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Abstract

More than a decade ago it was suggested that a cooling of stratospheric temperatures
by 1 K or an increase of 1 ppmv of stratospheric water vapour could promote denitrifi-
cation, the permanent removal of nitrogen species from the stratosphere by solid polar
stratospheric cloud (PSC) particles. In fact, during the two Arctic winters 2009/10 and5

2010/11 the strongest denitrification in the recent decade was observed. Sensitivity
studies along air parcel trajectories are performed to test how a future stratospheric
water vapour (H2O) increase of 1 ppmv or a temperature decrease of 1 K would affect
PSC formation. We perform our study based on measurements made during the Arctic
winter 2010/11. Air parcel trajectories were calculated 6 days backward in time based10

on PSCs detected by CALIPSO (Cloud Aerosol Lidar and Infrared Pathfinder satellite
observations). The sensitivity study was performed on single trajectories as well as on
a trajectory ensemble. The sensitivity study shows a clear prolongation of the poten-
tial for PSC formation and PSC existence when the temperature in the stratosphere
is decreased by 1 K and water vapour is increased by 1 ppmv. Based on 15 years of15

satellite measurements (2000–2014) from UARS/HALOE, Envisat/MIPAS, Odin/SMR,
Aura/MLS, Envisat/SCIAMACHY and SCISAT/ACE-FTS it is further investigated if there
is a decrease in temperature and/or increase of water vapour (H2O) observed in the
polar regions similar to that observed at midlatitudes and in the tropics. Although in the
polar regions no significant trend is found in the lower stratosphere, we found from the20

observations a correlation between cold winters and enhanced water vapour mixing
ratios.

1 Introduction

Polar stratospheric clouds (PSCs) form in the polar winter stratosphere at altitudes be-
tween 15 to 30 km. PSCs consist of liquid and solid particles and have been classified25

into three different types based on their composition and physical state: (1) Super-
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cooled Ternary Solutions (STS), (2) Nitric Acid Trihydrate (NAT) and (3) ice. The for-
mation of PSCs is strongly temperature dependent. Liquid PSC cloud particles (STS)
form by the condensation of water vapour (H2O) and nitric acid (HNO3) on the liquid
stratospheric background sulfate aerosol particles at temperatures 2–3 K below the
NAT existence temperature TNAT (∼ 195 K) while for the formation of solid cloud parti-5

cles (ice) much lower temperatures are required, usually 3–4 K below the ice frost point
Tice (∼ 185 K) (e.g. Carslaw et al., 1994; Koop et al., 1995). The formation of the liq-
uid STS particles is quite well understood, however, the exact formation mechanism of
NAT and ice PSC particles still leaves some unresolved questions and is still an active
area of research.10

Progress in understanding PSC particle formation processes has been made re-
cently in the frame of the European project RECONCILE (Reconciliation of essential
process parameters for an enhanced predictability of Arctic stratospheric ozone loss
and its climate interactions) (von Hobe et al., 2013). For example, CALIPSO mea-
surements for the Arctic winter 2009/10 presented by Pitts et al. (2011) showed that15

widespread NAT formation occurred, albeit in low number densities, before ice clouds
had been formed at temperatures well above Tice. Further, lidar measurements per-
formed during recent years have also indicated that there must be a formation mech-
anism for NAT PSCs above the ice frost point Tice without ice particles necessarily
serving as a nucleation kernel for NAT particles. Until the RECONCILE project, the20

only known pathway to form NAT was through heterogeneous nucleation on ice parti-
cles, forming NAT clouds downstream of mountain wave ice clouds (Luo et al., 2003;
Fueglistaler et al., 2003; Höpfner et al., 2006).

Heterogeneous nucleation on particles such as meteoric smoke has been suggested
to be a potential pathway for NAT formation (Bogdan et al., 2003; Voigt et al., 2005).25

Hoyle et al. (2013) performed box model simulations along air parcel trajectories based
on the observations by CALIPSO made during the Arctic winter 2009/10 applying a new
parameterisation for heterogeneous NAT nucleation, assuming NAT formation on par-
ticles as e.g. meteoric smoke. The CALIPSO observations were well reproduced by
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the model simulations applying this new parameterization thus indicating that NAT nu-
cleation on other particles than ice is possible. Further, both the modelling study by
Hoyle et al. (2013) and the one by Engel et al. (2013) using the Zurich Optical and
Microphysical box Model (ZOMM) showed that small-scale temperature fluctuations
usually not represented in meteorological data needed to be considered to reproduce5

the CALIPSO observations.
Denitrification, the permanent removal of HNO3 by sedimenting polar stratospheric

cloud particles, limits the deactivation process of the ozone destroying substances in
springtime and thus leads to a prolongation of the ozone destroying cycles. Strato-
spheric cooling caused by increasing greenhouse gas concentrations will have signifi-10

cant implications on denitrification and ozone loss. Model simulations predict that very
large ozone losses will occur more frequently in the future in the Arctic and that the
recovery of the ozone layer will be delayed by more than a decade due to increased
greenhouse gas concentrations (e.g. Austin et al., 1992; Shindell et al., 1998; Eyring
et al., 2010; SPARC CCMVal, 2010).15

Water vapour is one of the most important greenhouse gases and plays a key role in
the chemistry and radiative balance of the upper troposphere and lower stratosphere
(UT/LS). Long-term balloon-borne measurements indicate an increase of the strato-
spheric water vapour abundance by an average of 1 ppmv during the last 30 years
(1980–2010) in the tropics and at mid-latitudes (Scherer et al., 2008; Hurst et al.,20

2011). Merged satellite data sets covering the period from 1988–2010, however, do
not confirm the trend found in the Boulder time series and it has been suggested that
the trends over Boulder cannot be considered as representative of the global strato-
sphere. Although a significantly negative trend was found in the lower stratosphere,
a significantly positive trend was found in the upper stratosphere (Hegglin et al., 2014).25

Dessler et al. (2014) analysed satellite data together with a trajectory model. They
did not see any firm evidence of trends (neither positive nor negative) in the data since
the mid 1980s. However, they cannot rule out that a trend exists that is just too small
to be identified given the large inter-annual and interdecadal variability. Gettelman
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et al. (2010) presented model simulations of 18 coupled Chemistry Climate Models
(CCMs) in the tropical tropopause layer (TTL). The models simulate decreases in the
tropopause pressure in the 21st century, along with ∼ 1 K increases per century in cold
point temperature and 0.5–1 ppmv per century increases in water vapour above the
tropical tropopause.5

Any changes in atmospheric water vapour bring important implications for the global
climate. Increases in stratospheric water vapour cool the stratosphere but warm the
troposphere. Both the cooling of the stratosphere and the increase in water vapour en-
hance the potential for the formation of polar stratospheric clouds. More than a decade
ago it was already suggested that a cooling of stratospheric temperatures by 1 K or an10

increase of 1 ppmv of stratospheric water vapour could promote denitrification (San-
tee et al., 1995; Tabazadeh et al., 2000). During the two Arctic winters 2009/10 and
2010/11, the strongest denitrification in the recent decade was observed (Khosrawi
et al., 2011, 2012). In the latter winter denitrification led also to severe ozone deple-
tion with comparable magnitude as the Antarctic “ozone hole” (Manney et al., 2011;15

Sinnhuber et al., 2011; Arnone et al., 2012; Kuttipurath et al., 2012; Hommel et al.,
2014).

In this study, the correlation between observed water vapour variability and the recent
temperature evolution in the Arctic together with PSC observations are considered to
investigate a possible connection between the increase in stratospheric water vapour20

and polar stratospheric cloud formation/denitrification. This study aims on (1) perform-
ing a sensitivity study on how an increase in water vapour and decrease in temperature
will affect PSC formation and existence and (2) on assessing the H2O variability during
the 15 year period 2000–2014.

(1) A sensitivity study is performed to investigate what effect changes in water vapour25

and temperature (due to a trend or variability) would have on PSC formation and oc-
currence. Therefore, air parcel back trajectories are calculated according to PSC ob-
servations by CALIPSO during the Arctic winter 2010/11. On the basis of this trajectory
ensemble the increase in time the air parcels would be exposed to temperatures be-
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low TNAT or Tice along the trajectories are considered for a water vapour increase of
up to 1 ppmv and a temperature decrease of up to 1 K in the stratosphere. (2) Mea-
surements from several different satellites together with temperatures from ECMWF
are used to investigate water vapour trends and variability in the polar stratosphere. So
far trend studies in stratospheric water vapour have focused on the tropics and mid-5

latitudes. Here, for the first time such an analyses has been performed for the polar
stratosphere. We use satellite measurements that were derived for the 15 year period
2000–2014.

2 Satellite data

To investigate a possible water vapour trend as well as water vapour variability in the10

polar lower stratosphere, satellite observations of water vapour from the Odin Sub-
Millimetre Radiometer (Odin/SMR), the Aura Microwave Limb Sounder (Aura/MLS),
the Envisat Michelson Interferometer for Passive Soundings (Envisat/MIPAS), the
SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (En-
visat/SCIAMACHY), the SCISAT Atmospheric Chemistry Experiment Fourier Trans-15

form Spectrometer (SCISAT/ACE-FTS) and the UARS Halogen Occultation Experi-
ment (UARS/HALOE) are used. A short description of these satellite instruments will
follow below. A detailed intercomparison of water vapour derived from these instru-
ments can be found in Hegglin et al. (2013). For performing case studies along air par-
cel trajectories that are based on PSC measurements we apply measurements from20

the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) on board of CALIPSO
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations).

2.1 Odin/SMR

Odin/SMR was launched on 20 February 2001 and observes the thermal emission
of trace gases from the Earth’s limb. Odin carries two instruments, the Optical Spec-25
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trograph and Infrared Imaging System (OSIRIS) (Llewellyn et al., 2004) and the Sub-
Millimetre Radiometer (SMR) (Frisk et al., 2003). Observations by Odin/SMR were per-
formed in a time-sharing mode with astronomical observations until 2007 and solely in
aeronomy mode thereafter. In aeronomy mode, various target bands are dedicated to
profile measurements of trace constituents relevant to stratospheric and mesospheric5

chemistry and dynamics such as O3, ClO, N2O, HNO3, H2O, CO, HO2 and NO, as well
as minor isotopologues of H2O and O3 (e.g. Murtagh et al., 2002). Stratospheric mode
measurements were performed every third day until April 2007 and every other day
thereafter. A typical stratospheric mode scan covers the altitude range from 7 to 70 km
with a resolution of ∼ 1.5 km in terms of tangent altitude below 50 km and of ∼ 5.5 km10

above. Usually, the latitude range between 82.5◦ S and 82.5◦ N is observed (Urban
et al., 2005b, a). Water vapour measurements are derived by Odin/SMR in several dif-
ferent bands in the sub-millimetre range. Here, level-2 data from the 544.6 GHz band
of version 2.0 for the lower stratosphere are used (Urban et al., 2007, 2012; Urban,
2008).15

2.2 Aura/MLS

MLS on board Aura is part of the NASA/ESA “A-train” satellite constellation. MLS was
launched in July 2004 and is an advanced successor of the MLS instrument on the Up-
per Atmosphere Research Satellite (UARS) that was launched in 1991 and provided
measurements until 1999. MLS is a limb sounding instrument that measures the ther-20

mal emission at millimetre and sub-millimetre wavelengths using seven radiometers to
cover five broad spectral regions (Waters et al., 2006). Measurements are performed
from the surface to 90 km with a global latitude coverage from 82◦ S to 82◦ N. Global wa-
ter vapour measurements are derived from a line close to the 183 GHz band (Lambert
et al., 2007). Version 3.3 data is used in this study (Hurst et al., 2014).25
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2.3 Envisat/MIPAS

MIPAS is a middle infrared Fourier transform spectrometer and was launched in March
2002 on board Envisat. MIPAS was operational until the sudden loss of contact with
Envisat on 8 April 2012. MIPAS measured the atmospheric emission spectrum in the
limb sounding geometry. MIPAS operated in its nominal observation mode from June5

2002 to March 2004, thus approximately two years. Measurements during this time pe-
riod were performed in its full spectral resolution measurement mode with a designated
spectral resolution of 0.035 cm−1. Measurements were performed covering the altitude
range from the mesosphere to the troposphere with a high vertical resolution (about
3 km in the stratosphere). After a failure of the interferometer slide at the end of March10

2004, MIPAS resumed measurements in January 2005 with a reduced spectral res-
olution of 0.0625 cm−1, but with improved spatial resolution. Data products of MIPAS
are up to 30 trace species, e.g. H2O, O3, HNO3, CH4, N2O, NO2 as well as temper-
ature (Fischer and Oelhaf, 1996; Fischer et al., 2008). Here, the MIPAS data version
V5H_H2O_20 and V5R_H2O_220/221 derived with the IMK/IAA retrieval processor15

covering the periods 2002–2003 and 2005–April 2011/May 2011–2012, respectively,
have been used (updated version of the retrieval as described in Milz et al., 2009; von
Clarmann et al., 2009).

2.4 Envisat/SCIAMACHY

SCIAMACHY was launched on board Envisat in March 2002 and was in operation from20

August 2002 until the sudden loss of contact with Envisat on 8 April 2012. SCIAMACHY
observed electromagnetic radiation upwelling from the Earth’s atmosphere in 3 mea-
surement modes: occultation, nadir, and limb geometry. The instrument and mission
objectives are provided by Burrows et al. (1995) and Bovensmann et al. (1999). In this
study, measurements of the scattered solar light in limb viewing geometry are used. In25

this geometry, the instrument scanned the horizon in 3.3 km steps from −3 to 92 km
(0 to 92 km since October 2010). This vertical sampling and the instantaneous field of
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view (∼ 2.6 km in vertical direction at the tangent point) resulted in a vertical resolution
of typically 3–4 km. Envisat was in a Sun-synchronous orbit with an inclination of 98◦.
This resulted in global coverage for SCIAMACHY limb measurements being achieved
within 6 days at the Equator and less elsewhere (Gottwald et al., 2006). SCIAMACHY
target species are O3, BrO, OClO, ClO, SO2, H2CO, NO2, CO, CO2, CH4, H2O, N2O,5

aerosol and clouds. In the limb viewing geometry water vapour is retrieved at about 10
to 25 km altitude from the near infrared spectral range (1353–1410 nm). Here, we use
SCIAMACHY water vapour from data version 3.01. The IUP Bremen water vapour re-
trieval algorithm V3.01 follows the retrieval concept presented in Rozanov et al. (2011)
for V3 and the new data set is described in Weigel et al. (2015).10

2.5 SCISAT/ACE-FTS

The ACE mission was launched on 12 August 2003 on-board the SCISAT satellite.
SCISAT is a Canadian-led satellite mission and carries two instruments, the ACE
Fourier Transform Spectrometer (ACE-FTS) and the Measurement of Aerosol Extinc-
tion in the Stratosphere and Troposphere Retrieved by Occultation (ACE-MAESTRO).15

ACE-FTS is a solar occultation instrument and provides measurements since 2004
(Bernath et al., 2005). Measurements are performed during sunrise and sunset (result-
ing 15 sunrise and 15 sunset measurements per day). A seasonally varying coverage
of the globe is provided, with an emphasis on mid-latitudes and the polar regions. The
ACE-FTS measurements provide vertical profiles of more than 30 atmospheric species20

as well as temperature and pressure. The 14 baseline atmospheric species measured
by ACE-FTS are O3, H2O, HCl, CCl3F, CCl2F2, CH4, HF, N2O,CO, NO, NO2, HNO3,
ClONO2, and N2O5 (Boone et al., 2005). ACE-FTS version 3.5 data has been used in
this study.
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2.6 UARS/HALOE

The HALogen Occultation Experiment (HALOE) was launched aboard the Upper Atmo-
sphere Research Satellite (UARS). HALOE is as ACE-FTS a solar occultation instru-
ment (Russell et al., 1993). The geometry of the UARS orbit (57◦ inclination, circular at
585 km with orbit period of 96 min) results in 15 sunrise and 15 sunset measurements5

daily. Measurements between 80◦ N and 80◦ S in about 45 days are performed. HALOE
was launched in September 1991 and provided measurements until 2005, thus over
a time period of 14 years (Harris et al., 1996). Therefore, HALOE provides the longest
satellite data set though it is not used to its full extent in this study since we focus on
measurements obtained since the millennium. HALOE Version 19 data is used in this10

study.

2.7 CALIPSO/CALIOP

CALIPSO is part of the NASA/ESA “A-train” satellite constellation and has been in op-
eration since June 2006. Measurements of PSCs are provided by CALIOP (Pitts et al.,
2009). CALIOP is a two-wavelength, polarisation sensitive lidar. High vertical resolu-15

tion profiles of the backscatter coefficient at 532 and 1064 nm as well as two orthogonal
(parallel and perpendicular) polarisation components at 532 nm are provided (Winker
et al., 2007; Pitts et al., 2007). The lidar pulse rate is 20.25 Hz, corresponding to one
profile every 333 m horizontally. The vertical resolution of CALIOP varies with altitude
from 30 m in the lower troposphere to 180 m in the stratosphere. For the PSC analy-20

ses, the CALIPSO profile data are averaged to a resolution of 180 m vertically and 5 km
horizontally. The determination of the composition of PSCs is based on the measured
aerosol depolarisation ratio (ratio of parallel and perpendicular components of 532 nm
backscatter) and the inverse scattering ratio (1/R532), where R532 is the ratio of the total
to molecular backscatter at 532 nm (Pitts et al., 2007, 2009). Using these two quanti-25

ties, PSCs are classified into: STS, water ice, and three classes of liquid/NAT mixtures
(Mix-1, Mix-2 and Mix-2 enhanced). Mix-1 denotes mixtures with very low NAT number
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densities (from about 3×10−4 to 10−3 cm−3), Mix-2 denotes mixtures with intermedi-
ate NAT number densities of (10−3 cm−3), and Mix-2 enhanced denotes mixtures with
sufficiently high NAT number densities (> 0.1 cm−3) and volumes (> 0.5 µm3 cm−3) that
their presence is not masked by the more numerous STS droplets at temperatures
well below TNAT. In addition, intense mountain-wave induced ice PSCs are identified5

as a subset of CALIPSO ice PSCs through their distinct optical signature in R532 (Pitts
et al., 2011).

3 Arctic winter 2010/11

The Arctic winter 2010/11 was one of the coldest in the last two decades (Manney
et al., 2011; Sinnhuber et al., 2011). The 2010/11 winter was characterised by an10

anomalously strong vortex with an atypically long cold period that was persistent from
mid-December to mid-March (Manney et al., 2011). The polar vortex formed at the end
of November 2010 and remained stable until the end of April. The long cold period,
lasting over four months, was interrupted by short warmer periods in the beginning of
January, February and March due to minor warmings. In February and March, temper-15

atures were colder than in previous years of the last decade. The final warming during
the 2010/11 Arctic winter occurred in mid-April, thus later than usual (Arnone et al.,
2012; Kuttipurath et al., 2012).

The PSC season during the 2010/11 winter can be divided into four PSC phases ac-
cording the four cold phases that occurred over the four month period from December20

2010 to March 2011. The time periods of these four phases and the PSC types that
occurred during each phase were derived from CALIPSO observations and are as fol-
lows (Khosrawi et al., 2012): (1) 23 December 2010 to 8 January 2011: STS, Mix 1/2
and ice clouds. (2) 20–28 January 2011: mainly Mix-1 and Mix-2 with some STS and
ice. (3) 5–27 February: STS, Mix-1 and Mix-2 as well as ice clouds. (4) 5–19 March:25

STS clouds (Note: no CALIPSO data is available from 8 to 13 March).
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A graphic presentation of the temporal evolution of time, VPSC, T − TNAT and several
trace gases during this winter can be found in Arnone et al. (2012) and Kuttipurath
et al. (2012). Arnone et al. (2012) performed a similar analysis on PSC occurrence as
we did, but used MIPAS observations for PSC detection. They also derive four PSC
phases from MIPAS, however with somewhat different time periods for each phase as5

the ones we derive from CALIPSO. Differences in PSC detection between both instru-
ments are caused by the different measurement principle (active lidar in the visible vs.
passive spectroscopy in the infrared spectral region). CALIPSO generally detects PSCs
in a greater fraction than MIPAS. This can be explained by the patchier nature of PSCs
in the Arctic and the different spatial resolutions of the two instruments, which makes10

the clouds more likely to be detected by the CALIPSO lidar (Höpfner et al., 2009). The
Arctic winter 2010/11 has been well analysed, especially with respect to ozone loss
(Manney et al., 2011; Sinnhuber et al., 2011; Arnone et al., 2012; Kuttipurath et al.,
2012; Hommel et al., 2014) while the dynamical perspective, thus the exceptional dy-
namical conditions of this winter so far were only discussed in detail by Hurwitz et al.15

(2011).

4 Sensitivity studies

The sensitivity study is performed based on measurements of PSCs by CALIPSO dur-
ing the Arctic winter 2010/11. The basic approach is demonstrated on single trajec-
tories, but the final results rely on a statistical assessment of a trajectory ensemble.20

Based on the PSCs observed by CALIPSO during the Arctic winter 2010/11 air parcel
trajectories were calculated 6 days backwards with the NOAA HYSPLIT (Hybrid Sin-
gle Particle Lagrangian Integrated Trajectory Model) model based on GDAS (Global
Data Assimilation System) analyses1. GDAS analyses are provided by the National
Center for Environmental Predictions (NCEP) four times a day (00:00, 06:00, 12:0025

1http://ready.arl.noaa.gov/HYSPLIT.php
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and 18:00 UTC) with a horizontal resolution of 1◦ ×1◦ on 23 pressure levels (1000 to
20 hPa). An isentropic method was used for the calculation of vertical motion. The tra-
jectories were started for each PSC detection at three different altitudes, corresponding
to the bottom, middle and top of the cloud.

The Arctic winter 2010/11 has been chosen for the sensitivity study because it was5

one of the coldest Arctic winters leading to a high number of PSC occurrences. This
makes the statistics more reliable than if we would have chosen a warmer winter
with less PSC occurrences. During the Arctic winter 2010/11 PSCs were detected by
CALIPSO on 47 days on 259 orbit tracks. In total, 738 trajectories were calculated ac-
cording to the CALIPSO observations and considered for the sensitivity study on the10

trajectory ensemble. For the sensitivity study on single trajectories we selected two tra-
jectories, one trajectory where temperatures below TNAT were reached, but not below
Tice and one where temperatures below both, TNAT and Tice, were reached along the
trajectory. Figure 1 shows a map with locations where the trajectories were started ac-
cording to the PSCs detected by CALIPSO, colour coded by the four cold phases dur-15

ing the Arctic winter 2010/11. PSCs were observed around Greenland during Phase 1,
during Phase 2 PSCs were observed over Russia and during Phase 3 over the entire
Arctic. During Phase 4 only a few PSCs were detected which were located around
Greenland2.

4.1 Sensitivity studies on single back trajectories20

4.1.1 Case 1: sensitivity to H2O enhancements

Figure 2 shows the CALIPSO measurement on 26 February 2011 around 00:04 UTC.
A PSC was measured at altitudes between 16 and 24 km (between 76◦ N 61◦ E to 70◦ N
49◦ E). The PSC was located east of Novaya Zemlya and was composed of all kinds
of PSC particles but mainly of STS with a thick ice layer in between (Fig. 2). Based on25

2Note: no CALIPSO observations are available from 8 to 13 March.
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the PSC observed on 26 February 2011 air parcel trajectories were calculated 6 days
backwards with the HYSPLIT model. The trajectories were started at 00:00 UTC at 20,
22 and 24 km (started at 71◦ N 61◦ E) and ended at 20 February at 00:00 UTC.

Figure 3 shows the temperature along the trajectory started at 20 km (black line)
together with the threshold temperatures for TNAT and Tice (red solid and dashed line,5

respectively). The threshold temperatures were calculated according to the parame-
terisations of Marti and Mauersberger (1993) and Hanson and Mauersberger (1988),
respectively. TNAT and Tice were calculated for 5 ppmv (typical water mixing ratio during
polar winter) and for increased water vapour mixing ratios of 5.5 and 6 ppmv, respec-
tively. Along the trajectory temperatures drop twice below TNAT (at t = −140 to −100 h,10

temperature range T1, and at t = −20 to 0 h, temperature range T2) but temperatures
did not reach Tice. The temperature history along the trajectory is in agreement with
the CALIPSO observations. Although ice was measured on that day, the ice layer was
located in the middle of the PSC, between 21 and 23 km. The trajectory considered
here was started at 20 km, thus at the bottom of the PSC and therefore below the ice15

layer (Fig. 2). With increasing H2O mixing ratio the TNAT threshold temperature is higher
and temperatures can more easily drop below TNAT. However, a slight prolongation of
temperatures below TNAT is found only for the temperature range T1 (Table 1). Although
the effect on TNAT seems to be insignificant in this example, the effect on Tice seems
to be more significant. Temperatures did not drop below Tice but came very close to20

the Tice threshold when water vapour mixing ratios were increased. Therefore, another
trajectory has been chosen, one where Tice was reached along the trajectory using
a water vapour mixing ratio of 5 ppmv (typical water vapour mixing ratio during polar
winter). This trajectory is discussed in the following section.

4.1.2 Case 2: sensitivity to H2O enhancements and additional cooling25

Figure 4 shows the CALIPSO measurement on 23 January 2011. A PSC was mea-
sured over Russia at altitudes between 16 and 23 km (80◦ N 139◦ E to 66◦ N 105◦ E).
Based on the PSC measured on 23 January 2011, back trajectories were calculated

17757

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/17743/2015/acpd-15-17743-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/17743/2015/acpd-15-17743-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 17743–17796, 2015

Sensitivity of PSCs to
H2O and temperature

changes

F. Khosrawi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

with HYSPLIT 6 days backwards starting at 20:00 UTC at three different altitudes within
the PSC, namely at 18, 20 and 22 km (started at 72◦ N 113◦ E). As in the previous ex-
ample, the PSC was composed of all kinds of PSC particles, but STS, Mix 2 enhanced
(liquid/NAT mixture with intermediate NAT number densities of 10−3 cm−3) and some
ice in between was dominating (Fig. 4).5

Figure 5 shows the temperature along the trajectory (black) that was started at 18 km
as well as the threshold temperatures for TNAT and Tice (red solid and dashed line,
respectively). As in the case discussed in Sect. 4.1.1, the threshold temperatures were
calculated for 5 ppmv (typical water mixing ratio during polar winter (Achtert et al., 2011
and references therein, Khosrawi et al., 2011) and for increased water vapour mixing10

ratios of 5.5 and 6 ppmv (middle and bottom panel). The temperatures drop in this case
twice below TNAT along the trajectory, at t = −135 to −105 h (temperature range T1) and
t = −45 to 0 h (temperature range T2). Temperatures during the second time period with
T2 < TNAT where colder and even reached Tice. The time periods where temperatures
were lower than TNAT are prolonged when the atmospheric water vapour mixing ratio is15

increased (Table 2). For example, while the T1 temperatures did not reach below TNAT
under normal stratospheric conditions, temperatures reach 15 and 30 h below TNAT for
a increase in H2O mixing ratio of 0.5 and 1 ppmv, respectively, thus allowing STS and
NAT PSC formation and existence during a longer time period.

The effect becomes even stronger when additionally the temperature is decreased20

(Fig. 6). Time periods where T1 or T2 are below TNAT and Tice become much longer, as
can be seen from Table 2. Further, the effect becomes more pronounced for Tice as can
be expected, but there seems to be also an increase in T2 below TNAT due to strong
temperature cooling along the trajectory.

4.2 Sensitivity studies on back trajectory ensemble25

The back trajectory ensemble was calculated starting at dates and times when PSCs
were measured by CALIPSO during the Arctic winter 2010/11. For each PSC measure-
ment, trajectories were calculated 6 days backward in time at three different altitudes,

17758

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/17743/2015/acpd-15-17743-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/17743/2015/acpd-15-17743-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 17743–17796, 2015

Sensitivity of PSCs to
H2O and temperature

changes

F. Khosrawi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

corresponding to the top, middle and bottom of the cloud. In total 738 trajectories were
calculated. During the course of the 6 days the trajectories in general followed the circu-
lar flow within the polar vortex and thus the air masses were transported once around
in the polar regions. The temperatures along the trajectories derived with HYSPLIT are
in good agreement with the corresponding PSC types measured by CALIPSO.5

Using the entire trajectory ensemble the total time (sum over all 738 trajectories)
where the temperature was below TNAT and Tice, respectively, was estimated assum-
ing an H2O mixing ratio of 5 ppmv. This calculation was repeated assuming a H2O
increase of 0.25–1 ppmv (∆H2O=0.25 ppmv) as well as a decrease in temperature by
0.5 and 1 K. Additionally, the calculation was repeated for a water vapour decrease of10

0.25 ppmv to also investigate what the effect of an opposite change would be, which
could result from the natural H2O variability. To quantify the effect a change in H2O mix-
ing ratio and a decrease in temperature would have, we calculated the enhancement
in time that would result where the temperatures would be exposed to temperatures
below TNAT and Tice.15

The results of the sensitivity study with the trajectory ensemble are summarised in
Figs. 7 and 8 for TNAT and in Figs. 9 and 10 for Tice. In Figs. 7 and 9 the total time
the temperature is below TNAT and Tice, respectively, is given while in Figs. 8 and 10
the additional time is given the temperature would be below TNAT and Tice, respectively,
if the H2O mixing ratio would increase and temperature decrease (see also tables in20

Supplement). The calculation of extra exposure time to TNAT and Tice was done assum-
ing HNO3 mixing ratios of 7, 5 and 3 ppmv which corresponds to the conditions in the
polar lower stratosphere at the beginning of the winter and later in the winter when
HNO3 has been taken up by the PSCs and HNO3 has been permanently removed by
sedimenting PSC particles (denitrification).25

For the reference conditions (normal stratospheric winter conditions, beginning of
the winter, thus prevailing gas phase abundances of 5 ppmv H2O and 7 ppmv HNO3)
temperatures were in total below TNAT for 43 512 h (Fig. 7). Note: total trajectory time
is 107 010 h (738 trajectories×145 h). If HNO3 decreases during the course of the
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winter to 5 ppbv the air will be ∼ 3600 h less exposed to temperatures below TNAT. If
HNO3 will further decrease to 3 ppbv the total time will be ∼ 5000 h less than during
reference conditions. On the other hand, if in the future H2O increases and the temper-
ature decreases in the stratosphere, the total time where temperature falls below TNAT
will increase independent of the HNO3 abundance (3, 5 or 7 ppbv) in the stratosphere5

(Fig. 8). Any H2O increase of 0.25 ppmv will result in 1500 h more where the temper-
ature along the trajectories will be below TNAT. The effect is much stronger when the
temperature is decreased by 0.5 K. For each 0.5 K cooling the time will be increased
by ∼ 4000 h (Fig. 7 and tables in the Supplement).

Temperatures below Tice are rarely reached in the Arctic. However, the Arctic win-10

ter 2010/11 was exceptionally cold and temperatures below Tice were reached along
several trajectories. Under typical stratospheric conditions (H2O=5 ppmv) tempera-
tures were below Tice for 571 h (Fig. 7). If the H2O abundance in the stratosphere is
0.25 ppmv less (thus 4.75 ppmv) then the total time where the temperatures are below
Tice decreases to 340 h, 231 h less than under the reference stratospheric conditions15

(Fig. 10 and the Supplement). If the H2O mixing ratio increases by 0.25 ppmv, from
5 to 5.25 ppmv, temperatures below Tice would persist 299 h longer than for reference
conditions. If water vapour increases further from 5 to 5.5 or 6 ppmv, the time where
temperatures are below Tice will increase by 669 and 1728 h, respectively. Thus, the
higher the water vapour gets in the stratosphere the stronger the impact of a further in-20

crease will be. The same behaviour is found when the temperature in the stratosphere
is cooled by 0.5 to 1 K. In the extreme case when H2O mixing ratios would increase by
1 ppmv and the temperature would decrease by 1 K the total time where temperatures
are below Tice would increase from 571 to 6789 h, thus by ∼ 6000 h which corresponds
to an enhancement by a factor of 12.25

17760

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/17743/2015/acpd-15-17743-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/17743/2015/acpd-15-17743-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 17743–17796, 2015

Sensitivity of PSCs to
H2O and temperature

changes

F. Khosrawi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

5 H2O and temperature (2000–2014)

In order to investigate water vapour variability and/or potential trends in the po-
lar lower stratosphere water vapour and temperature measurements derived from
UARS/HALOE, Odin/SMR, Envisat/MIPAS, SCISAT/ACE-FTS, Envisat/SCIAMACHY
and Aura/MLS are used. Time series for the time period 2000–2014 are derived from5

these measurements. Temperature and water vapour in the polar regions at high equiv-
alent latitudes (range 70 to 90◦ N) were averaged on a monthly basis within the potential
temperature range 475–525 K (∼ 18–22 km) and 525–825 K (∼ 22–28 km). Individual
water vapour profiles were first interpolated on a regular grid in terms of potential tem-
perature with a grid resolution of 25 K. Then monthly averages based on all available10

profiles within the equivalent latitude range 70 to 90◦ were calculated. Temperature and
pressure profiles that were needed for the conversion from the native vertical coordi-
nate system to the potential temperature coordinate system have been taken from the
individual satellite data sets.

Anomalies (monthly zonal mean minus a multi-year monthly zonal mean) of the wa-15

ter vapour and temperature time series are derived to separate the relative contribu-
tions of cyclic processes of seasonal nature (as e.g. Semi-annual Oscillation (SAO),
Quasi-biennial Oscillation (QBO), solar cycles) from the unexplained variability of the
monthly mean signal (Jones et al., 2009). Figures 11 and 12 show the time series of the
anomaly of the zonally averaged temperature and water vapour for the polar regions20

and potential temperature ranges 475–525 K (18–22 km) and 525–825 K (22–28 km)
for the time period 2000–2014. The temperature time series anomaly was derived
from ERA-Interim, Aura/MLS, Envisat/MIPAS and SCISAT/ACE-FTS and the anomaly
of water vapour from Odin/SMR, Aura/MLS, Envisat/MIPAS, SCISAT/ACE-FTS, En-
visat/SCIAMACHY (note: only shown in Fig. 11) and UARS/HALOE. The time-series25

have been deseasonalised and offset corrected individually for each satellite data set
in order to remove short-term variability (Urban et al., 2012). All satellite instruments
show a relatively good agreement in observing the inter-annual variability which shows
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the accuracy of the different water vapour data sets analysed here. In both potential
temperature ranges no clear linear change (trend) in temperature is found in the polar
regions. The same holds for stratospheric water vapour. Figure 13 provides a summary
of the linear changes in the altitude range between 350 and 1000 K potential tem-
perature based on a regression of Enivsat/MIPAS and Aura/MLS observations. Trend5

estimates were derived with the regression model by von Clarmann et al. (2010) as
applied in Stiller et al. (2012) for deriving trends of age of air. The regression model
considers an offset, a linear term, periodic variations of 3, 4, 6 and 12 months as well
as the QBO in form of Singapore winds at 50 and 30 hPa3. In addition the model con-
siders autocorrelation effects and a possible offset between the MIPAS full and reduced10

resolution data (von Clarmann et al., 2010; Stiller et al., 2012). Even though the two
instruments cover slightly different time periods both show consistently no significant
linear changes (at the 2 σ uncertainty level) except in water vapour slightly above 700 K
potential temperature.

However, water vapour and temperature show a clear anti-correlation, e. g. enhanced15

water vapour mixing ratios occur in cold winters. This is visible in both the 474–525 K
(Fig. 14) and the 525–825 K range (see figure in Supplement), as e.g. for the winter
2004/05, 2006/07, 2007/08 and 2010/11. This correlation is quite significant, espe-
cially at the lower potential temperature range (475–525 K). This is shown in Fig. 14
where again temperature and water vapour data from Envisat/MIPAS (upper panel)20

and Aura/MLS (lower panel) observations are considered. The individual data points
are averages over the months January, February and March. The correlation coeffi-
cients are −0.65 for MIPAS and −0.87 for MLS. This correlation indicates a connection
between dynamical processes that influence the polar winter dynamics and enhance
(downward and poleward) transport of water vapour. Figure 15 shows the altitude time25

evolution of water vapour in the polar regions derived from Envisat/MIPAS observations
for the time period 2002–2012. Differences in the downward transport of water vapour
from year to year are clearly visible during the time period 2002–2012, e.g. reaches

3http://www.geo.fu-berlin.de/met/ag/strat/produkte/qbo/index.html
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the transport of high H2O mixing ratios (e.g. 6 ppmv) much further down into the lower
stratosphere (below 20 km) during the Arctic winters 2004/05, 2006/07, 2007/08 and
2010/11.

The decrease of water vapour (by about 0.5 ppmv) observed at the 525 to 825 K layer
in Envisat/MIPAS, Odin/SMR and Envisat/SCIAMACHY (Fig. 12) and in Odin/SMR and5

Envisat/MIPAS (Fig. 11) at the 475 to 525 K layer in 2002–2004 is likely related to the
abrupt decrease of water vapour that was observed in 2000–2001 in the tropics as
a consequence of changes in the tropical tropopause cold point temperature (Randel
et al., 2006; Scherer et al., 2008; Solomon et al., 2010; Urban et al., 2012). However,
the drop in water vapour in the polar regions (or more exactly, at high equivalent lat-10

itudes) is found with a delay of 2–4 years, thus slightly earlier than what is expected
from atmospheric transport (Brewer–Dobson circulation) and age-of-air (Stiller et al.,
2012).

A negative water vapour peak below 30 km in spring 2009 is also visible in the satel-
lite measurements (Fig. 12). This peak is likely caused due to low water vapour that has15

been transported down from the mesosphere in the aftermath of the strong warming
that occurred in January 2009 (Labitzke and Kunze, 2009; Orsolini et al., 2010).

6 Discussion

Stratospheric water vapour exhibits a strong inter-annual and decadal variability. This
variability together with the lack of available long-term observations results in difficul-20

ties in quantifying stratospheric water vapour trends. The longest data record avail-
able for studying stratospheric water vapour trends covers a time period of 30 years
(1980–2010) and was derived from balloon-borne measurements at Boulder, Colorado
(Scherer et al., 2008). A long-term increase in stratospheric water vapour has been
observed in the lower stratosphere (at altitudes between 16 and 26 km) in these mea-25

surements since the 1980s (Rosenlof et al., 2001; Scherer et al., 2008; Hurst et al.,
2011). The steady increase in stratospheric water vapour, however, has been inter-
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rupted twice in the last 30 years by sudden drops, one in 2000–2001 (Randel et al.,
2006) and another one in 2011–2012 (Urban et al., 2014). Although Hegglin et al.
(2014) could not confirm the trend found in the lower stratosphere in the Boulder time
series by analysing merged satellite data sets, they found a significant positive trend in
the upper stratosphere.5

The aforementioned studies were focusing on the tropics which is the entry point for
water vapour into the stratosphere as well as on the mid-latitudes. In this study, how-
ever, we focus on the polar regions to understand how water vapour and temperature
changes in the lower polar stratosphere affect PSC formation and existence. In the
satellite data sets applied in this study no trend is observed in the polar lower strato-10

sphere (18–28 km) during the past 15 years, but a significant correlation between cold
winters and enhanced water vapour mixing ratios is found. This correlation is quite
significant, especially at the lower potential temperature range (475–525 K, correlation
coefficient of −0.65 (MIPAS) and −0.87 (MLS), respectively). This correlation indicates
a connection between dynamical processes that influence the polar winter dynamics15

and enhance (downward and poleward) transport of water vapour.
By performing sensitivity studies we, on one hand, investigate what implications wa-

ter vapour and temperature changes/variability would have on PSC formation and exis-
tence. On the other hand this sensitivity study also shows what implications uncertain-
ties in water vapour from measurements and temperature measurements/reanalyses20

would have on Arctic studies. Gravity waves can affect PSC occurrence and composi-
tion in the Arctic and Antarctic McDonald et al. (2009); Alexander et al. (2011, 2013).
Temperature perturbation that are caused by gravity waves are usually not represented
in meteorological analyses. Further, meteorological analyses tend to have cold or warm
biases as was shown by e.g. Manney et al. (1996). PSC formation and existence is25

quite sensitive to temperature and water vapour changes as well as uncertainties of
these. An increase of e.g. 1 ppmv in water vapour and a decrease of 1 K in tempera-
ture would significantly alter the estimates of PSC volume and area (VPSC and APSC,
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respectively) and thus would affect the estimates on e.g. ozone loss and chlorine acti-
vation (Manney et al., 2003).

Our sensitivity study was performed on the basis of the 2010/11 winter, which was
the coldest Arctic winter in the recent decade. The anomalously strong polar vortex and
the atypically long cold period that persisted from mid-December to mid-March led to5

extensive PSC formation. PSCs were observed by CALIPSO on 47 days during the Arc-
tic winter 2010/11. During the Arctic winter 2009/10, a cold period extended over four
weeks, from mid-December to mid-January and PSCs were only observed on 26 days.
Thus, if this study would have been performed on the basis of another (warmer) winter
less PSC observations would have been served as basis for the trajectory calculations10

and thus as basis for the statistic. As consequence the total times where the temper-
ature was below TNAT or Tice, respectively, would have been shorter as for the Arctic
winter 2010/11. However, the resulting increase in time due to temperature and water
vapour changes can be expected to be similar.

As shown in this study, increases in stratospheric water vapour as well as decreases15

in stratospheric temperature can prolong PSC formation and existence. An increase
of water vapour of 1 ppmv and a decrease of temperature of 1 K increased the times
where the temperature is below TNAT by 38 %. A much stronger increase in time was
found for ice. The increase in time where temperatures were below Tice were enhanced
by an factor of 12 for an increase of H2O by 1 ppmv and a temperature decrease20

of 1 K. Generally, temperatures sufficiently low for ice formation are rarely reached in
the Arctic. Therefore, this strong increase in time where temperatures would be below
Tice would mainly be of importance for very cold, extreme Arctic winters as e.g. the
Arctic winter 2010/11. However, if cold Arctic winters will become colder in the future
(Rex et al., 2004, 2006), ice formation will also become more common in the Arctic.25

Thus, changes in stratospheric H2O mixing ratio and temperature can significantly alter
PSC formation and existence and thus the chemistry of the polar stratosphere, as e.g.
increasing denitrification and thus ozone loss.
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7 Conclusions

The Arctic winter 2010/11 was one of the coldest in the last two decades. The 2010/11
winter was characterised by an anomalously strong vortex with an atypically long cold
period that was persistent from mid-December to mid-March. During the Arctic win-
ter 2010/11 the strongest denitrification during the recent decade was observed. More5

than a decade ago it was already suggested that a cooling of stratospheric temper-
atures by 1 K or an increase of 1 ppmv of stratospheric water vapour could promote
denitrification, the removal of HNO3 by sedimenting PSC particles.

Based on the 2010/11 winter a sensitivity study was performed to investigate how
a change of up to 1 ppmv in water vapour and temperature decrease of up to 1 K (due to10

a trend or variability) would affect PSC formation and occurrence. Air parcel trajectories
were calculated 6 days backward according to PSC observations by CALIPSO. In total
738 trajectories were calculated. On the basis of this trajectory ensemble the increase
in time the air parcels would be exposed to temperatures below TNAT or Tice along the
trajectories was calculated. Measurements from several different satellites derived for15

the 15 year period 2000–2014 were used together with temperatures from ECMWF to
investigate water vapour trends and variability in the polar stratosphere. So far trend
studies on stratospheric water vapour have focused on the tropics and mid-latitudes.
Here, for the first time such an analyses has been performed for the polar stratosphere.

Our sensitivity studies based on air parcel trajectories confirm that PSC formation is20

quite sensitive to water vapour and temperature changes. Increased H2O (and further
cooling of the stratosphere) would increase the potential for PSC formation and prolong
PSC existence and thus the chemistry of the polar stratosphere, as e.g. increasing
denitrification and thus ozone loss. On the other hand an increase in temperature and
a decrease in water vapour will reduce PSC formation and existence. The previously25

reported abrupt decrease in lower stratospheric water vapour in the tropical tropopause
region (by about 1 ppmv) in 2000–2001 can also be observed with a lesser extent
and a few years delay in the Arctic. This delay is caused by atmospheric transport
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processes (Brewer–Dobson Circulation, age-of-air). However, in some of the data sets
considered here, an indication of a drop in water vapour (0.5 ppmv) can be found with
a delay of 2–4 years (in 2002–2004), thus slightly earlier than what can be expected
from atmospheric transport and age-of-air. To rule out why an indication of a drop is not
seen in the time series of all instrument considered here and why it is seen earlier than5

what can be expected from atmospheric transport is byond the scope of this study.
In the satellite measurements considered in this study we do not find a consistent,

significant trend in water vapour in the lower stratosphere during the past 15 years
(2000–2014). Therefore, the severe denitrification observed in 2010/11 cannot be di-
rectly related to increases in stratospheric water vapour due to a trend. However, we10

found from the satellite observations that cold winters coincide with high water vapour
mixing ratios, as e.g. for the winters 2004/05, 2006/07, 2007/08 and 2010/11. This
correlation is quite significant in the lower stratosphere at 475–525 K and indicates
a connection between dynamical processes that influence the polar winter dynamics
and enhance downward transport of water vapour. The cause of this correlation needs15

to be further investigated and will be the subject of future studies.

8 Dedication to Jo Urban

This work is dedicated to our highly valued colleague Jo Urban who passed away
much too early. Without his devoted work on the Odin/SMR data processing over many
years this work would not have been possible. In particular the retrieval of water vapour20

from the SMR observations and the combination of these data with other data sets to
understand the long-term development of this trace constituent comprised a large part
his life’s work. With his death, we lost not only a treasured colleague and friend, but
also a leading expert in the microwave and sub-millimetre observation community.
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The Supplement related to this article is available online at
doi:10.5194/acpd-15-17743-2015-supplement.
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Table 1. Time periods when T1 and T2 were below the NAT and ice threshold temperature along
the back trajectory. TNAT and Tice were derived for H2O mixing ratios of 5, 5.5. and 6 ppmv for the
trajectory started on 26 February 2011 at 00:00 UTC (Case 1). Only increases in water vapour
were considered.

H2O T1 < TNAT T2 < TNAT T2 < Tice
(ppmv) (h) (h) (h)

5 40 20 –
5.5 41 20 –
6 42 20 –
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Table 2. Time periods when T1 and T2 are below the NAT and ice threshold temperature along
the trajectory. TNAT and Tice were derived for H2O mixing ratios of 5, 5.5. and 6 ppmv for the back
trajectory started on 23 January 2011 at 20:00 UTC (Case 2). Water vapour increases (Case
2a) as well as an additional temperature cooling by 1 K (Case 2b) are considered.

Case 2a Case 2b

H2O T1 < TNAT T2 < TNAT T2 < Tice T1 < TNAT T2 < TNAT T2 < Tice
(ppmv) (h) (h) (h) (h) (h) (h)

5 10 38 – 45 35 20
5.5 25 41 15 45 42 22
6 30 44 20 > 45 47 25
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Figure 1. Start points where the back trajectories were started according to the PSCs ob-
served by CALIPSO during the four cold phases during the Arctic winter 2010/11 (Phase 1:
23 December–8 January (magenta), Phase 2: 20–28 January (green), Phase 3: 5–27 Febru-
ary (blue) and Phase 4: 5–18 March (cyan)).
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Figure 2. CALIPSO PSC composition for the PSC measured along the orbit track starting at
25 February 2011 23:56 UTC. Shown is the composition for the measurement on 26 February
2011 at 00:04 UTC and the GEOS-5 temperatures and geopotential height fields (in gpkm) at
30 hPa at 12:00 UTC (bottom). The white line marks the CALIPSO orbit track.
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Figure 3. Temperature history of the back trajectory calculated with HYSPLIT based on
the PSC measured by CALIPSO on 26 February 2011 (back trajectory started at 20 km at
00:00 UTC). Top: for a typical H2O mixing ratio of 5 ppmv in the polar lower stratosphere, mid-
dle: for an H2O enhancement of 0.5 ppmv (5.5 ppmv), bottom: for an H2O enhancement of
1 ppmv (6 ppmv). The NAT existence temperature TNAT and ice formation temperature Tice are
given as solid and dashed lines, respectively. Temperatures drop below the NAT formation tem-
perature at time periods t = −140 to −100 h and t = −20 to 0 h. The temperature ranges during
these time periods are denoted by T1 and T2, respectively (grey solid lines).
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Figure 4. CALIPSO PSC composition for the PSC observation along the orbit track starting
at 23 January 2011 19:52 UTC. Shown is the composition for the measurement on 23 January
2011 at 20:03 UTC (top) and the GEOS-5 temperatures and geopotential height fields (in gpkm)
at 30 hPa at 12:00 UT (bottom). The white line marks the CALIPSO orbit track.
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Figure 5. Temperature history of the back trajectory calculated with HYSPLIT based on
the PSC measured with CALIPSO on 23 January 2011 (back trajectory started at 18 km at
20:00 UTC). Top: for a typical H2O mixing ratio of 5 ppmv in the polar lower stratosphere, mid-
dle: for an H2O enhancement of 0.5 ppmv (5.5 ppmv), bottom: for an H2O enhancement of
1 ppmv (6 ppmv). The NAT existence temperature TNAT and ice formation temperature Tice are
given as solid and dashed lines, respectively. Temperatures drop below the NAT formation tem-
perature at time periods t = −135 to −105 h and t = −45 to 0 h. The temperature ranges during
these time periods are denoted by T1 and T2, respectively (grey solid lines).
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Figure 6. Same as Fig. 5 but with an additional temperature decrease along the back trajectory
of 1 K.
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Figure 7. Histograms of the total time where the temperature along the back trajectory is below
the NAT existence threshold temperature (sum over all 738 back trajectories) for a stratospheric
H2O mixing ratios of 4.75, 5.0, 5.25, 5.5 and 6.0 ppmv. The calculation was performed assum-
ing an HNO3 mixing ratio of 3 (top), 5 (middle) and 7 ppbv (bottom). Note the different scales of
the subfigures (y axes).
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Figure 8. Histogram of increase in time where the temperature along the back trajectory is
below the threshold temperature (sum over all 738 back trajectories) for a stratospheric H2O
increase of 0.25, 0.5, 0.75 and 1.0 ppmv, respectively, and for a stratospheric H2O decrease of
0.25 ppmv. The calculation was performed assuming an HNO3 mixing ratio of 3 (top), 5 (middle)
and 7 ppbv (bottom).
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Figure 9. Histogram of total time where the temperature along the back trajectory is below the
ice formation threshold temperature (sum over all 738 back trajectories) for a stratospheric H2O
increase of 4.75, 5.0, 5.25, 5.5, 5.75 and 6.0 ppmv.
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Figure 10. Histogram of increase in time where the temperature along the back trajectory is
below the ice formation threshold temperature (sum over all 738 back trajectories) for a strato-
spheric H2O increase of 0.25, 0.5, 0.75 and 1.0 ppmv, respectively, and for a stratospheric H2O
decrease of 0.25 ppmv.
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Figure 11. Anomaly of the monthly mean temperature (top) and water vapour for the po-
lar regions at equivalent latitudes (70 to 90◦ N). The data were averaged within the potential
temperature layers 475–525 K (18–22 km). Shown is is temperature from ERA-interim (blue),
Aura/MLS (red), Envisat/MIPAS (green) and SCISAT/ACE-FTS (orange) and water vapour de-
rived from Odin/SMR at 544 GHz band (orange), Aura/MLS (red), Envisat/MIPAS (green), En-
visat/SCIAMACHY (purple), SCISAT/ACE-FTS (yellow) and UARS/HALOE (brown).
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Figure 12. Same as Fig. 2, but for 525–825 K.
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Figure 13. Linear change in water vapour (left) and temperature (right) vs. potential temper-
ature derived from Envisat/MIPAS (2002–2012) and Aura/MLS (2004–2014). For the linear
change in water vapour derived from Envisat/MIPAS an offset of 0.1 ppmv between the two
measurement periods has been considered. As error bars the 2σ uncertainty is given.
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Figure 14. Correlation of temperature (blue) and water vapour (red) anomaly derived from En-
visat/MIPAS (top) and Aura/MLS (bottom) for potential temperature range 475–525 K (3 month
average consisting of the months January, February and March; MIPAS: 2002–2012, MLS:
2005–2014).
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Figure 15. Altitude-time evolution of water vapour in the polar regions (70–90◦ N) derived from
Envisat/MIPAS observation for the time period 2002–2012.
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