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Abstract. This study evaluates the stratospheric water

vapour distribution and variability in the Arctic. A Fin-

ROSE chemistry transport model simulation covering the

years 1990–2014 is compared to observations (satellite and

frost point hygrometer soundings), and the sources of strato-

spheric water vapour are studied. In the simulations, the Arc-

tic water vapour shows decadal variability with a magni-

tude of 0.8 ppm. Both observations and the simulations show

an increase in the water vapour concentration in the Arctic

stratosphere after the year 2006, but around 2012 the con-

centration started to decrease. Model calculations suggest

that this increase in water vapour is mostly explained by

transport-related processes, while the photochemically pro-

duced water vapour plays a relatively smaller role. The in-

crease in water vapour in the presence of the low winter tem-

peratures in the Arctic stratosphere led to more frequent oc-

currence of ice polar stratospheric clouds (PSCs) in the Arc-

tic vortex. We perform a case study of ice PSC formation fo-

cusing on January 2010 when the polar vortex was unusually

cold and allowed large-scale formation of PSCs. At the same

time a large-scale persistent dehydration was observed. Ice

PSCs and dehydration observed at Sodankylä with accurate

water vapour soundings in January and February 2010 dur-

ing the LAPBIAT (Lapland Atmosphere–Biosphere facility)

atmospheric measurement campaign were well reproduced

by the model. In particular, both the observed and simulated

decrease in water vapour in the dehydration layer was up to

1.5 ppm.

1 Introduction

Water vapour is the most important natural greenhouse gas

in the atmosphere, accounting for about half of the current

greenhouse effect (Schmidt et al., 2010). Although the ma-

jority of water vapour resides in the troposphere, it has been

highlighted that stratospheric water vapour variations may

play an important role in the decadal-scale variability of the

climate (Solomon et al., 2010). Recently the existence of

a positive stratospheric water vapour feedback was shown

based on observations, i.e. stratospheric water vapour in-

creases with tropospheric temperature, which contributes to

the climate sensitivity (e.g. Dessler et al., 2013). Therefore,

investigating the changes in stratospheric water vapour abun-

dance is valuable for the detection and attribution of the on-

going climate change.

Water vapour is also an important constituent in the strato-

spheric chemistry. It intensifies ozone destruction both by

producing odd-hydrogen species, which can destroy odd

oxygen, and by the formation of polar stratospheric clouds

(PSCs), which enable efficient conversion of halogen reser-

voir species to halogen radicals (e.g. Solomon et al., 1986).

In the winter polar vortex, water vapour can condense to form

ice PSCs, i.e. type II PSCs. Increased water vapour may also

affect the abundance of other PSC types as the formation of

both NAT (nitric acid trihydrate; type Ia PSC) (Hanson and

Mauersberger, 1988) and STS (supercooled ternary solution;

type Ib PSC) (Carslaw et al., 1995) is dependent on nitric

acid and water vapour concentrations. Furthermore, the reac-

tion rates on/in STS depend on the composition of the parti-

cles, which is a function of water vapour (Sander et al., 2011,

Sect. 5).
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Ice PSCs contribute only to a minor part of the chlorine ac-

tivation. According to a model study by Kirner et al. (2015),

90 % of the ozone depletion in the Antarctic spring is caused

by halogen activation on liquid particles. In a model study

of the Arctic winter of 2009/2010, Wohltmann et al. (2013)

showed that chlorine activation on liquid aerosols alone ex-

plained the observed changes in the ozone column to within

10 %. The additional chlorine activation caused by ice PSCs

is modest. However, when ice PSC particles sediment to

lower altitudes, a reduction in water vapour, i.e. dehydra-

tion, occurs (Kelly et al., 1989). Sedimenting ice PSC parti-

cles also contribute to the denitrification (Hintsa et al., 1998),

which can prolong the ozone depletion in the spring due to

a slower conversion of active chlorine back to the reservoir

species ClONO2.

The Arctic polar vortex is often less stable and maintains

higher temperatures than its Antarctic counterpart, and thus

ice PSCs and dehydration are seldom observed (Solomon,

1999). However, stratospheric water vapour is expected to

increase due to warming of the tropical tropopause (Gettel-

man et al., 2009) and an increase in the atmospheric methane

concentration, both consequences of climate change. This, in

addition to the increased radiative cooling in the stratosphere

due to the increase in CO2 and water vapour (Shindell et al.,

1998), may lead to enhanced PSC formation. For example

Rex et al. (2006) found an increase in PSC volume trend in

the lower Arctic stratosphere during dynamically quiescent

winters since 1960s (see also Dameris et al., 2014). However,

the relationship between increasing greenhouse gas concen-

trations and increasing PSC occurrences remains a contro-

versial issue (Rieder and Polvani, 2013; Langematz et al.,

2014).

The combined effect of temperature and water vapour on

ozone, through homogeneous and heterogeneous chemistry

and dynamics, is complex. The result of a climate model

study by Tian et al. (2009) indicated that the increased strato-

spheric water vapour would lead to an increase in the to-

tal column of ozone in the Arctic in the future despite in-

creased active chlorine in the polar spring regions, while in

the Antarctic the ozone recovery would be delayed. The evo-

lution of stratospheric water vapour and its effect on the for-

mation of PSCs are therefore of interest.

The stratospheric water vapour concentration is controlled

by atmospheric dynamics and photochemistry. Its main

sources are intrusion from the troposphere via the tropical

tropopause (Brewer, 1949) and production through oxidation

of methane and also molecular hydrogen (Bates and Nico-

let, 1950; Le Texier et al., 1988). When rising air masses

pass through the cold tropical tropopause region, moisture

is removed due to freezing and sedimentation of particles

(Brewer, 1949). The variability in the entry of water vapour

into the stratosphere is largely controlled by the variability in

the tropical cold point temperature. The oxidation of methane

leads to the formation of water through a series of reactions.

The reaction with OH is the dominating methane loss re-

action through most of the stratosphere, while the reaction

with excited oxygen becomes increasingly important above

30 km, and photolysis is dominant above 65 km (Le Tex-

ier et al., 1988). In addition, the reaction with atomic chlo-

rine has some significance as a sink for methane but also as

a termination reaction of ozone-depleting cycles, especially

in the Antarctic vortex where denitrification reduces the im-

portance of the reaction between ClO and NO2 (Fahey et al.,

1990).

Due to the cold tropical tropopause, only a small frac-

tion of tropospheric water vapour propagates to the strato-

sphere. As a result, the stratosphere is very dry, but it ex-

hibits considerable variability both in space and time. The

exceptional dryness of the stratosphere makes observation

of stratospheric water vapour challenging. Long-term time

series of stratospheric water vapour are rare, which com-

plicates the study of concentration trends. Frost point hy-

grometer soundings have been performed in Boulder, Col-

orado, since 1980 and for shorter periods of time also

in other locations, including Sodankylä, Finland (Oltmans

et al., 2000). Additionally, global data are available from

satellite instruments but only for a limited time span, for ex-

ample from the Microwave Limb Sounder (MLS) on board

the Upper Atmosphere Research Satellite (UARS) (1991–

1993) and the Earth Observing System on Aura (EOS-Aura)

(2004–today) (e.g. Lambert et al., 2007). The Odin Sub-

Millimetre Radiometer (Odin/SMR) and the Envisat Michel-

son Interferometer for Passive Soundings (Envisat–MIPAS)

also provides global coverage on a daily basis. Moreover, the

Stratospheric Aerosol and Gas Experiment II and III (Earth

Radiation Budget Satellite (ERBS)–SAGE-II, Meteor-3M–

SAGE-III), Polar Ozone and Aerosol Measurement (Satel-

lite pour l’Observation de la Terre–Polar Ozone and Aerosol

Measurement (SPOT-4)–POAM III), the UARS Halogen

Occultation Experiment (UARS–HALOE), the SCanning

Imaging Absorption spectroMeter for Atmospheric Char-

tographY (Envisat–SCIAMACHY), Solar Occultation for

Ice Experiment (The Aeronomy of Ice in the Mesosphere

(AIM)–SOFIE), and the Science Satellite (SCISAT) Atmo-

spheric Chemistry Experiment Fourier Transform Spectrom-

eter (SCISAT-1–ACE-FTS) have measured stratospheric wa-

ter vapour in the northern high latitudes, but the spatial and

temporal coverage is limited.

Several studies have used these available measurements

to look into water vapour trends, especially in the midlat-

itudes. Oltmans et al. (2000) analysed frost point hygrom-

eter measurements above Boulder, Colorado, and reported

a trend of about+0.048± 0.001 ppmyr−1 between 1980 and

2000 at the level of 18–20 km. Randel et al. (2004) compared

the Boulder data to the HALOE measurements and reported

differences between the Boulder data set and HALOE wa-

ter vapour data. The seasonal and interannual changes were

comparable, but the long-term increase observed in sound-

ings were not seen in HALOE data. Later Scherer et al.

(2008) did corrections for the instrumental bias of the Boul-
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der frost point hygrometer data, updated the Boulder trend,

and reported a trend of +0.03–0.04 ppmyr−1 between 1980

and 2000 at the same altitude but noted a sudden drop in the

stratospheric water vapour beginning in 2001. Hurst et al.

(2011) presented a new trend analysis of the 30-year record

of Boulder stratospheric water vapour measurements (1980–

2010) and found a +1.0 ppm increase over that time period

at 16–26 km altitude, with significant short-term variability.

However, Hegglin et al. (2014) suggested, based on merged

satellite data set, that the Boulder time series is not glob-

ally representative and instead reported negative trends in

mid- and high latitudes at 16 km altitude between the end

of the 1980s and 2010. Based on satellite and sounding mea-

surements, Solomon et al. (2010) reported negative trends in

Boulder and generally in the midlatitudes at 18 km altitude

between 2000 and 2009, while Hegglin et al. (2014) showed

that these negative trends are mainly related to the sudden

drop in the water vapour in 2000 and that after a few years

with very low water vapour mixing ratios a recovery started

in 2005. Recently Urban et al. (2014) reported another drop

in the tropical water vapour during 2011–2012.

On the other hand, due to the lack of long-term time se-

ries, there have been very few studies of stratospheric wa-

ter vapour trends in the Arctic, where variations in the water

content can have large effects on springtime ozone depletion.

Hegglin et al. (2013) have compared water vapour clima-

tologies from 13 satellite products within the Stratosphere-

troposphere Processes And their Role in Climate (SPARC)

data initiative and also analysed the anomalies in the north-

ern extratropics water vapour. They found that the uncer-

tainty in water vapour increases toward the polar regions, the

mesosphere and the upper-troposphere–lower-stratosphere

(UTLS) region. Hegglin et al. (2014) showed water vapour

trends up to 80◦ N latitude for the time period between the

late 1980s and 2010 and reported negative trends in the lower

stratosphere. On the other hand, one should keep in mind that

the coverage before 1998, which was based on HALOE and

SAGE II, was not optimal, which warrants some caution re-

garding the results.

In this study, we use the FinROSE chemistry transport

model (FinROSE-CTM) (Damski et al., 2007; Thölix et al.,

2010) to investigate the stratospheric water vapour in the

Arctic for the period 1990–2014. The model is described in

Sect. 2. In Sect. 3 we describe the water vapour distribution

in FinROSE simulations and observations. The modelled wa-

ter vapour is evaluated against soundings at Sodankylä, Fin-

land (67.4◦ N, 26.6◦ E), and MLS satellite observations. The

studied period includes the exceptionally cold January 2010

Arctic vortex with large-scale ice PSC formation, which was

observed also by the Cloud-Aerosol Lidar with Orthogonal

Polarization (CALIOP), the primary instrument onboard the

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Ob-

servations (CALIPSO) space-borne lidar (Pitts et al., 2011).

Section 4 shows the long-term variations of water vapour and

its sources. Section 5 describes the dehydration frequency in

the Arctic stratosphere from 1990 to 2014. Section 6 deals

with the Arctic winter of 2010, including results from the

Lapland Atmosphere–Biosphere Facility (LAPBIAT-2) mea-

surement campaign in January–March 2010.

2 Modelling and data

2.1 FinROSE

The FinROSE-CTM (Damski et al., 2007) is a global off-

line chemistry transport model describing the stratosphere

and mesosphere. The model produces the distribution of 36

species, and the chemistry scheme consists of 110 gas phase

reactions and 37 photodissociation processes. Water vapour

is produced from the oxidation of methane and molecular

hydrogen. The PSC scheme includes liquid binary aerosols

(LBAs), STS (type Ib), solid NAT (type Ia), and ice (ice, type

II) PSCs. Altogether, the model chemistry includes 30 het-

erogeneous reactions on/in liquid binary aerosols and type

Ia, Ib, and II PSCs. Particle sedimentation, leading to de-

hydration and denitrification of the stratosphere, is also in-

cluded in the model. The heterogeneous chemistry scheme in

FinROSE is based on the calculation of the composition and

volume of sulfate aerosols and PSCs and the partitioning of

species between gas phase and condensed phase. The com-

position of LBA and STS is calculated using the method by

Carslaw et al. (1995). The STSs are not considered below the

ice PSC formation temperature. The number density profile

for LBA and STS is estimated from McLinden et al. (1999),

and the sulfuric acid distribution (µm2 cm−3) is based on 2-D

model data (Bekki and Pyle, 1992). NAT formation is based

on the thermodynamic equilibrium equations by Hanson and

Mauersberger (1988). The model includes an option to in-

clude a supersaturation requirement for NAT and ice forma-

tion, but this option was not used in the simulations reported

in this paper. The choice was made due to the relatively mod-

est resolution of the model. Coexistence of NAT and STS is

allowed. A scheme for the growth of NAT particles is in-

cluded based on Fahey et al. (2001). The number density of

NAT particles is initially assumed to be 1 cm−3 (Krämer et

al., 2003). For large NAT particles the number density is re-

duced. The temperature threshold for ice particle formation

is based on expressions by Marti and Mauersberger (1993).

The equilibrium pressure of nitric acid above ice is calculated

according to Hanson and Mauersberger (1988). The ice num-

ber density is assumed to be 0.04 cm−3, as estimated from

synoptic-scale PSCs (Dye et al., 1992).

The chemical kinetics used in this work follow the rec-

ommendations by Sander et al. (2011) and Atkinson et al.

(2007). Photodissociation coefficients were calculated us-

ing the PHODIS radiative transfer model (Kylling et al.,

1997) and were used in the model through look-up tables.

The model transport is calculated using a flux-form semi-

lagrangian transport scheme (Lin and Rood, 1996).
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The tropopause height is calculated at every time step

using potential vorticity as defining parameter. Model lev-

els below ±2 PVU are considered to be in the tropo-

sphere. The 380 K potential temperature level is used to de-

fine the tropopause height between 20◦ S and 20◦ N. The

tropopause thus changes with time depending on meteoro-

logical conditions. The tropospheric concentrations of the

chemical species are not calculated in the model but pre-

scribed via model boundary conditions. Tropospheric water

vapour and ozone were obtained from the European Cen-

tre for Medium-range Weather Forecasts (ECMWF) ERA-

Interim reanalysis (Simmons et al., 2007; Dee et al., 2011).

Tropospheric methane (CH4) is from GLOBALVIEW data

(ftp://aftp.cmdl.noaa.gov/products/globalview/ch4/), nitrous

oxide (N2O) from Advanced Global Atmospheric Gases

Experiment (AGAGE) data (Prinn et al., 2000), and halo-

gens (Cly and Bry) are from Montzka et al. (1999) updated

data. Carbon dioxide (CO2) is based on global annual mean

trend data (ftp://aftp.cmdl.noaa.gov/products/trends/co2). At

the upper model boundary (0.1 hPa), climatological values

averaged over 2005–2014 from MLS data were used for wa-

ter vapour and ozone. The model also has a tracer aimed at

water vapour studies; this is a chemically passive tracer for

describing the amount of water vapour entering through the

tropopause.

In this study, the model was run with a horizontal resolu-

tion of 6◦×3◦ (longitude×latitude) at 35 hybrid sigma levels,

from the surface up to 0.1 hPa (about 65 km). The wind, tem-

perature, and surface pressure fields were obtained from the

ECMWF ERA-Interim reanalysis (Dee et al., 2011).

2.2 Water vapour and PSC measurements

High-resolution soundings of stratospheric water vapour

from northern high latitudes are rare. However, such mea-

surements have been made at Sodankylä (67.4◦ N, 26.6◦ E),

northern Finland, since early 2000 (Vömel et al., 2007a, c).

The Sodankylä site is representative of high-latitude condi-

tions in northern Europe, and the upper air soundings in win-

ter and spring sample air both inside and outside the polar

stratospheric vortex. Here we have used stratospheric water

vapour measurements from two atmospheric sounding cam-

paigns and some additional soundings obtained outside the

major campaigns. The first set of sounding observations large

enough to derive some statistics of water vapour vertical dis-

tribution was obtained during the LAPBIAT Upper Tropo-

spheric Lower Stratospheric Water Vapour Validation Project

(LAUTLOS-WAVVAP) campaign in early 2004 (e.g. Deu-

ber et al., 2005; Vömel et al., 2007c; Karpechko et al., 2007;

Suortti et al., 2008). The second campaign (the LAPBIAT-

2 Atmospheric Sounding Campaign) took place in January–

March 2010 (Kivi et al., 2010; Khaykin et al., 2013; Engel

et al., 2014; Grooß et al., 2014). During these campaigns

two types of frost point hygrometers were flown. The NOAA

frost point instrument (Oltmans, 1985; Vömel et al., 1995)

was flown during the first campaign, while the Cryogenic

Frost point Hygrometer (CFH) was deployed during both

campaigns. CFH is a well-characterized instrument capable

of accurate water vapour measurements in the lower strato-

sphere typically up to the altitude of 25–28 km (Vömel et al.,

2007a, b). In this study we have used, in total, 13 NOAA

and CFH frost point hygrometer profiles obtained during the

first campaign and 13 CFH soundings obtained during the

second atmospheric sounding campaign. In addition we in-

cluded eight NOAA or CFH soundings outside the main cam-

paign periods, in order to improve temporal coverage. These

additional soundings were made during January–February in

the years 2003, 2006, 2008, 2013, and 2014.

In addition to the balloon soundings, observations from

the MLS on board the Aura satellite provide global profile

measurements of H2O, temperature, and several trace gases

(Lambert et al., 2007). In this study, we use the MLS ver-

sion 3.3 Level 2 data, which are available from August 2004

to the present. The data are published in EOS MLS Science

Team (2011), and they are accessed at http://disc.sci.gsfc.

nasa.gov/datacollection/ML2H2O_V003.html. The Level 2

data are produced on pressure surfaces from 316 to 0.1 hPa

with a vertical resolution of about 3 km. Each day about 3500

vertical profiles are measured along a sun-synchronous sub-

orbital track. For Sodankylä we used MLS overpass data

from the Aura validation data centre. All profiles within

300 km from Sodankylä were averaged to obtain daily pro-

files of water vapour. We also used polar stratospheric cloud

observations provided by CALIPSO space-borne lidar (Pitts

et al., 2007). The CALIPSO PSC algorithm classifies PSCs

by composition. Six different classes are defined: STS; three

classes of liquid-NAT mixtures; and two classes of water ice

(synoptic-scale ice and wave ice) (Pitts et al., 2011). We used

these CALIPSO PSC composition classes for calculating the

areas where PSCs were observed. The area is calculated sep-

arately for ice and NAT. Both water ice and wave ice are

included in the ice area and all the NAT mix classes are in-

cluded in the NAT area. CALIPSO data are available from

June 2006 to the present.

3 Water vapour distribution

The FinROSE-CTM has been run using ERA-Interim meteo-

rology and ERA-Interim water vapour data as a tropospheric

boundary condition. Thus, the evolution of water vapour in

the FinROSE model is strongly constrained by the water

vapour at the ERA-Interim tropopause. Kunz et al. (2014)

recently compared ERA-Interim water vapour in the UTLS

against independent sounding observations and found that

while in the majority of the cases the agreement is satisfac-

tory, in some cases the discrepancies between ERA-Interim

and observations are large. Thus, one can expect that these bi-

ases would affect FinROSE simulations in the stratosphere.

Nevertheless, since the description of stratospheric H2O in
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the ECMWF model is simplified (Monge-Sanz et al., 2013),

the chemistry scheme in FinROSE produces a more realistic

water vapour distribution, as we show in this paper.

First, we evaluated the simulated stratospheric water

vapour distribution from FinROSE against measurements

above Sodankylä. Figure 1 shows simulated and mea-

sured climatologies of water vapour distribution over So-

dankylä between 2004 and 2014. Overall, FinROSE (top

panel) is capable of reproducing the MLS observations (mid-

dle panel) of water vapour concentration and its vertical and

temporal distributions. The maximum values of water vapour

are located at the same altitude in both data sets. The largest

differences are between 10 and 1 hPa: in winter and spring

the concentration in FinROSE is about 1 ppm higher com-

pared to the MLS but in summer the MLS is about 0.3 ppm

moister than FinROSE. In comparison, the ECMWF ERA-

Interim reanalysis (bottom panel) clearly underestimates the

observed water vapour concentrations in the upper strato-

sphere by 1 ppm, which is likely due to a relaxation of water

vapour towards an equivalent value applied in ERA-Interim

at the stratopause (Dethof, 2003). The lower stratosphere

compares well with the MLS. The dryness in the reanaly-

sis data is likely a consequence of cold bias in the tropics

in the ERA-Interim data (Schoeberl et al., 2012). Also, the

methane parameterization in the ECMWF model leads to air

that is too dry (Dethof, 2003). It is also possible that too fast

a general circulation previously identified in the ECMWF

model causes reduced moisture in the polar regions (Sim-

mons et al., 1999; Schoeberl et al., 2012; Monge-Sanz et al.,

2013). Note that these problems with the general circulation

affect FinROSE simulations because ERA-Interim meteorol-

ogy is used. However, the full chemistry of FinROSE im-

proves the water vapour distribution of the model. During

winter and spring the very top levels of ERA-Interim are

too moist compared to observations. This is probably due

to too low a model upper boundary; the ECMWF model

does not extend to the upper mesospheric altitudes where

photochemical processes destroy water vapour causing the

observed dry upper stratosphere. This process is also miss-

ing from FinROSE; however, it has been indirectly included

by using a water vapour climatology calculated from MLS

data as an upper boundary condition. Overall, Fig. 1 shows

that FinROSE is capable of simulating the distribution and

magnitude of stratospheric water vapour in the high northern

latitudes, which gives us confidence in its applicability for

a more detailed study of water vapour distribution, sources,

and long-term variability.

For a more detailed comparison of model results with ob-

servations at northern high latitudes, we calculated the av-

erage mixing ratios and standard deviations of water vapour

profiles above Sodankylä from the FinROSE model, ERA-

Interim, and observations. We chose January–February be-

cause of the availability of balloon soundings during this

time. In this comparison ERA-Interim and FinROSE data are

available daily from all the months of January and February

Figure 1. Climatology (2004–2014) of the water vapour distribution

from FinROSE, MLS v3.3 data, and ECMWF ERA-Interim above

Sodankylä.

between 2004 and 2013 and MLS data are available almost

daily, but soundings are available less frequently (altogether

34 profiles). From FinROSE and ERA-Interim, the grid point

closest to Sodankylä has been chosen (30◦ E, 69◦ N). From

the MLS all the profiles measured within 300 km from the

Sodankylä grid point and flagged as good quality are used.

Standard deviation is calculated across the individual pro-

files for each data set and thus represents uncertainty due to

natural variability and random measurement errors. Figure 2

compares January–February mean water vapour mixing ra-

tios and standard deviations above Sodankylä from the Fin-

ROSE simulation (black), ECMWF ERA-Interim reanalysis

(green), MLS satellite measurements (blue), and frost point

hygrometer soundings (red). The data are shown for seven

different pressure levels; 100, 56, 30, 21, 10, 3, and 1 hPa.

The left panel shows the mixing ratios in the winter of 2010,

and the right panel shows the relative differences compared

to MLS observations calculated over the winters of 2005–

2014. The winter of 2010 was chosen for comparison be-

cause of the largest amount of soundings.

The modelled water vapour concentration profile agrees

well with MLS measurements in the winter of 2010 (shown

in Fig. 2, left panel). The model data are within 0–0.5 ppm of

the MLS data, except at 3 hPa where the model gives 0.8 ppm

www.atmos-chem-phys.net/16/4307/2016/ Atmos. Chem. Phys., 16, 4307–4321, 2016
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(a) (b)

Figure 2. Panel (a): 2010 mean January and February water vapour

mixing ratio and standard deviation above Sodankylä as a function

of pressure. Panel (b): difference of the modelled or observed winter

water vapour mixing ratio and the MLS calculated over the years

2005 to 2014 above Sodankylä as a function of pressure. FinROSE

(black), MLS (blue), ECMWF ERA-Interim (green), and soundings

(red).

more water vapour. Compared to the Sodankylä soundings,

FinROSE has about 0.7 ppm more water vapour at 100 hPa,

but the difference decreases with altitude, except at 30 hPa

altitude where the model is again about 0.7 ppm moister. At

the levels between 100 and 21 hPa the soundings fit the range

of variation of the MLS. The difference is less than 0.5 ppm.

Balloon sounding data are not available above 20 hPa. ERA-

Interim is generally drier compared to the MLS and sound-

ings throughout the studied altitude range. ERA-Interim wa-

ter vapour concentration is also always about 0.7 ppm lower

than FinROSE’s which is consistent with Fig. 1.

The right panel shows the differences between models and

observations averaged over several winters. The differences

have been calculated using all the available data pairs dur-

ing January and February between 2004 and 2014 and then

averaged. For FinROSE and ECMWF all the MLS profiles

have been used, but for sounding, only the coincident MLS

profiles were used. The differences between FinROSE and

the MLS, ERA-Interim and the MLS, and soundings and the

MLS remain smaller than 10 % at all altitudes. ERA-Interim

is drier than the MLS also in this climatology, but FinROSE

is moister than the MLS except at the 21 hPa level. Sound-

ings are also drier compared to the MLS, but the difference

is smaller than the difference between ERA-Interim and the

MLS. Sounding versus model comparisons are complicated

because firstly the number of soundings is limited and, sec-

ondly, some of the soundings are obtained in the vicinity of

(a)

(b)

Figure 3. Monthly mean of (a) fraction of transported water vapour

and (b) fraction of chemically produced water vapour (%) for 2010

calculated over 70–90◦ N.

the stratospheric vortex where the spatial water vapour gra-

dients are large.

4 The origin and long-term variability of water vapour

The sources of stratospheric water vapour are transport from

the tropical troposphere and chemical production mainly

from methane oxidation. Water vapour enters the strato-

sphere through the tropical tropopause and propagates then

to the upper altitudes and higher latitudes. The FinROSE

model has a tracer for studying these two water vapour

sources. A passive H2O tracer that is not affected by chem-

istry represents the transported water vapour. The difference

between H2O tracer and H2O represents the amount of water

vapour produced by chemistry, i.e. mainly through oxidation

of methane but also hydrogen. Figure 3 shows the fractions

of water vapour due to transport (upper panel) and chem-

istry (lower panel) according to simulations. Transport from

the troposphere covers more than half of the water vapour.

At lower altitudes the transported part is clearly the most im-

portant one. The chemically produced water vapour becomes

more important at higher altitudes, with a maximum between

1 and 3 hPa. In the summer and autumn, the fraction of the

chemistry part reaches almost 50 % there.

The water vapour variability and trends above Sodankylä

were investigated with a FinROSE model simulation cover-

ing the years 1986–2014. The first 4 years were discarded

as spin-up, and the period 1990–2014 is analysed below.

Figure 4 compares monthly mean water vapour mixing ra-

tios at 56 hPa above Sodankylä from the FinROSE simu-

lation, ECMWF ERA-Interim reanalysis, and MLS satel-

lite measurements. The red dots denote individual sounding
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Figure 4. Sodankylä monthly mean water vapour mixing ratio from

FinROSE (black), MLS (blue), ECMWF ERA-Interim (green), and

soundings (red dots) at 56 hPa between 1990 and 2014.

measurements. Throughout the investigated period, the wa-

ter vapour amount in FinROSE and the observations varies

within about 4–5.5 ppm. The modelled water vapour concen-

tration agrees well with MLS measurements from 2005 to

2008; however, after that FinROSE shows higher concentra-

tions than observed by the MLS and thus reveals a stronger

increasing trend in these last 4 years. The growth rate is about

1 ppmdecade−1 in FinROSE but only 0.6 ppmdecade−1 in

the MLS. As can be expected based on Fig. 1, the ERA-

Interim water vapour concentration is about 0.5 ppm lower

than in FinROSE. It is, however, noteworthy that the differ-

ence remains approximately the same throughout the study

period. The increasing trend from 2007 to 2012 is very simi-

lar in FinROSE and ERA-Interim data, resulting from the use

of ERA-Interim meteorology as driver data in the FinROSE

simulation.

Figure 5 shows the anomaly of FinROSE water vapour and

the sources of it between latitudes 70–90◦ N. All the anoma-

lies in the figure are calculated with respect to the mean val-

ues for the period 1990–2014 for FinROSE and ERA-Interim

and for the period 2004–2014 for MLS anomalies. The alti-

tudes of the panels are 1, 10, 56, and 100 hPa. At all the levels

there are small positive trends in the water vapour from the

beginning of the time series until the years 1994–1995. In the

lower stratosphere (100–56 hPa) the anomalies decrease until

1998 and then stay constant until 2007. Thereafter, a strong

increase lasted until 2012, followed by another decrease,

in agreement with observations by Urban et al. (2014) in

the tropics. In the upper stratosphere (10–1 hPa), the water

vapour decreased from 1995 until about 2004 before starting

to increase around 2007. At 10 hPa the increase stopped by

the end of 2013, but at 1 hPa it did not stop until the end of

the time series. Since the air in the upper polar stratosphere is

older than that in the lower stratosphere (Stiller et al., 2012),

the delay between water vapour changes in the lower and

upper stratosphere suggests that these changes are driven by

transport processes, consistent with our tracer results, which

attribute most of the water vapour changes to dynamical pro-

cesses.

In FinROSE simulations the long-term change in strato-

spheric water vapour in the high northern latitudes is posi-

tive. The simulated water vapour trends for midlatitudes and

(a)

(b)

(c)

(d)

Figure 5. Panel (a): anomalies of water vapour (black), tracer de-

scribing transported water vapour (orange), tracer describing water

produced by methane oxidation (purple) from FinROSE, and water

vapour anomaly from ECMWF ERA-Interim (green) as parts per

million in 1990–2014 and water vapour anomaly from MLS (blue)

in 2004–2014. Anomalies are calculated at latitudes between 70–

90◦ N at the level of 1 hPa. Panels (b–d): same as panel (a) but at

levels of 10, 56, and 100 hPa.

tropics are similar to those in higher latitudes (not shown).

The anomalies seen in FinROSE also agree with the results

by Dessler et al. (2013) for tropical water vapour between

2005 and 2013.

The Arctic water vapour concentration in FinROSE in-

creases by about 0.8 ppm at an altitude of 56 hPa from the

year 2004 until the year 2012. This increase corresponds to

a ca. 1 K increase in the frost point temperature (Marti and

Mauersberger, 1993). However, the concentration during re-

cent years (2012 to 2014) has decreased more than 0.5 ppm.

The FinROSE water vapour anomaly and the passive tracer

anomaly have nearly the same changes as the water vapour,

in line with the results presented in Fig. 3. The evolution of

the FinROSE water vapour anomaly is similar to the ERA-

Interim anomaly (green line), which is expected as FinROSE

is driven by the ERA-Interim data. The chemical part (purple

line), which is mainly due to the contribution of methane ox-

idation, has only a small positive trend consistent with previ-
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ous studies because the stratospheric methane concentration

was nearly stable in the analysed time period.

In order to attribute water vapour changes to physical pro-

cesses, we performed regression analysis following Dessler

et al. (2014). We used three proxies: the QBO index (QBO,

equatorial winds at 50 hPa), the Brewer–Dobson circulation

index (BD, residual vertical winds at 70 hPa averaged from

30◦ S to 30◦ N), and cold point temperature (CPT). Unlike

Dessler et al. (2014) we found that the use of tropical tem-

peratures at 500 hPa was not enough to explain the variability

of the cold point temperature, and we therefore used the cold

point temperature as one of the proxies. Although there is

some correlation between CPT and QBO (0.32), QBO also

affects the transport of the water vapour not directly influ-

enced by CPT; therefore, the use of both proxies is justified.

We apply multiple regression analysis with all three proxies

to water vapour time series averaged north of 70◦ N and at

82 and 56 hPa. Cross-correlation analysis shows broad peaks

at lags of 6–12 months for the proxies. The maximum of the

correlations of QBO and CPT with water vapour at 56 hPa

has a lag of about 10 months and that with 82 hPa has a lag

of 8–9-months, suggesting that propagation of the tropical

anomalies in the lower stratosphere is faster than that in the

middle stratosphere, likely due to more efficient mixing. We

use a 10-month lag for all proxies for the regression at 56 hPa

and a 9-month lag for the regression at 82 hPa.

The individual correlation and regression coefficients with

our proxies taken at the lags mentioned above are shown in

the Table 1. The main contribution to the polar water vapour

variability is CPT, followed by QBO. We found a very weak

contribution of the BD proxy to the variability of the water

vapour. One reason is that the effect of the BD contribution

is accumulated over time, and this is not well represented

by the monthly mean proxy. The multiple regression coeffi-

cients are 0.57 and 0.51 at 82 hPa and at 56 hPa, respectively,

showing that our models only explain 25–30 % of the vari-

ability. This is considerably less than that of Dessler et al.

(2014), suggesting that different processes contribute to the

polar water vapour variability in comparison to those in the

tropics. The modelled time series together with contributions

of individual processes and residuals are shown in Fig. 6. It

is seen that the cold point variability and QBO make com-

parable contributions to the water vapour variability at both

levels. Note that the regression explains the increase in the

water vapour from 2005 to 2010, which is clearer at 82 hPa,

to some extent. However, the peak of the water vapour during

2011–2013 is not explained by these proxies.

5 Arctic dehydration frequency

In the polar vortex areas the concentration of water vapour

can be changed also by dehydration. Water freezes into ice

particles, sediments to lower altitudes, and sublimates. De-

hydration is frequently observed in the Antarctic polar vor-
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Figure 6. The contribution of individual processes to water vapour

variability.

tex, and there the magnitude of decrease in the water vapour

by dehydration is several parts per million. The water vapour

mixing ratio can be reduced to 1.5 ppm in the cold stable

Antarctic vortex (Vömel et al., 1995). In the Arctic vortex de-

hydration is rare because the temperatures are higher. How-

ever, ice PSCs are formed also in the Arctic vortex, and it is

possible for dehydration to occur (Khaykin et al., 2013).

Ice PSC formation is controlled by temperature and water

vapour concentration, which both exhibit considerable vari-

ability. FinROSE simulates significant ice PSC conditions in

the Arctic in 12 out of 25 winters (1990, 1993, 1995, 1996,

2000, 2005, 2008, 2010, 2011, 2012, 2013, and 2014). This

means that nearly 50 % of winters offer conditions which al-

low the formation of ice PSCs. However, they cover only

a small fraction of the vortex. The largest extent of simu-

lated ice PSCs was seen in 1990, with an area of 3×106 km2

at 56 hPa. In 1993, 2005, 2011, 2012, and 2014 an area of

around 2.5× 106 km2 was reached. Figure 7 shows the area

of the grid points where ice PSC (black) forms in the Fin-

ROSE model and the minimum temperature of the area be-

tween 50 and 90◦ N at 56 hPa level. From 2007 onwards the

ice PSC areas from CALIPSO lidar observations are shown

as comparison (red). Based on the time series in Fig. 7, it

seems that there is an increase in ice PSCs in the recent win-
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Table 1. Coefficients of correlation and regression. The units for the regression coefficients are ppmvK−1 for CPT, ppmvm−1 s−1 for QBO,

and ppmvmm−1 s−1. Regression coefficients are shown together with the 95 % confidence intervals.

CPT QBO BD Multiple

56 hPa Correlation 0.45 0.32 −0.21 0.51

Regression 0.12± 0.03 0.003± 0.002 −1.51± 0.83 –

82 hPa Correlation 0.52 0.40 −0.18 0.57

Regression 0.13± 0.03 0.004± 0.002 −1.15± 0.80 –

10

Figure 7. The area where ice PSCs formed in the FinROSE simula-

tion (black) and were observed by CALIPSO (red) and the min-

imum temperature between 50–90◦ N from ERA-Interim (green,

right y axis) for winters between 1990 and 2014 at 56 hPa.

ters. Between 2007 and 2014 there are six ice PSC winters

in FinROSE and seven winters in CALIPSO, which leads to

frequency of 0.75 (0.87 for CALIPSO), considerably higher

than the mean frequency for the whole studied period. This is

likely a combined effect of cold conditions and the increase

in the water vapour concentration. Another period with fre-

quent ice PSC occurrence was between 1990 and 1996 when

ice PSCs occurred in four out of seven winters. The temper-

ature conditions were cold in the beginning of the 90s, but

water vapour concentrations were lower than in the 2000s.

The PSC areas in FinROSE agree well with the ones calcu-

lated from CALIPSO data. However, in some cases, e.g. the

beginning of winters, CALIPSO detects PSCs that are not

simulated by FinROSE. This may indicate a warm bias in

ERA-Interim in that period. Also, in 2007 CALIPSO detects

ice PSCs which are not seen in the model. This may be due

to the resolution of the model (3◦× 6◦, latitude× longitude),

as the areas are quite small.

Figure 8, left panel, shows the relation of the area of sim-

ulated and observed ice PSCs and the area with air colder

than 188 K temperatures in December–February at the level

of 56 hPa. One point, or X, denotes 1 winter day between

2007 and 2014 in the FinROSE simulation or the CALIPSO

observation. The colour of the marks shows the water vapour

concentration averaged in the vortex. Figure 8, right panel,

shows the dependence of ice PSC on water vapour. It can be

seen that while temperature is the main factor controlling the

ice PSC formation, the formation also noticeably depends on

water vapour concentration. Higher water vapour concentra-

tions produce larger areas of ice PSC, but in a dry vortex,

no ice PSCs form even when the temperature is low enough.

The effect of both temperature and water vapour on ice PSC

area is also seen in Table 2: for similar temperature condi-

tions, the ice PSC area increases when water vapour concen-

tration increases. This holds for cases when areas with tem-

perature below 188 K are small or large and is seen in both

FinROSE and CALIPSO. Consistent with expectations, the

correlation between cold temperature area and ice PSC area

are 0.89 for FinROSE and 0.64 for CALIPSO. The correla-

tions between water vapour and ice PSC is 0.30 in FinROSE

and 0.35 in CALIPSO, both statistically significant at the 5 %

level. CALIPSO detects small ice PSC areas with small cold

temperature areas, but in the case of FinROSE, the ice PSCs

are not always created although the cold temperature area is

large. The increase in water vapour in the vortex area was

about 0.8 ppm after 2007. That would have increased the ice

PSC areas even if the temperatures were the same, consistent

with earlier estimations by Kirk-Davidoff et al. (1999).

6 Case study: the winter of 2009/2010

The winter of 2009/2010 was unusually cold in the Arctic

polar region. The temperature was below 190 K in a large

area of the polar vortex. In the lower stratosphere tempera-

tures below 195 K were observed even south of 60◦ N. PSCs

were formed and even persistent dehydration was observed

over northern polar latitudes for the first time (Khaykin et al.,

2013). Cold conditions favouring PSC formations lasted until

the end of January 2010. A major sudden stratospheric warm-
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Table 2. Monthly mean ice PSC areas (106 km2) in FinROSE (left) and CALIPSO (right) at 56 hPa pressure level as a function of 56 hPa

monthly mean water vapour concentration (ppm) averaged north of 60◦ N and the area of temperatures below 188 K (106 km2). The number

of months in each group is shown in parentheses.

Water vapour (ppm)

Area T < 188 K

(106 km2) FinROSE CALIPSO

Wet (> 5.4) 5.2–5.4 Dry (< 5.2) Wet (> 5.4) 5.2–5.4 Dry (< 5.2)

Warm (0.5–1.5) 1.61 (10) 1.09 (10) 0.31 (4) 0.70 (4) 0.46 (9) 0.18 (2)

Cold (1.5–3.0) 2.49 (10) 2.48 (10) 1.28 (4) 0.96 (4) 1.20 (9) 0.24 (2)

(a) (b)

10

Figure 8. Panel (a): scatter plot of December–February ice PSC

area versus the area colder than 188 K in the Northern Hemisphere

from FinROSE and CALIPSO at 56 hPa. The colour denotes the

vortex mean water vapour content (ppm). Panel (b): scatter plot of

the December–February ice PSC area versus the vortex mean wa-

ter vapour content (ppm) from FinROSE and CALIPSO at 56 hPa.

The colour denotes the vortex average temperature (K). FinROSE

is shown with dots and CALIPSO is shown with crosses.

ing (SSW) took place at the end of January, centred around

24 January (e.g. Khaykin et al., 2013; Dörnbrack et al., 2012;

Pitts et al., 2011). Following the SSW, stratospheric tempera-

tures rose above the PSC formation threshold so that no more

PSCs were observed during that winter.

We use the winter of 2009/2010 as a case study and com-

pare FinROSE simulations of water vapour and ice PSC to

observations (see Figs. 9 and 10).

Figure 9 shows the area of ice PSCs from CALIPSO (top

panel) and from FinROSE (middle panel) and the area of

temperatures colder than 188 K (lower panel) in the Arctic

winter of 2009/2010. Ice PSCs occur at the coldest dates

and the same time both in the FinROSE simulation and

CALIPSO observations. The ice PSC areas in the beginning

of January 2010 are smaller in FinROSE than in CALIPSO,

but after mid-January the areas are larger in FinROSE than in

CALIPSO. However, the clouds appear at the same altitudes

in the model as in observations. The timing is also compa-

(a)

(b)

(c)

10

Figure 9. Ice PSC area from CALIPSO (a), ice PSC area from

FinROSE (b), and (c) area colder than 188 K from ECMWF ERA-

Interim in the winter of 2009/2010.

rable. The differences may be attributed to the model coarse

resolution and the simplicity of the PSC parameterization.

The area of cold temperatures in the lowest panel is larger

than the modelled and observed ice PSC areas.
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Figure 10. Upper four rows: temperature, water vapour (ppm), and

ice PSC occurrence from FinROSE and ice PSC occurrence from

CALIPSO during the extreme cold period of the winter of 2010.

The black contour marks the border of the vortex defined as modi-

fied potential vorticity (PV) > 36. All maps are at the 35 hPa pres-

sure level. Lowest row: ERA-Interim temperature (green) and frost

point temperature from Sodankylä soundings (red dots), from MLS

(blue), and from FinROSE (black). Purple dots shows the altitudes

where FinROSE simulated ice PSC.

Figure 10 shows maps of temperature from ERA-Interim,

the water vapour mixing ratio from FinROSE, and ice PSC

from FinROSE and CALIPSO from Northern Hemisphere

vortex area at the sounding dates between 17 and 23 Jan-

uary 2010 at the level 35 hPa (24 km). The level 35 hPa was

chosen because it was the coldest level with large ice PSCs.

The minimum temperatures in the vortex (first row) are very

low in this time period, even below 188 K. The water vapour

mixing ratio from FinROSE (second row) is the highest at the

vortex boundary and the lowest in the middle of the vortex.

Areas with very cold temperatures correlate with very low

water vapour content areas because of the ice PSC forma-

tion. On 17 January the driest areas coincide both in space

and time with the coldest temperatures. The water vapour

is frozen and condensed into ice particles, and as time pro-

gresses, ice particles grow and sediment downwards, result-

ing in dehydrated air masses. The sedimentation of ice par-

ticles results in a redistribution of water vapour. On 20–

23 January the dehydrated air masses, where no ice is present

around the pole, but the minimum water vapour values do not

coincide with coldest temperatures.

Figure 10 shows that at 35 hPa ice PSCs were simulated

by FinROSE in the same areas as they were observed by

CALIPSO. To facilitate the comparison, CALIPSO observa-

tions have been gridded to a grid of 5× 10◦, and the grid

box is marked as having ice PSC if there was at least one ice

PSC observation within the grid box area. CALIPSO mea-

sures only single orbits and the gridded data appear sparse.

Note that each day CALIPSO orbits cover only a part of the

globe; therefore, observations appear sparse. Nevertheless, it

can be seen that the grid boxes where CALIPSO observed

ice PSC are scattered over larger areas in comparison to Fin-

ROSE simulations

The bottom row in Fig. 10 shows modelled frost point

temperature profiles above Sodankylä from FinROSE and

temperature profiles from ECMWF ERA-Interim analysis,

frost point temperature calculated from MLS satellite water

vapour, and frost point temperature from Sodankylä sound-

ings. The FinROSE output at 30◦ E, 69◦ N, located next

to Sodankylä (26.6◦ E, 67.4◦ N), is shown. Overall, Fin-

ROSE can simulate the frost point temperature quite well.

The ECMWF ERA-Interim temperature reaches or almost

reaches the frost point temperature during the analysed time

period. Then the formation of ice PSC is possible also in Fin-

ROSE. The coldest date in Sodankylä is 1 January. Very low

frost point temperature values can also be seen above 40 hPa

altitudes after 17th; this is likely a result of dehydration. This

can be seen both in observations and in FinROSE. The water

vapour concentration decreases about 1 to 1.5 ppm from the

median values. A small increase in water vapour observed

below 40 hPa on 23 January is interpreted as rehydration. It

is not simulated by FinROSE at the grid point shown, but

is simulated at other cold grid points near Sodankylä (not

shown). In summary, FinROSE was able to reproduce strato-

spheric water vapour and ice PSC evolution well during the

record coldest period in the winter of 2010.

7 Conclusions

FinROSE has been shown to be capable of simulating the

water vapour distribution and evolution in the northern high-

latitude stratosphere. The representation of water vapour in

FinROSE is improved compared to the ERA-Interim data,

even though the ERA-Interim data are used as a tropo-

spheric boundary condition. The full chemistry in FinROSE

produces more water than the simplified parameterization

of ECMWF ERA-Interim, alleviates the dry bias of ERA-

Interim, and improves the comparison with observations. The

model gives results comparable to the MLS satellite mea-

surements. However, some discrepancies compared to the

MLS remain.

The concentration of stratospheric water vapour in Fin-

ROSE is too high, especially in the summer time. Compared

www.atmos-chem-phys.net/16/4307/2016/ Atmos. Chem. Phys., 16, 4307–4321, 2016



4318 L. Thölix et al.: Variability of water vapour in the Arctic stratosphere

to the Sodankylä frost point hygrometer, the model is too

moist. However, the number of comparisons is limited. In ad-

dition, some of the soundings have been made in the vicinity

of the polar vortex, which further complicates comparison

with the model data.

The main sources of the stratospheric water vapour are

transport from the tropical troposphere and methane oxida-

tion. A passive tracer was used in the FinROSE model to

investigate the relative importance of the different sources

of water vapour. The chemically produced fraction shows

a maximum at altitudes between 6 and 0.3 hPa. At these alti-

tudes in the summertime, the photochemical part is nearly as

big as the transported part.

The considerable decadal variability can be seen in water

vapour below 10 hPa; water vapour increases between 2007

and 2012 by about 0.8 ppm in 5 years, which is followed by

a decrease. In the upper stratosphere the increase is smaller

than in the lower stratosphere. In the MLS data the increase is

smaller than seen in FinROSE. The increase can be attributed

to water vapour transported trough the tropical tropopause,

while the contribution of the photochemically produced part

of water vapour to the increase is negligible due to compara-

bly smaller changes in the stratospheric methane concentra-

tion. A regression analysis suggests that cold point tempera-

ture variability and QBO make a comparable contribution to

the Arctic water vapour variability in the lower stratosphere;

however, they only explain 25–30 % of the monthly variabil-

ity.

In the FinROSE simulation ice PSCs occurred in northern

high latitudes in 12 out of 25 simulated winters. Compari-

son with the CALIPSO instrument, which measured PSCs

since 2006, shows that FinROSE simulates PSCs generally

at the same time as observed by CALIPSO. Also, the area of

ice PSC occurrence is comparable to the CALIPSO observa-

tions.

Ice PSCs became more frequent in the recent years of the

simulation. While cold temperatures observed during these

years favoured ice PSC formations, our results suggest that

increased stratospheric water vapour concentration in high

latitudes may have increased the ice PSC occurrence after

the year 2006.

Finally, as a test of the faithfulness of FinROSE simula-

tions, we perform a case study of the extremely cold winter of

2009/2010. FinROSE is able to reproduce ice PSC extent and

associated dehydration and rehydration at lower altitudes in

good agreement with the observations reported by Khaykin

et al. (2013). FinROSE is also able to reproduce the observed

magnitude of the dehydration associated with ice PSC for-

mation, which is about 1 ppm. These results add credibility

to FinROSE’s ability to reproduce stratospheric water vapour

changes.
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