changes in the IWV over time. The case is still included in the
considerations, but is excluded from the comparison of the slopes and the y-intercepts of the
linear fits. The slopes of the linear fits of all cases cover a range between 9.33 and 15.03 W kg™,
excluding the 11 Dec 2019. That means, an additional 1kgm™ IWV in the atmosphere causes
a 9.33 — 15.03 Wm~?2 higher longwave radiation at the surface during clear-sky conditions in
the Arctic winter. The correlation data in Fig. and Table [5.1] show a different shift in
y-direction for the cases, but the slope changes in a different manner. The height ranges for
the calculation of the IWV differ for the cases and are listed in the plot, but they deliver no
explanation for the different linear equations and the shifts in y-direction.

In contrast, different air temperatures during the seven cases were found to be one reason for the
differences in the linear functions. The surface temperature could be taken for a first evaluation,
but the temperature of the water vapour, that emits the radiation is more appropriate. Thus,
a mean temperature over the heights with the largest amounts of water vapour was defined
(Sect. to get one characteristic temperature for the vertical distributed water vapour
with changing temperatures. This mean temperature from the 90. percentile of the WVMR
profile was calculated for each WVMR profile and is represented by the colours in Fig. [5.8b]
A clear correlation of the temperatures to the data is visible. The same amount of IWV causes
a higher longwave radiation flux at the surface, if the temperature of the largest amounts of
water vapour is higher.

The used temperatures were further evaluated by comparing them with the radiation temper-
ature of the sky in Fig. The radiation temperature of the sky was calculated from the
Stefan-Boltzmann law by inserting the measured longwave radiation flux and calculating the
corresponding temperature from Eq. As the pyrgeometer measures the longwave radiation
that is emitted from all directions of the sky, the derived temperature represents the radiation
temperature of the sky assuming it is a black body. The longwave radiation, that is emitted
by water vapour is contributing to the measured value, but there are more components of the
atmosphere emitting longwave radiation, as for example molecules, greenhouse gases, haze, ice
crystals or invisible thin cirrus clouds (Hogan & Bozzo, [2018]). Comparing the 90. percentile
temperature of the WVMR with the radiation temperature of the total sky in Fig. shows a
linear correlation with a correlation coefficient of 0.86. That means, the WVMR greater than
the 90. percentile of the profile contributes to the measured longwave radiation flux substan-



CHAPTER 5. ANALYSIS OF WATER VAPOUR PROFILES 49

175 : : ‘ ‘ 175 12
5
170¢ 1 1707 1%
E165) 1 €165 5
= 2 16 5
=~ 160 »f” ] =~ 160 | 2
S S 18 <
=185 /" 1 =155 185
5 5 =
S 150 — S 150 - ){‘ 20§
[
= 1451 ] = 15| o 2 E
° - e 13-11-2019, 2500m k) > 2
< 140 - e 01-12-2019, 5000m | © 140 - 2
2 10-12-2019, 3000m 2 24F
S35 e 11-12-2019, 3500m | S35} 8
3 04-02-2020, 4000m 3 / 268
Q130+ 11-02-2020, 5000m | | Q1301 _
e 23-02-2020, 4000m @ S
125 : : : : 125 : : : : -28
0.5 1 1.5 2 25 3 0.5 1 15 2 25 3
WV (kg m?) WV (kg m?)
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Figure 5.8: Correlation of the downward longwave radiation and the integrated water vapour
calculated over different height ranges for 7 cloudfree cases in winter 2019-2020.

tially for all shown cases. The measurements in the middle of Fig. stand out with large
deviations from the linear fit. There are two possible explanations for this behaviour. On the
one hand, the amount of water vapour could play a role, which is represented by the colours
in the plot. The shown values are the mean WVMR of all heights, where the WVMR is larger
than the 90. percentile of the profile. Low amounts of warmer water vapour contribute less to
the DLR than large amounts of colder water vapour. On the other hand, the data with the
largest deviations belong to the measurements from 01 to 02 Dec 2019. A cloud was present
before the correlation time period, leading to an increased WVMR in the height of the dissolved
cloud. That means, the calculated 90. percentile temperature is smaller, because of the larger
height and the cooling due to evaporation, but the mean WVMR from the 90. percentile is
high. Furthermore, the measured DLR could be influenced by the cloud, because it is measur-
ing the radiation from the total hemisphere. The data of this case also stand out in Fig.
with lower temperatures at higher IWV and downward longwave radiation. Thus, this case
differs from the others, because it is influenced by a dissolving cloud. The shown parameters
are related differently and show a more complex correlation, leading to the conclusion, that the

Date Time period corr. coeff. R? slope m y-intercept n
13-11-2019 08-20:00 UTC 0.95 9.33 147.41
01 to 02-12-2019 23:30-10:00UTC 0.96 9.53 131.51
10-12-2019 11-16:30 UTC 0.99 10.03 142.73
11-12-2019 03-20:00UTC 0.67 6.27 144.52
04-02-2020 08-17:30 UTC, excl. 11-12:10 0.92 15.03 124.55
11-02-2020 02-11:00 UTC 0.97 10.52 119.21
23-02-2020 16-21:00 UTC 0.93 13.17 133.03

Table 5.1: 7 cloudfree cases were chosen for the correlation of the DLR with the IWV of the
highest possible height range. The slope m and the y-intercept n refer to the calculated linear
equations y = m - x + n of the correlations of each case.
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Figure 5.9: Correlation between the radiation temperature of the sky, which was calculated
from the measured DLR at the surface, and the mean temperature from the 90. percentile of
the WVMR for the seven selected cases (cf. Tab. .

simplified linear correlation only apply to similar and totally cloudfree cases. Nevertheless, the
data are spread around the linear fit, which seems to be related to the amount of water vapour.
To conclude, the measured DLR at the surface is influenced by the total amount of water vapour
and its temperature during clear-sky conditions. For detailed calculations of the DLR at the
surface, the vertical distributed WVMR and its temperatures would have to be considered. Fig.
and show, that using the introduced method of determining the temperature of the
largest amounts of water vapour, is a reasonable method for an initial estimate of the influence
of the water vapour temperature on the DLR. The relation between the vertical distributed
water vapour, its temperature and the DLR is complex and radiative transfer modelling would
be necessary for further evaluations.

5.3.2 Discussion of the correlation between IWV, DLR and temper-
ature

A comparison of the results with model studies from literature showed a good agreement re-
garding the correlation between the IWV and the DLR. Ghatak & Miller (2013) calculated
monthly mean values of precipitable water vapour (PW) and downward longwave flux (DLF)
from two different models between 1979 and 2011 and found a nonlinear correlation for all
seasons (Fig. . As the IWV shows a strong seasonal cycle in the Arctic, the measurements
from the MOSAIC winter cover only a small part of this correlation. Beside, the IWV was
taken for the MOSAIC data instead of the PW, looking only at clear-sky cases and only on
winter data. The temporal scale and the data range are much smaller for the MOSAIC data.
Nevertheless, the calculated values from the MOSAIC winter data fit to the mean values from
the models for the winter months. The comparison with that study illustrates, that analysing
the winter data is only a small part of the relationship between the IWV and the DLR and an
apparent linear correlation could also be a small part of a non-linear correlation. Nevertheless,
a linear correlation is reasonable on smaller scales to the measurements of single cases.

Several quantities contribute to the uncertainty of the correlation. The calculation of the
IWYV was done for the highest possible height range for the complete time period of each case.
The example of the 11 February 2020 showed, that this can lead to uncertainties if the con-
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tribution of the water vapour to the IWV is too high above the chosen height range. On the
other hand, the development of the IWV is influenced by missing data in certain heights and
at certain times, if it is calculated from larger height ranges. The reason for the missing data
in that heights are very low values of the WVMR for the cloudfree cases, so that the impact on
the IWV is very small. Beside, the height ranges are determined manually for each case, which
could also lead to some uncertainties. A second discussable fact is the usage of the 90. per-
centile temperature as characteristic temperature for a profile. All WVMR, values larger than
the 90. percentile of each profile represents the largest values of the WVMR profile, but do not
represent necessarily one water vapour layer. Taking a smaller percentile would counteract this
fact, but still not cover a water vapour layer. Moreover, the mean temperature of a larger layer
would be calculated over a wider temperature range and thus would be less representative for
the layer. The advantage of taking the 90. percentile is to get a temperature of the maximum
WVMR from a height range instead of a single height, which reduces uncertainties. Taking this
temperature to calculate the longwave radiation of the water vapour in the respective heights
with the Stefan-Boltzmann-law is a strong simplification, because of the assumption of the
water vapour as a black body and the missing influences of molecules and greenhouse gases.
Nevertheless, the results showed, that the calculated 90. percentile temperature can represent
similar cases similarly and a linear correlation with the radiation temperature of the total sky
is possible.

5.4 Statistical analyses of WVMR profiles and the influ-
ence of the Arctic Oscillation

Statistical analysis of many WVMR, profiles were done to get an overview over the vertical
structure of water vapour during the Arctic winter and to consider a possible relation to the
Arctic Oscillation. All examinations are only done at clear-sky conditions due to the limitations
of the lidar measurements by clouds. In total, 71 profiles of the WVMR were selected (Sect.
together with the corresponding temperature profiles. All profiles are analysed according
their minimum, maximum and mean values to get an overview over the winter period (Sect.
. Beside, the profiles are separated into different layers and the IWV of those layers is
determined to examine the vertical distribution of water vapour (Sect. [5.4.3). In Sect. [5.4.4]
the vertical gradients of the WVMR profiles are evaluated.

5.4.1 Choice of measurement cases for the statistical evaluations

71 profiles were chosen for the statistical analyses between the 25 October 2019 and the 29
February 2020. The profiles are chosen from clear-sky cases, whereat cases with clouds above
6 km height were treated as clear-sky. Most of the profiles are the same profiles, that were used
for the calibration with the radiosonde, because they are cloudfree cases with corresponding
temperature profiles from the radiosondes. The profiles are randomly distributed over the
winter period and not chosen manually. To fill the gaps in the timeline, additional profiles
of cloudfree periods were chosen between the calibration cases. These profiles are mostly not
at the time of a radiosounding, so that the radiosonde data were linear interpolated over
time. This interpolation comprise uncertainties in the temperature profiles due to differences
between the interpolated profile and the true profile at that time. Most of the additional profiles
could be chosen from cloudfree conditions, but some cases contain layers with high attenuated
backscatter probably due to aerosol. The profile of the 16 Dec 2019 contains a cloud above
3.5km height and the profile at the 17 Nov 2019 shows a layer of very high backscatter in
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Figure 5.10: Overview over the WVMR and temperature value ranges of the selected 71 cases.
The profiles were evaluated between 30m and 3.5km height. The dots represent the mean
values, the ends of the bars the respective minimum and maximum values. The blue values
mark the cases already used for calibration, the red values represent the additional chosen
profiles.

around 500 m height. All additional profiles are chosen by eye and thus are influenced by the
manual choice. They are marked in red in Fig. to account for all these impacts.

Each WVMR profile is averaged over 10 minutes and a SNR threshold of 5 was used for the
lidar data processing. The maximum height, that is reached by each profile depends on the
SNR threshold and the number of water vapour molecules and differs for each case. To get
comparable results, all statistical evaluations were done for the height range between 30 m and
3.5km height. The minimum height was chosen to reduce influences of the ship. The maximum
height was selected, because most of the profiles reach this height. 5 profiles end between 3 and
3.5km height and 3 profiles even below 3km, as can be seen in the analysis of water vapour
layers in Fig. The reason for the cut of the profiles in a certain height is a low SNR of the
water vapour signal due to clouds or low WVMR/’s. The selected profiles are mainly cloudfree,
so that the WVMR values are very low above the cut and have small impacts on the analyses.

5.4.2 Temporal development of the WVMR and the temperature

To get an overview over the WVMR profiles, a mean, maximum and minimum WVMR was
calculated from each profile. The results are plotted in Fig. Changes between higher and
lower WVMR values occur during the whole shown time period, but higher maximum values
are reached in October and November during the negative phase of the AO. During the positive
phase from January on, the WVMR range is smaller. The profile from the 19 Nov 2019 03:00-
03:10 UTC stands out with the highest WVMR values. A cyclone passed over Polarstern two
days before, which led to the extraordinary high values in the WVMR. The same evaluation was
done for the corresponding temperature profiles to investigate a possible relation. The temporal
variation shows a similar trend as that of the WVMR, but also some differences. It is colder in
January and February, when the AO index was positive, than in October and November with
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negative AO indices and the temperature variations are smaller. Colder air can contain less
water vapour than warmer air, but if the temperature is higher the air does not necessarily
have to contain more water vapour. Hence, the range of the WVMR values is mostly larger
for higher temperature ranges, but not for every case. Furthermore, the largest WVMR values
have not to be in the same height as the highest temperatures. On the other hand, the water
vapour influences the surrounding temperatures by emitting longwave radiation, that warms
the atmosphere or the surface. To conclude, the WVMR, values do not only depend on the
synoptics, but also on the air temperature. The air temperature is determined by the synoptics
and the AO index is based on the large-scale synoptics. Thus, the profiles of the WVMR and
the temperature are connected to the AO index.

5.4.3 Analysis of vertical water vapour layers

The WVMR profiles were vertically divided into different layers as defined in Sect. using
two different methods. For the first method, temperature inversion heights and strengths were
determined, which are plotted in Fig. [5.11al A strong surface inversion is present most of the
time in the Arctic due to the very cold surface temperature above the sea ice. Weaker surface
inversions with higher surface temperatures occur mainly in October and November during the
negative phase of the AO. A possible reason could be a smaller sea ice fraction during that
time of the year due to the uncomplete freezing or due to more open leads and polynyas caused
by more cyclones during the negative phase of the AO. The strongest surface inversions are
reaching the highest altitudes and occur during the positive phase of the AO in January and
February and during the transition phase in December. Some cases show only one temperature
inversion with a height up to 800 m, but for many cases there is at least one small temperature
inversion above the surface inversion in higher altitudes.

The TWV of each layer between two temperature inversions is plotted in Fig. [5.11b] weighted
with the layer height. The layer with the highest IWV per 100 m is mostly the lowest layer,
namely the layer below the strong surface inversion. That means, the largest amounts of water
vapour are located close to the surface restricted by a strong temperature inversion. This could
be an indication for a coupling of the moisture to the surface. Beside, there are cases with
the highest IWV per 100 m in an elevated layer above the surface inversion as for example on
the 13 Nov 2019 or the 18 Feb 2020, representing a decoupling of the main moisture from the
surface, that may be related to an advection of moisture. Moreover, there are cases with small
IWV in all layers independent from the inversion strength of the respective layers. During
the negative phase of the AO in October and November, the layer IWV reaches higher values
than during the positive or the transition phase. The IWV is very low from mid January to
mid February. In contrast, there is an alternation between days with high layer IWV in some
heights and days with low layer IWV in all heights during the whole time period except in
December, which could be related to synoptic events as for example passing cyclones. For a
relation of the vertical water vapour structure and the AO index, the December is considered
separately, because of the transition between the negative phase of the AO and the following
exceptional strong positive phase of the AO (cf. Sect. . The profile from the 19 Nov 2019
stands out again with the highest layer IWV. A closer look into the temperature profile showed
high surface temperatures, which decrease with height and the first inversion in 900 m height.
A similar behaviour of the temperature profile was observed in the next selected profile on 22
Nov 2019 16:55-17:05 UTC, but with decreased values in the WVMR profile. Both cases are
related to two cyclones, which passed over Polarstern on 16-17 and on 20 Nov 2019.

The second method for the determination of water vapour layers uses the minima in the WVMR

profile as layer boundaries (cf. Sect. [5.1.1)). The determined layers and their layer IWV are
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(b) IWV of the water vapour layers separated by the detected temperature inversions. The IWV of each layer
was weighted with the layer height.

Figure 5.11: Division of the 71 selected WVMR profiles into layers separated by temperature
inversions (TT) larger than 0.3 K. The upper limit of each stacked bar mark the height of the
temperature maximum, the colours represent the inversion strength (a) and the layer IWV (b).
The selected profiles are ordered in time, but not equally distributed on the x-axis.

plotted in Fig. 5.12] Two groups of cases can be distinguished for the vertical distribution of
the water vapour. Firstly, there are cases with a shallow surface layer and the main amount of
water vapour in an elevated layer. The highest layer IWV is mostly contained in the second
layer. The surface layer is very shallow with heights mainly below 200 m and contains always
less IWV than the layer above. This lowest layer could be seen in many lidar profiles as a peak
in the WVMR. It was not checked, if the lidar profiles are correct for the lowest heights. The
peak was not be found in every lidar profile, as it is also visible in the analysis in Fig. [5.12]
leading to the conclusion, that it is no systematic error of the lidar and has to be included
in the analysis. Possibly, the peak is a result of an influence of the ship or its orientation in
the wind on the measurements at the lowest altitudes during specific weather conditions. The
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Figure 5.12: Division of the 71 selected WVMR profiles into layers separated by minima in the
WVMR profile with a minimum prominence of 10% of the absolute maximum of each profile.
The upper limit of each stacked bar mark the height of the local minimum in the WVMR, the
colours represent the IWV of each layer weighted with the layer height. The selected profiles
are ordered in time, but not equally distributed on the x-axis.

layer, that contains the most water vapour is elevated from the surface for this first group and
seems to be decoupled from the surface. A second group of cases shows a large surface layer,
that contains the highest IWV per 100 m and a decreasing layer IWV in the layers above. In
those cases, the moisture seems to be coupled to the surface. Beside, there are cases in both
groups, which represent a very dry atmosphere and show very low values of the layer IWV in
all heights. The highest layer IWV occur in October and November during the negative phase
of the AO. In contrast, the values of the layer IWV are small during the positive phase of the
AO including many cases with very dry conditions. The temporal variety between moist and
dry cases is equal to Fig. [.1TD] as the same water vapour content is separated in different
layers.

To proof the influence of synoptic events, the synoptic conditions were checked for the periods
with higher layer IWV’s. Cyclones passed north of the Polarstern on 16-17 Nov and 20 Nov
2019, which led to higher amounts of water vapour around these days. Another cyclone south
of Polarstern influenced the conditions at the location of Polarstern between the 18 and 25
Feb 2020. Several periods with southerly winds from the direction of Siberia, Laptev or Kara
Sea or from the Barents Sea were found between 25-30 Oct 2019, on 13 Nov 2019, 6-11 Dec
2019, 03-06 and 12-16 January 2020. During all those periods, higher values of the layer IWV
are observed. This indicates two main sources for water vapour in the Eastern Central Arctic,
which are passing cyclones or a main wind direction from the Seas north of Siberia namely
Laptev, Kara and Barents Sea. This finding correlates with the results from Vazquez et al.
(2016), who found Siberia to be one of four source regions for water vapour in the Arctic, but
also showed the major influence of each source on the region northeast of the source. As the
Polarstern was located northeast of Siberia during the winter period 2019/20, the presented
source region fits to the findings from Vazquez et al.| (2016).

To conclude, the temporal variety of the layer IWV in the Eastern Central Arctic during
winter is influenced by synoptic events like the passage of a cyclone or a wind direction from
Siberia/Laptev Sea or Barents Sea and Kara Sea in all phases of the Arctic Oscillation, but
the layer IWV reaches higher values during the negative phase of the AO than during the
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positive phase. The air temperatures were higher and showed larger variations from October
to December 2019 than in January and February 2020, which correlates with the time periods
of the negative or transition phase and the positive phase of the AO and has an influence on
the possible amounts of water vapour in the atmosphere. Hence, the temporal development of
both, the air temperature and the WVMR are related to the recent synoptics at the location
of Polarstern and thus to the AO index.

5.4.4 Analysis of the vertical gradients of the WVMR

The vertical gradients were calculated for each of the selected profiles within the selected height
range between 0.03 and 3.5 km height. To exclude large gradients over only one bin, they were
calculated over the range of 5 bins centered around each measurement bin (cf. Sect. [5.1.2). The
frequency of occurence of the determined gradients is plotted as a histogram in Fig. for all
cases and separated in cases with a positive or a negative AO index. A normal distribution was
fitted on the data as explained in Sect. which fits very well for all times. The parameters
of the function of the normal distributions are shown in Tab. They show a slightly negative
mean value for all, the positive and the negative AO cases, which means, negative gradients
occur more often than positive gradients. The standard deviation of the distributions is larger
during the negative phase of the AO, leading to a broader distribution and a more frequent
occurence of stronger gradients. A closer look on the edges of the distributions is showing a
gap towards large absolute values of the gradients. This gap is located at smaller absolute
values and has a larger width for the positive cases than for the negative cases. During the
positive phase of the AO, smaller values of the WVMR and the IWV were found, leading to the
observed smaller gradients. Large positive or negative gradients occur very seldom, medium
high gradients are missing completely in the distribution. In contrast, the distribution is more
uniform during the negative phase of the AO and strong positive or negative gradients occur
more often. All the distributions show a small unbalance towards positive gradients at large
absolute values of the gradients. Considering only gradients with an absolute value larger than
1gkg™! per 100m, positive gradients occur with a number of 43 more often than negative
gradients with a total number of 30. The difference is particularly large during the negative
phase of the AO with a number of 33 positive gradients and 22 negative gradients. Beside,
these numbers confirm the higher occurence of large gradients during the negative AO phase,
where a total number of 55 absolute values of the gradients were larger than 1 gkg~! per 100 m
in contrast to only 18 during the positive phase. The number of evaluated profiles may not be
large enough to draw conclusions about the edges and the occuring gaps in the distributions,
but it is large enough to derive tendencies in the shape of the distributions.

To conclude, the profiles of the WVMR, contain small gradients in most of the heights, but also
some strong positive and negative gradients. Strong positive gradients occur more often than
strong negative gradients, which implies more clear boundaries at the bases of water vapour
layers than at their tops. More high absolute values of the gradients occur during the negative

mean p, standard deviation o, scaling factor

All cases -0.0091 0.2061 4 505
Positive AO -0.0073 0.1888 2 644
Negative AO  -0.0120 0.2311 1813

Table 5.2: Parameters of the normal distribution functions (Eq. for all gradients of all
profiles and separated in cases with positive and negative AO index.
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Figure 5.13: Frequency of occurence of the vertical gradients of all shown profiles and separated
in all cases with positive or negative AO index. The gradients were calculated over 5 bins
centered around each measurement bin. Only gradients from the analysis height range between
0.03 and 3.5km are evaluated.

AO phase, which could be related to the observed larger amounts of water vapour or more
advection of water vapour into the Arctic due to a larger meridional tranport.

A second opportunity of calculating the gradients of the profiles was explained in Sect. [5.1.2
For this method, the gradients of each measurement bin were calculated and segments of the
profile were defined with the same sign in the bin gradients. For each of these segments a
gradient could be calculated. Only gradients larger than 0.4 gkg™! per 100 m were used for the
further analysis. Fig. shows the determined gradients of all selected profiles. Beside the
gradient of each segment, its absolute difference in the WVMR was calculated and is shown
as size of the circles. The larger gradients occur between October and December during the
negative or the transition phase of the AO. Moreover the absolute difference in the WVMR is
larger during this time, which is related to the conclusion from the statistics before of larger
maximum values of the WVMR and the layer IWV during the negative AO phase. There is a
number of points in the first half of the plot at low heights with similar size and gradients, which
could be related to the observed peak in the WVMR in many profiles. By excluding the lowest
30m, most of the peaks are excluded, but for some cases the negative gradient of the peak is
still included. Thus, those points can not be taken into consideration in this study, because
the origin of those peaks was not evaluated here. Nevertheless, more strong gradients in lower
heights are observed between October and December. In January and February, most of the
points are above 600 m with low differences in the WVMR. It is to notice, that the analysis
only covers layers with a constantly positive or negative gradient. Changes of the sign over one
just bin are included in the layers, but changes over more than one bin separate two layers.
The noise of the lidar signal increase for small WVMR/’s, which is the case especially during the
positive phase of the AO in January and February. Larger signal noise influences the calculated
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Figure 5.14: Analysis of the occuring gradients larger than 0.4 gkg™! per 100 m in all selected
profiles. The shown gradients are calculated over layers with the same sign in the gradient over
1 bin. The height of the markers are the upper height of those layers. The colors represent the

vertical gradient over the layer, the size of the points represent the absolute difference in the
WVMR.

gradients and absolute differences in the WVMR and could lead to a missinterpretation of the
results. Excluding gradients over just one bin, counteract this influence.

To sum up, larger gradients are observed during the negative phase of the AO, they cover a
larger range of WVMR, values and occur in lower heights. In contrast, smaller gradients, over
low WVMR ranges and in greater heights dominate during the positive phase of the AO.

The calculated gradients from both methods are influenced by the data processing of the lidar
data and their noise. All profiles are processed equally, which makes them comparable, but the

lidar noise differs with the amount of water vapour and is thus different at each measurement
time.



Chapter 6

Conclusion and Outlook

Vertical profiles of water vapour were measured for the first time in the Central Arctic during
the MOSAiC campaign. Continuous measurements of the Raman lidar PollyXT delivered high-
resolved vertical profiles of the water vapour mixing ratio (WVMR) during the polar night in
the Arctic winter. The collected data were calibrated within this work and first analyses were
conducted. The time period between 25 October 2019 and 29 February 2020 was used for both,
the calibration and the analyses. Beside, radiosonde profiles were used to get information about
the air temperature, the air density and the wind. The integrated water vapour (IWV) was
taken from two different microwave radiometers. A pyrgeometer delivered measurements of the
downward longwave radiation (DLR) for correlations with the vertical distributed water vapour.

Profiles of the WVMR were derived from the Raman signals of water vapour and nitrogen.
The differential transmission at the two wavelengths and the dependence of the signal ratio
on the temperature of the atmospheric scatterers was considered in the calculations, as well
as the calibration constant. The signals were smoothed temporally and vertically according to
the balance between minimising the signal noise to improve the data quality and keeping the
resolution of the atmospheric variability. The calculation of the IWV from the WVMR profiles
shown in (Foth et al., [2015|) could be improved by implementing the vertical profile of the air
density in the calculations. An error analysis was done for the total lidar data processing to
derive the uncertainties of the resulting WVMR profiles and values of the IWV.

A calibration is needed to determine calibrated profiles of the WVMR. Three calibration meth-
ods were presented and compared for the MOSAiIC winter data using radiosonde profiles or
the IWV from a microwave radiometer. The calibration with a radiosonde profile was done
height-related with the profile method or height-independent with the linear fit method. While
the calibration with a radiosonde profile is only possible at the times of radiosonde launches,
which means every 6 hours for MOSAIC, the calibration with IWV can be done continuously.
All methods are limited to clear-sky periods. The data processing and the choice of the SNR
threshold is crucial for the calibration and was adapted to the very dry conditions in the Arctic
for each method. Each lidar profile reaches a different maximum height due to the exclusion
of data with a SNR below a certain threshold. Thus, a height-correction was implemented in
the calculation of the lidar IWV to make it comparable with the IWV of the total atmospheric
column, which was measured by the microwave radiometer (MWR). The lidar IWV shows large
uncertainties, so that the temporal smoothing was increased to 30 minutes, which requires cases
with a stable layering over time for the calibrations. Two criteria were defined for the calibra-
tion with IWV to get reasonable and comparable results. The mean relative error of the lidar
IWV had to be smaller than 30% and the height coverage of the lidar IWV should amount to

59
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more than 90% of the total IWV in average for each case. The calibration with radiosonde
requires also stable conditions, but only for a short time period around the radiosonde launch.
It was found, that the height range, which is used for the calibration is crucial, because of the
difference of the lidar and the radiosonde profile in larger heights. Reasons for the differences in
the vertical profiles are the drift of the radiosonde with the wind, the time it needs for ascending
and the averaging time of the lidar data. Hence, the calibration height range was started close
to the surface for all cases, but the maximum height was chosen individually for each profile.
The maximum height was adapted manually for each profile, so that the correlation coefficient
is larger than 0.9 for the linear fit and the standard deviation of the calibration constant from
the profile method is below 10%. The latter condition was set to a maximum standard devia-
tion of 5% for the calibration constant from the profile method with some exceptions. It was
found, that a smaller height range is better for the profile method, because of the drift of the
radiosonde in larger heights. In contrast, a larger height range delivers often a more accurate
calibration constant from the linear fit method (with a higher correlation coefficient), because
of the coverage of a larger range of WVMR values.

In total, 55 cases were used for the determination of a mean calibration constant for each
method. The linear fit and the profile method delivered similar constants of 15.96 £0.37 gkg ™!
and 16.01 £ 0.35 gkg ™!, respectively, but the errors of each single calibration constant is much
larger for the profile method. In contrast, the mean calibration constant from the IWV method
is with 16.36 & 0.36 gkg ™! larger than the constants from the radiosonde methods. The reason
for this deviation is attributed to the large uncertainties in the lidar IWV at the dry conditions
in the Arctic and a small overestimation of the IWV from the MWR LHUMPRO in comparison
with the radiosonde. Considering all the described facts, it was chosen to use the determined
mean calibration constant from the linear fit method. This calibration constant is now applied
on all WVMR profiles of the time period between 25 October 2019 and 29 February 2020.
The lidar measurements are limited by clouds and low signals. WVMR profiles can be derived
up to the cloud base during cloudy conditions or up to the height, where the SNR reaches
a defined threshold at clear-sky conditions. This work concentrated on the evaluation of the
vertical water vapour distribution during clear-sky conditions, because of its influence on the
longwave radiation budget and its relation to the surface temperatures.

The analyses of the water vapour profiles were conducted to examine three research ques-
tions. Firstly, the vertical distribution of water vapour was examined in general. The amount
of water vapour is very small during the Arctic winter with values of the WVMR below 2 gkg™!.
The maximum WVMR of each profile fluctuates between higher and lower values in periods
of weeks. The lowest maximum WVMR of the selected cases was measured end of February
with 0.28 g¢kg™! and the highest value was reached on 19 November 2019 with 1.94gkg™!. A
comparison with the temperature profiles showed a clear relation between higher WVMR, and
warmer temperatures. On the one hand, warmer air can contain more water vapour. On the
other hand, large amounts of water vapour influences the temperature by emitting longwave
radiation. A very strong surface inversion was found in the temperature profiles most of the
time in the Arctic winter, but also some cases with warmer surface temperatures. Most of the
profiles contain more than one temperature inversion, which leads to a very stable layering.
Case studies showed, that water vapour layers often are limited by temperature inversions at
their top and bottom. Hence, temperature inversions were used for a separation of the WVMR
profiles into layers, which belong to different airmasses. Two cases of layering could be distin-
guished. For most cases, the highest amount of water vapour is captured in the lowest layer
below the strong surface inversion, which may be an indication for a coupling of the moisture
to the surface. In other cases, the largest amounts of water vapour are located in a lofted layer,
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which is decoupled from the surface and can be an indication for advection.

The automatic separation of the WVMR profiles into layers by using the height of local minima
in the profiles delivered also two cases of layering. Firstly, many cases show a shallow surface
layer below 200 m height with low layer IWV and the highest layer IWV in the second layer.
The shallow surface layer covers mostly a peak in the WVMR, which was observed in many
lidar profiles close to the surface and could be an influence of the ship at specific weather con-
ditions. Secondly, there are cases with the highest TWV in the lowest layer and a decreasing
layer IWV in the layers above, where the moisture seems to be coupled to the surface. Beside,
there are cases with very low IWV in all layers, that still can be assigned to one of the first
two cases. The automatic separation into layers strongly depends on the lidar data processing
and fluctuations in the vertical WVMR profile, but gives a good overview over the vertical
distribution of the water vapour. Independent of the method for layer separation, there are
cases with higher total IWV and very low total IWV. The height of the observed water vapour
layers, which means layers with a higher IWV | differs for each case, but is mostly below 2km
height.

The investigation of the gradients in the WVMR profile yielded to a normal distribution of the
occuring gradients over 5 bins with a small peak at strong positive gradients. The gradients are
small in most of the heights, but some strong positive and strong negative gradients occur at
the boundaries of water vapour layers. More and stronger large positive gradients were found,
which implies more clear boundaries at the base of water vapour layers than at their top. The
calculated gradients are influenced by the vertical fluctuations in the lidar profile due to the
atmospheric variability, but also due to the residual instrumental noise.

The atmospheric water vapour content influences the downward longwave radiation (DLR)
at the surface (Doyle et al., [2011; Ghatak & Miller, |2013). Correlations of selected cases were
investigated to answer the second research question about the influence of the vertical dis-
tributed water vapour on the DLR during cloudfree conditions. The comparison of the IWV
calculated from lidar profiles and the DLR showed a very good correlation during clear-sky
periods. It is crucial to choose a height range of the WVMR profiles, that covers the main
amount and variability of water vapour to calculate an appropriate IWV, that can be corre-
lated with the DLR. A linear correlation was found between the IWV and the DLR for each
of 7 selected clear-sky cases, but with an offset in the DLR and differences in the slope. The
impact of the integrated water vapour on the DLR could be determined to 9.33 —15.03 W kg .
The different offsets in the linear fit between the DLR and the IWV could be explained by the
temperature of the largest amounts of water vapour in each profile. The same amount of water
vapour causes higher DLR at warmer temperatures. Comparing the temperature of the largest
amounts of water vapour with the radiation temperature of the total sky, which was derived
from the Stefan-Boltzmann-law and the measured DLR, delivered a linear correlation between
those two parameters for the selected cases. The spread around the linear fit could be caused
by the amount of water vapour. It could be found, that the choice of completely cloudfree cases
with similar conditions is crucial to get a linear correlation. The largest deviation from the
general behaviour of both correlations belonged to one specific case, that differs from all the
others, because it is influenced by a dissolving cloud. The linear correlation between the 90.
percentile temperature and the radiation temperature of the total sky implies, that the WVMR
values larger than the 90. percentile of each profile contribute similarly to the measured total
DLR at the surface for all selected cases. This result confirms, that the largest WVMR values
determine the DLR during clear-sky conditions. The results of the correlation between the
IWV and the DLR are in a good agreement with findings from model studies of (Ghatak &
Miller, 2013) as far as they are comparable due to different temporal and horizontal scales.
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The third research question of this work had the aim to investigate a possible correlation
of the Arctic Oscillation (AO) index to the vertical distributed water vapour in the Arctic. The
relation of the water vapour conditions to the atmospheric circulation and the meridional trans-
port was already described in many studies (Vazquez et al., 2016; Nash et al., 2018; Naakka
et al., 2019; Nygard et al. 2019, |2020)). In this work, the Arctic Oscillation index was used to
quantify the general atmospheric circulation in the Arctic. While very stable conditions with
weak exchange with lower latitudes are expected during the positive phase of the AO, a stronger
meridional transport is expected during the negative phase of the AO. Two case studies showed
very different amounts and vertical structures of water vapour for positive and negative AO in-
dices. The statistical evaluation of 71 cases confirmed the differences. Although fluctuations in
the maximum WVMR occur during the whole time period, the maximum values of the WVMR
profiles and the WVMR range of each single profile were larger during the negative phase of the
AQ. Beside, also the maximum layer IWV was larger. In accordance with the larger amounts
of water vapour, the vertical gradients were stronger and covering larger absolute differences in
the WVMR. Considering only the largest absolute values of the gradients, they were located in
lower heights. Moreover, the temperatures were higher during the time of the negative phase
of the AO, which could be related to a stronger meridional transport, that carries warm and
moist air into the Arctic. Beside the stronger meridional transport, stronger or more storms
could be possible reasons for higher WVMR/’s at negative AO indices. Strong storms lead to
cracks in the sea ice and opened leads and polynyas are a further source of water vapour. In
contrast, the atmospheric conditions were very stable during the positive phase of the AO with
stronger surface inversions in temperature and low amounts of water vapour, but also colder
temperatures. Less strong gradients were found covering lower ranges of WVMR. The merid-
ional transport is weak during phases with positive AO indices, leading to less exchange with
lower latitudes, less advection of warmer and moist air and an enclosure of the Arctic air mass.
The atmospheric conditions were exceptional in the evaluated time period, because of the very
strong positive phase of the AO during January to March 2020. It could be seen, that the
amount and vertical structure of water vapour is not only related to the atmospheric circula-
tion, but also to the air temperature, which depends on the season and the synoptics. Rinke
et al. (2021) showed, that the air temperatures and also the total column water vapour usually
decrease between October and February according to the long-term mean. Hence, it can not be
concluded, that the decreasing trend in temperature, maximum WVMR and layer IWV in the
used data is related to the AO. In contrast, the fluctuations between high and low amounts of
water vapour and related warmer or colder temperatures can not be seen in the long-term mean
(Rinke et al., 2021), but could be related to the synoptic conditions. Time periods with higher
layer IWV and higher maximum WVMR in the profile could be related to specific synoptic
events, namely the passing of a cyclone or an inflow from the direction of Laptev, Kara or
Barents Sea. Thus, two main sources could be determined for advected water vapour in the
Central Arctic. The specified source region is in a good agreement with the findings of [Vazquez
et al.| (2016) for the location of the Polarstern northeast of Siberia.

The results show, that the continuously and vertically high-resolved measurements of a Ra-
man lidar deliver a great data set for different analyses and process studies. It was shown,
that the Raman lidar captures the low amounts of water vapour in the Arctic with a very
good vertical and temporal resolution, that allows studies of the temporal evolution of the
vertical distibuted water vapour and its influence on surface parameters. Further investiga-
tions should quantify the impact of the water vapour on the DLR and the surface temperature
during clear-sky conditions with radiative transfer modeling. Beside, the measurements can
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be used to validate the input of reanalyses data into radiative transfer models. The sources of
water vapour in different heights should be quantified with backward trajectories. As this work
concentrated on clear-sky conditions, further investigations could evaluate profiles of WVMR
and relative humidity below clouds and the influence of the vertical distributed water vapour
on cloud processes.
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List of Symbols
Symbol Description Unit
Q) atmospheric extinction coefficient at the wavelength A m~!
A fraction of the total IWV, that is covered by the lidar IWV -
(IRS,part/IRS)

e total molecular volume scattering coefficient m~*
Br Raman backscattering coefficient m?sr—!
Cu,0 calibration constant for the WVMR of the lidar gkg™!
Oz standard deviation of the quantity x unit of x
Ax error of the quantity x due to measurement uncertainties unit of x
AT, differential transmission term —
Cont saturation pressure hPa
Fsg7=Fx, [T, temperature dependent term of the lidar equation at the —
Fyo7=Fu,0[T] wavelengths 387 nm and 407 nm
Fiw broadband longwave radiation Wm—?
I integrated water vapour kg m~2
Ao, AR emitted wavelength of the laser, wavelength of the Raman nm

scattered radiation
AH,05 ANy wavelength of the Raman scattered radiation by water nm
vapour or nitrogen molecules
MH,05 Mair mass of water vapour and dry air kg
i mean value of the normal distribution —
N molecular number density cm ™3
O(z) Overlap function -
P pressure hPa
Pr, Pg, Pgg measured lidar signal at a specific wavelength, background counts
signal, signal of the backscattered photons
PH,05 Pair density of water vapour and dry air kgm™3
Rp N, [T(2)]/ Fryo[T(2)], ratio of the temperature dependent -
terms for nitrogen and water vapour
Ry, Pu,0(z)/Px,(z), ratio of the lidar signals -
Rq individual gas constant for dry air (Rq=287.06 Jkg7' K1) Jkg ' K™!
R? correlation coeflicient of the linear fit -
o™ total Rayleigh scattering cross section cm?
oy Rayleigh backscattering cross section cm?sr!
Oy uncertainty of a quantity x unit of x
On standard deviation of the normal distribution —
S signal-to-noise ratio -
T temperature °C, K
Trad radiation temperature of the sky K
u relative humidity %
WH,0 water vapour mixing ratio gkg!
z height / distance between the scattering particle and the m
lidar
Zs scale height of the atmosphere m
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List of Abbreviations

Abbreviation Description

AO Arctic Oscillation

bg background

DLR downward longwave radiation

FWHM full width at half maximum

GDAS Global Data Assimilation System

HATPRO Humidity and Temperature PROfiler

IWV integrated water vapour

layer TIWV integrated water vapour of an atmospheric layer
lidar light detection and ranging

LHUMPRO  passive Microwave Radiometer for Arctic Clouds (MiRAC-P)
LWP liquid water path

m, p molecular, particle

MOSAIiC Multidisciplinary drifting Observatory for the Study of Arctic Climate
MWR microwave radiometer

PW precipitable water vapour

RS radiosonde

sig signal

SHEBA Surface Heat Budget of the Arctic Ocean

SNR signal-to-noise ratio

TROPOS Leibniz Institute for Tropospheric Research
WVMR water vapour mixing ratio

WVMRuca1  uncalibrated water vapour mixing ratio
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Appendix A

Additional figures

A.1 Synoptic conditions for the case studies

Two case studies were presented. The synoptic weather map and the observed sea ice concentra-
tion are shown here for the two dates to bring the results from the water vapour and radiation
measurements in context with the actual atmospheric circulation. The sea ice concentration was
derived from satellite measurements by [Spreen et al. (2008) and is used to investigate areas with
an ice-free ocean. The data of the sea ice concentration for the 13 November 2019 and the 11
February 2020 originate from https://www.meereisportal.de (funding: REKLIM-2013-04).
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(a) owed a strong high
pressure system over the Beaufort sea causing
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(b) Sea ice concentration of the Arctic Ocean
from meereisportal.de (Spreen et al., [2008).
The Arctic Ocean was covered completely by
sea ice in the area of the Laptev Sea, where
the airmasses came from based on the syn-
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Figure A.1: Synoptics and sea ice concentration for the case on 13 November 2019.
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(a) The synoptics show a low pressure system over
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ica, which caused winds from east to southeast at
the location of Polarstern.
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Figure A.2: Synoptics and sea ice concentration for the case on 11 February 2020.
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