Review 1

Abstract

Please use abbreviations in case they are introduced!

Page 1/ Line 12: the-polar stratospheric clouds —> PSCs
Corrected

Page 1/ Line 14: Polar stratospheric ice clouds —> ice PSCs
Corrected

Page 1/ Line 17: decrease of the water vapor

Corrected

1 Introduction

Page 2 / Line 51: Please add a citation for the increase in radiative cooling

Citation of Shindell et al., (1998) have added.

Page 2/ Line 52: Rex et al. (2006) found an increase in the PSC volume trend

Done

Page 2 / Line 54: (see also Dameris et al., 2014)

Done

Page 2 / Line 54: Please reformulate the sentence. For example: However, the relationship between
increasing greenhouse gas concentrations and increasing PSC occurrences remains a controversial
issue.

Thanks for reformulation, we corrected the text.

Page 2 / Line 57: ©verall The result of a climate model study ...

Done

Page 2 / Line 58: would lead to an increase in the total ozone column ...

Done

Please check carefully the use of articles in the entire manuscript! I will not comment on this
further.

Tried to do

Page 4/ Line 108: Solomon et al. (2010)

Done

Page 4 / Line 109: Hegglin et al. (2014)

Done

Page 4 / Line 112: Recently, Urban et al. (2014) reported ...

Done

2.1.1 Water vapour and PSC measurements

The numbering of the subsections were wrong, 2.1.1 were changed to 2.2
You introduced already satellite names, PSCs etc.

Extra introductions remowed

3 Water vapour distribution

Page 9/ Line 1: MLS observations calculated over winters 2004 — 2014. In Figure 2, the period
2005 — 2014 is mentioned. Please check!

MLS water vapour data is available from August 2004. Winter 2004 there were no MLS data. Year
corrected to the text.



4 The origin and long term variability of water vapour

Page 10 / Line 327: values for the years-period 1990 — 2014

Done

Page 10 / Line 329: positive trends

Done

Caption Figure 5: (b-d) Same as panel (a), but levels 10, 56 and 100 hPa. -> Sentence not necessary
anymore since you replaced the panels labelling by levels.

Corrected anyhow

page 10/ Line 334: “At 10 hPa the increase stopped by 2014 but at 1 hPa it did not stop until the
end of the time series.” -> I am confused because your time series ends 2014!?

The text is corrected and is now:”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”

Page 10/ Line 336: lower and upper stratosphere, which suggests that ...

Done

Page 10/ Line 343: QBO index (QBO, equatorial winds at 50 hPa)

Done

Table 2: The meaning and units of the numbers are missing. I guess the first line are water vapour
values in ppm. I don’t understand the meaning of the second and third line.

We apology for missing these explanations from the table. The description of the table is improved
in the revised version. And the new caption is:

“Table 2. Monthly mean ice PSC areas (1026 km/2) in FinROSE (left) and CALIPSO (right) at XX
pressure level as a function of 56 hPa monthly mean water vapour concentration (ppm) averaged
north of 60N and the area of temperatures below 188K (1026 kmA2). The number of months in each
group are shown in parentheses.”

6 Case study: Winter 2009/2010

Page 13/ Line 425: Temperatures were / The temperature was

Done

Page 13/ Line 426: In the lower stratosphere temperatures dropped below 195 K

Done

Page 14 / Line 453 — 458 and Figure 9: On 17 Jan, areas with low water vapor coincide with areas
where temperatures are coldest. The water vapor is frozen and with proceeding time, ice particles
grow and sediment. The sedimentation of ice particles results in a redistribution of water vapour.
20 — 23 Jan: You can nicely see in your FinROSE simulation how the dehydrated air masses (no ice
present) move around the pole. Here, minimum water vapour values do not coincide with coldest
temperatures!

Thansk for the comment. We addes following to the text:

“ Areas with very cold temperatures correlates with very low water vapour content areas because of
the ice PSC formation. On 17th 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 with
proceeding time, ice particles grow and sediment downwards resulting in dehydrated air masses.
The sedimentation of ice particles results in a redistribution of water vapour. On 20th-23rd January
the dehydrated air masses, where no ice presents move around the pole, but the minimum water
vapour values do not coincide with coldest temperatures.”

Figure 9, CALIPSO — FinROSE comparison: I am still not convinced if this comparison is fair.
CALIPSO sees massive ice PSCs on e.g. 17 Jan and your plot looks like only sparse PSC coverage
has been observed by CALIPSO. This is of course due to the fact that CALIPSO measures only
single orbits. However, you may find a way to improve this comparison.

We gridded the CALIPSO data again to larger grid boxes and drowe the figure again. Now the
CALIPSO area is larger than the area in FinROSE simulation. The text changed as follow:

“To facilitate the comparison, CALIPSO observations have been gridded to the grid of 5 x 10 and



the grid box is marked as having ice PSC if there were at least one ice PSC observation within the
grid box area.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 FinROSE simulations.”

Page 14/ Line 476 + Page 15/ Line 500 and Line 504: ICE PSC —> ice PSC

Done

7 Conclusions

Page 14/ Line 481: “The full chemistry in FinROSE can add the water vapour to the ECMWF
ERA-Interim water vapour.” -> I don’t understand the meaning of this sentence.

Corrected text:

"The full chemistry in FinROSE produces more water than simplified parameterisation of ECMWF
ERA-Interim, alleviates the dry bias of ERA-Interim and improves the comparison with
observations."

Page 15/ Line 500: “10 out of 25 simulated winters” -> I thought that 12 out of 25 winters show ice
PSCs (see page 12, line 386)

Corrected to be 12

Page 15, Line 511: reported by Khaykin et al. (2013)

Done

Acknowledgements
Page 15/ Line 517: Sodankyla
Corrected

I would highly recommend proofreading the whole article by a native speaker before final
publication.
The language have been checked



Review 2

Comments on the revised version of the ACPD manuscript entitled “Variability of water vapour in
the Arctic stratosphere” by Laura Tholix, Leif Backman, Rigel Kivi and Alexey Karpechko.

The revised is clearly improved compared to the submitted version. The main problems I have
concern the regression analysis, I think there is room for clarifications and improvements. Please
find my comments below:

Comments:

» page 2, line 39: “... the abundance of other PSCs ...” may be changed to “... the abundance of other
PSC types ...” to make a distinction to ice PSCs more directly.

Done

» page 2 and 3, line 58 to 60: The are some problems with that sentence here. “caused” should read
“causing a” and “... and to an increase in ...” may read “... and an increase of ...”.

Done

» page 4, lines 99 to 107: It is probably fair to separate SMR and MIPAS from the other instruments
that employ/employed the occultation technique, which limits the temporal and spatial coverage in
general. SCIAMACHY is kind of an hybrid that provides some limited coverage of the Arctic in its
solar occultation mode. Its limb mode however is in the same class as MLS, MIPAS and SMR
providing global coverage on a daily basis.

Done

> page 5, line 138 and 139: Please add “lower” before “stratosphere” in the first line. In the upper
stratosphere the trends reported by Hegglin et al. (2014) are positive. In the second the phrase “not
good” is probably a bit to strong. “not optimal” might be a better choice.

Done

> page 6, line 170: Please remove the brackets around the Hanson and Mauersberger reference.
Done

> page 7, line 211: There is something strange with “First larger set ...” sentence.

The text has changed as follow: “First set of sounding observations large enough to derive some
statistics of water vapour vertical distribution was obtained during the...”

> page 7, lines 225 to 227: Why are the CFH measurements from the first LAPBIAT not used, only
the NOAA FPH?

There was a mistake in the previous version. We have included 9 NOAA soundings and 4 CFH
soundings. In total we have 13 soundings from the first campaign. We have corrected the text. Now
it reads

"In this study we have used in total 13 NOAA and CFH frostpoint hygrometer profiles obtained
during the first campaign and 13 CFH ..."

> page 8, line 268: “... is about 0.3 hPa moister ...”. I guess ppmv is meant here.

Changed to ppm

> page 8, lines 268 and 269: The sentence “Too moist air ...” does not really fit here as the previous
sentence focused on the upper part of the stratosphere where no PSCs exist. 1 of 3

Sentence taken off

» page 8, line 269 to 273: The information that ERA-interim shows lower water vapour volume
mixing ratios compared to MLS in the upper stratosphere is doubled. Please remember that ERA-
interim is setup to relax to 6 ppmv at the stratopause, which largely explains the discrepancies.
The doubled information is taken off,and the text has modified as:

“..which is likely due to a relaxation of water vapour towards an equivalent value applied in ERA-
Interim at the stratopause (Dethof et al., 2002).”

» page 10, line 321: I think the word “could” is not appropriate here. At least I assumed you did it
that way.

Taken off



» page 10, line 328 to 330: I am not sure if that sentence is really needed. Information in that
direction has been conveyed earlier on one side and on the other side it seems obvious.

Taken off

»page 11, line 365 to 367: I wonder if it is a better choice to use the reference period from 2004 to
2014 even for the de-seasonalisation of the simulations. There is a clear offset between MLS and
the simulations especially lower down. This may disappear and result result in nicer comparisons.
The temporal variations seems to be consistent between the individual data sets, though.

The reviewer is right that the offset between MSL and FinROSE depends on the choice of the
reference period. Choosing 2004-2014 period as a reference would reduce the positive FinROSE
offset around 2010-2012 but it would create the negative FinROSE offset around 2004-2008 which
is missing in the current version. After playing with different reference periods we have decided not
to make any changes in the manuscript. We believe that our choice is correct because it highlights
the divergence of the timeseries after 2008, which is not a result of the offset but the result of
different trends during this period.

» page 12, line 385: This fits also your artificial tracer results, which attribute most of the water
vapour changes to dynamical processes.

Thanks for comment. We changed the sentence and add the comment to the text:

“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 processes.”

» page 12, line 397 to 399: To this date it is not hundred percent clear what this 500 hPa tropical
temperature term really considers. Dessler et al. (2013) used it mainly to derive their radiative
feedback. There are are certainly some contributions of ENSO and climate change in this terms, but
it is not as obvious like for the QBO or a solar proxy. The cold point temperature is likely more
covered by the BDC proxy than the 500 hPa temperature overall. Also, the Dessler approach is
optimised for the tropics. So, there seems to be some plausible explanations for your problems.
Thank you for the comment.

» page 12, line 409 to 418: Do the correlation coefficients consider the time lags that have been
mentioned earlier? Then I miss the regression coefficients. I would prefer those more than
correlations for the discussion of the importance of the individual processes contributing to the
water vapour distribution. It would be also interesting to see the regression fits and/or the residuals
to identify missing processes.

Thank you for this comment. Yes, the correlation coefficients are at the lags mentioned earlier.
Following reviewer's suggestion we also add the regression coefficients to the table. The text is
modified as follows:

"The individual correlation and regression coefficients with our proxies taken at the lags mentioned
earlier are shown in the Table 1.'

Please note that comparison of correlation coefficients often gives better information about the
importance of individual processes then regression coefficients. The latter depend on the units used
and it is not always straightforward to compare values if different units are used.

We add figure showing the contribution of individual processes to water vapour variability and add
the discussion of the figure as follows:

"The multiple regression coefficients are 0.57 and 0.51 at 82 hPa and at 56 hPa correspondingly,
showing that our models only explain 25-30 % of the variability. 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 timeseries together with
contributions of individual processes and residuals are shown in Figure 6. It is seen that the cold



point variability and QBO make comparable contributions to the water vapour variability at both
levels. Note that the regression somewhat explains the increase of the water vapour from 2005 to
2010, which is more clear at 82 hPa. However the peak of the water 365 vapor during 2011-2013 is
not explained by these proxies.'

» page 13, line 424: I think “Fig. 1” should be “Fig. 3”.

Yes, right, corrected.

> page 14, line 472: “Figure 7 shows ...” should reference to the right panel of Fig. 7.

Corrected

> page 14, line 484: You mean the 95% significance level here? 2 of 3

Here we refer to the significance level used to reject the null hypothesis. Sorry for confusing the p-
value (0.05) with the significance level (5%), which indicate the probability of wrong rejection of
the null hypothesis. We rewrite the text as:

..., both statistically significant at the 5% level.'

» page 15, line 495 to 500: I think this part needs some rewriting as it is raising more questions than
it answers. Of course if there is a major warming then the vortex is not destroyed directly. For one
cells can remain and also the definition of the warming central date depends on the altitude and
place you look at. Also the vortex reformation after the warming comes into play here. Maybe you
can spare many parts of this and simply say you focus on the coldest week while after that
temperatures were too high.

We agree with the reviewer that an SSW does not necessarily mean that temperatures must rise
everywhere. The fact we referred to is simply that after the SSW in January 2010 there were no
temperatures cold enough to support PSC formation. To avoid possible confusion we have rewritten
this part as follows:

'Cold conditions favouring PSC formations lasted until the end of January 2010. A major sudden
stratospheric warming (SSW) took place in the end of January with the central date around 24
January (e.g., Khaykin et al., 2013; Dornbrack et al., 2012; Pitts et al., 2011). Following the SSW
stratospheric temperatures rose above the PSC formation threshold so that no more PSC were
observed that winter.'

» page 15, line 508 to 511: Is Fig. 8 (the old Fig.7) now considering the whole Arctic instead of
Sodankyl&?

The Sodankyla temperature have now changed to the area of temperatures colder than 188K. Al the
panels are now areas calculated over the whole Arctic.

> page 24, table 1: The caption sounds strange.

Caption corrected.

> page 24, table 2: You may add that the unit is 1e6 km/2.

Unitst have inserted.

» page 32, figure 9: There is a blank missing between “occurrence” and “from” in the second line of
the caption.

Corrected

References:

» Dessler, A., et al., “Stratospheric water vapor feedback”, Proceedings of the National
Academy of Science, 110, 18087 - 18091, doi:10.1073/pnas.1310344110, 2013.

» Hegglin, M. 1, et al., “Vertical structure of stratospheric water vapour trends derived from
merged satellite data”, Nature Geoscience, 7, 768 - 776, doi:10.1038/nge02236, 2014.
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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 years 1990-2014 is compared to observations
(satellite and frostpoint hygrometer soundings) and the sources of stratospheric water vapour are
studied. In the simulations, the Arctic water vapour shows decadal variability with a magnitude of
0.8 ppm. Both observations and the simulations show an increase in the water vapour concentration
in the Arctic stratosphere after year 20006, but around 2012 the concentration started to decrease.
Model calculations suggest that this increase in water vapour is mostly explained by transport re-
lated processes, while the photochemically produced water vapour plays a relatively smaller role.
The increase of water vapour in the presence of the low winter temperatures in the Arctic strato-
sphere led to more frequent occurrence of ice polar stratospheric clouds (PSCs) in the Arctic vortex.
“Fhe-We perform a case study of ice PSC formation focusing on January 2010 when the polar vor-
tex was unusually cold inearty261+0-and allowed large scale formation of the-petarstratospherie

PSCs. At the same time a large scale persistent dehydration was observed. Pelarstratospherie-iee
elouds-Ice PSCs and dehydration observed at Sodankyld with accurate water vapour soundings in
January and February 2010 during the LAPBIAT (Lapland Atmosphere-Biosphere facility) atmo-
spheric measurement campaign were well reproduced by the model. In particular, both the observed

and simulated decrease of the-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 i , ). Although the majority of water vapour
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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 , |20_1d). Recently the
existence of a positive stratospheric water vapour feedback was shown based on observations, i.e.
stratospheric water vapour increases with tropospheric temperature, which contributes to the climate
sensitivity (e.g., [Dessler et glJ, M). Therefore, investigating the changes in stratospheric water
vapour abundance is helpful-in-veluable for the detection and attribution of the ongoing climate

change.
Water vapour is also an important constituent in the stratospheric chemistry. It intensifies ozone
destruction both by producing odd-hydrogen species, which can destroy odd-oxygen, and by for-

mation of polar stratospheric clouds (PSC), which enable efficient conversion of halogen reservoir

species to halogen radicals (e.g., [SQm_au_ej_al], M). 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 abun-
dance of other PSEs-PSC types as the formation of both NAT (nitric acid trihydrate, type Ia PSC)

(IHa.nsgn_an.d_M.auﬂ&b_eLgml, h_%_é) and STS (super cooled ternary solution, type Ib PSC) (@

@) are dependent on nitric acid and water vapour concentrations. Furthermore, the reaction

rates on/in STS depend on the composition of the particles, which is a function of water vapour

({S_an_dm;e_[_alj, , Section 5).

Ice PSCs contribute only to a minor part of the chlorine activation. According to a model study
by Imer_e_t_aﬂ 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 2009/2010

) showed that chlorine activation on liquid aerosols alone explained the observed changes in

the ozone column to within 10 %. The additional chlorine activation caused by ice PSCs is mod-
est. However, when ice PSC particles sediment to lower altitudes, a reduction of water vapour, i.e.
dehydration, occurs (Kelly et al], ). Sedimenting ice PSC particles also contribute to the deni-

trification (IHj_n_[&a_e_t_al.I, M}, which can prolong the ozone depletion in the spring due to a slower
conversion of active chlorine back to the reservoir species CIONOs.
The Arctic polar vortex is often less stable and maintains higher temieratures than its Antarctic

, ). However,

stratospheric water vapour is expected to increase due to elimate-change-caused-warming of the trop-

counterpart, and thus ice PSCs and dehydration are seldom observed

ical tropopause , ) and to-an-inerease-in-an increase of the atmospheric methane

concentration, both consequences of climate change. This, in addition to the increased radiative cool-

ing in the stratosphere due to the increase of CO4 and water vapour MM&, might

lead to enhanced PSC formation. For example ) found inereased-an increase in PSC

volume trend in the lower Arctic stratosihere during dynamically quiescent winters since 1960s {see
Dameris et al

see also . However the

inereases-to-tnerease PSC-oecurreneerelationship between increasing greenhouse gas concentrations




60

65

70

75

80

85

90

95

and increasing PSC occurrences remains controversial issue (Rieder et alJ, 201 ﬁl; Langematz et alJ,

The combined effect of temperature and water vapour on ozone, through homogeneous and het-
erogeneous chemistry and dynamics, is complex. Overal-the-The result of climate model study by
|m indicated that the increased stratospheric water vapour would lead to irerease-an
increase in the total column of ozone in the Arctic in the future despite increased active chlorine in
the polar spring regions, while in the Antarctic the ozone recovery would be delayed. The evolution
of stratospheric water vapour and its effect on the formation of PSCs are therefore of interest.

The stratospheric water vapour concentration is controlled by atmospheric dynamics and photo-
chemistry. Its main sources are intrusion from the troposphere via the tropical tropopause (@,
) and production through oxidation of methane and also molecular hydrogen m,
h&ﬂj; Le Texier et alJ, M). When rising air masses pass through the cold tropical tropopause re-

(IBL_WE, ). The vari-

ability in the entry of water vapour into the stratosphere is largely controlled by the variability in

gion, moisture is removed due to freezing and sedimentation of particles

the tropical cold point temperature. The oxidation of methane leads to formation of water through
a series of reactions. The reaction with OH is the dominating methane loss reaction through most

of the stratosphere, while the reaction with excited oxygen becomes increasingly important above

30km, and photolysis is dominant above 65 km i , ). In addition, the reaction
with atomic chlorine has some significance as a sink for methane, but also as a termination reac-
tion of ozone depleting cycles especially in the Antarctic vortex where denitrification reduces the
importance of the reaction between C10 and NOq X ).

Due to the cold tropical tropopause, only a small fraction of tropospheric water vapour propa-
gates to the stratosphere. As a result, the stratosphere is very dry, but it exhibits considerable vari-
ability 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 complicates the study of concentration trends. Frostpoint hygrometer soundings have
been performed in Boulder, Colorado, since 1980 and for shorter periods of time also in other
locations, including Sodankyld, Finland JQ]_[mans_e_(_a]_], IZ_QOd). Additionally, global data is avail-
able from satellite instruments, but only for a limited time span, for example from 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., Lamber 1}, 2007). The

Odin Sub-Millimetre Radiometer (Odin/SMR) and the Envisat Michelson Interferometer for Passive

Soundings (Envisat/MIPAS) provides also global coverage on a daily basis. Also the Stratospheric
Aerosol and Gas Experiment II and III (ERBS/SAGE-II, Meteor-3M/SAGE-III), Polar Ozone and

Aerosol Measurement (SPOT-4/POAM I1I), the UARS Halogen Occultation Experiment (UARS/HALOE),

the Odin-Sub-Millimetre Radiometer(Odin/SMR);-the-SCanning Imaging Absorption spectroMe-
ter for Atmospheric ChartographY (Envisat/SCIAMACHY), the Envisat-MichelsonInterferometer
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for-Passive-Soundings(Envisat/MIPAS);-Solar Occultation for Ice Experiment (AIM/SOFIE) and
the SCISAT Atmospheric Chemistry Experiment Fourier Transform Spectrometer (SCISAT-1/ACE-

FTS) have measured stratospheric water 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, es-
pecially in the mid-latitudes. |Q]_[mans_e_t_alJ JZQQd) analysed frostpoint hygrometer measurements
above Boulder Colorado and reported a trend of about +0.048 4-0.001 ppm yr—! between 1980
and 2000 at the level of 18-20 km. |Ragd_el_e_(_aﬂ 2004) compared the Boulder data to the HALOE

measurements and reported differences between the Boulder data set and HALOE water vapour

data. The seasonal and interannual changes were comparable, but the long term increase observed

in soundings were not seen in HALOE data. Later M) did corrections for the in-
strumental bias of the Boulder frostpoint hygrometer data, updated the Boulder trend and reported
a trend of +0.03-0.04 ppmyr—! between 1980 and 2000 at the same altitude, but noted a sud-
den drop in the stratospheric water vapour beginning in 2001. ) 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, IH_Qgg]_m_e_(_a]J (IZ_O_]AI) suggested, based on merged satellite data set,

that the Boulder time series is not globally representative and instead reported negative trends in

mid- and high latitudes at 16 km altitude between the end of 1980s and 2010. Based on satel-

lite and sounding measurements w—ﬁﬂwreported negative

trends in Boulder and generally in the mid-latitudes at 18 km altitude between 2000 and 2009 while

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 (lw—lﬁl}hmmﬂ (IMII reported

another drop in the tropical water vapour during 2011-2012.

On the other hand, due to the lack of long term time series, there have been very few studies of

stratospheric water vapour trends in the Arctic, where variations in the water content can have large

effects on spring-time ozone depletion. Reeeﬁ’cly—lﬂeggh_u_et_al] (IZ_(LI_”J) have compared water vapour

climatologies from 13 satellite products within the SPARC data initiative and analysed also the

anomalies in the Northern extratropics water vapour. They found that the uncertainty in water vapour

increases toward the polar regions, the mesosphere and the upper troposphere-lower stratosphere

(UTLS) region. i ) 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 geedoptimal, which warrants some caution to the results.

In this study, we use the FinROSE chemistry transport model (FinROSE-CTM) M

|20£d; |Th.0_112£_e_[_alJ, |2Qld) to investigate the stratospheric water vapour in the Arctic for the period
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1990-2014. The model is described in Section 2. In Sect. 3 we describe the water vapour distribution
in FinROSE simulations and observations. The modelled water vapour is evaluated against soundings
at Sodankyl4, Finland (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 Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO)
space-borne lidar M, IM). 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 2010, including results from the Lapland Atmosphere-
Biosphere Facility (LAPBIAT-2) measurement campaign in January—March 2010.

2 Modelling and data

2.1 FinROSE

The FinROSE-CTM dDamskj_e_[_alJ, IZ_QOJI) is a global off-line chemistry-transport model describing
the stratosphere and mesosphere. The model produces the distribution of 36 species and the chem-
istry scheme consists of 110 gas phase reactions and 37 photodissociation processes. Water vapour
is produced from oxidation of methane and molecular hydrogen. The PSC scheme includes liquid
binary aerosols (LBA), super-cooled ternary solutions (STS, type Ib) and solid nitric acid trihydrate
(NAT, type Ia) and ice (ice, type II) PSCs. The model chemistry includes altogether 30 heterogeneous
reactions on/in liquid binary aerosols and type Ia, Ib and II PSCs. Particle sedimentation, leading to
dehydration and denitrification of the stratosphere, is also included in the model. The heterogeneous
chemistry scheme in FinROSE is based on the calculation of the composition and volume of sul-
phate aerosols and PSCs and the partitioning of species between gas phase and condensed phase.
The composition of LBA and STS are calculated using the method by ). The STS

are not considered below the ice PSC formation temperature. The number density profile for LBA

and STS is estimated from i (I_I_Qﬁd) and the sulphuric acid distribution [um? cm ™3]
is based on 2-D model data (IBekki and Pvlel, |_L99j). NAT formation is based on the thermodynamic

equilibrium equations by ). The

model includes an option to include a supersaturation requirement for NAT and ice formation, but
this option was not used in the simulations reported in this paper. The choice was made due to the
relative modest resolution of the model. Co-existence of NAT and STS is allowed. A scheme for
growth of NAT particles is included based on |Fahev et alJ (IAE_1|). The number density of NAT par-
ticles is initially assumed to be 1 cm ™ (Krimer et alJ, M). For large NAT particles the number

density is reduced. The temperature threshold for ice particle formation is based on expressions by

|Manj_an_d_Mag_Q|:§jletgm| (I_]_Qﬁ). The equilibrium pressure of nitric acid above ice is calculated ac-
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cording to |Hanson and Mau@rgb@rggj M). The ice number density is assumed to be 0.04 cm ™3,

as estimated from synoptic scale PSCs ,11992).

The chemical kinetics used in this work follow the recommendations by lS_an.d_eI_e_Lal] (IZQL]J) and
Atkinson et alJ (I&ﬂl). Photodissociation coefficients were calculated using the PHODIS radiative
transfer model (Kylling et alJ, |1227|) and were used in the model through look-up tables. The model

transport is calculated using a flux-form semi-lagrangian transport scheme (Li , |l99_d).

The tropopause height is calculated at every time step using potential vorticity as defining pa-
rameter. Model levels below =+ 2 PVU are considered to be in the troposphere. The 380 K potential
temperature level is used to define the tropopause height between 20° S and 20° N. The tropopause
is thus changing with time depending on meteorological conditions. The tropospheric concentrations
of the chemical species are not calculated in the model but prescribed via model boundary condi-
tions. Tropospheric water vapour and ozone were obtained from the ECMWF ERA-Interim reanaly-
sis ({S_mep_us_e_[_alj |De_e_e_t_a]_J |20_]_]J). Tropospheric methane (CHy) is from Global view-data
(http://www.esrl.noaa.gov/gmd/ccgg/globalview/ch4), nitrous oxide (N2O) from Advanced Global

Atmospheric Gases Experiment (AGAGE) data X ),and halogens (Cly and Bry) are
from Montzka et alJ (IMJ) updated data. Carbon dioxide (COs) 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 water vapour and
ozone. The model has also a tracer aimed for water vapour studies; 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 resolution of 6° x 3° (longitude X latitude)
at 35 hybrid-sigma levels, from the surface up to 0.1 hPa (about 65 km). The wind, temperature

and surface pressure fields were obtained from the European Centre for Medium-range Weather

Forecasts (ECMWF) ERA-Interim reanalysis , ).

2.1.1 Water-vapour-and-PSCmeasurements

2.2 Water vapour and PSC measurements

High resolution soundings of stratospheric water vapour from northern high latitudes are rare. How-
ever, such measurements have been been made at Sodankyld (67.4° N, 26.6° E), northern Finland
since early 2000 (Iﬂ'mel_e_t_all, w, B). Sodankyli site is representative of high latitude conditions

in the northern Europe, and the upper air soundings in winter and spring sample air both inside

and outside the polar stratospheric vortex. Here we have used stratospheric water vapour measure-
ments from two atmospheric sounding campaigns and some additional soundings obtained outside

the major campaigns. First larger—set-of-observations—set of sounding observations large enough

to derive some statistics of water vapour vertical distribution was obtained during the Lapland

Atmesphere-BiosphereHaeility (EAPBIAT-)-LAPBIAT Upper Tropospheric Lower Stratospheric



http://www.esrl.noaa.gov/gmd/ccgg/globalview/ch4
ftp://aftp.cmdl.noaa.gov/products/trends/co2

205

210

215

220

225

230

235

Water Vapour Validation Project (LAUTLOS-WAV VAP) campaign in early 2004 (e.g., ,
|2_QQ§; |3LQmeJ_e_t_alJ |2Q01(J; |Ka.me_chme_t_all, |2£)£ﬂ|; [S_u_Ql:Ltj_e_t_alJ, |2_(Kl§). The second camEaign (the

LAPBIAT-2 Atmospheric Sounding Campaign) took place in January—March 2010 |, ;

Khaykin et al], 201 5]; Engel et alJ, 21214]; Groof et al., 21!14]). During these campaigns two types of

frost point hygrometers were flown. The NOAA frostpoint instrument (ngmgni 1985;|[Vomel et al.,

) was flown during the first campaign, while the Cryogenic Frostpoint Hygrometer (CFH)
was deployed during both campaigns. CFH is a well characterised instrument capable of accu-
rate water vapour measurements in the lower stratosphere typically up to the altitude of 25-28 km
d}ﬁim_e]_e_t_a]_], |2QO_Za] Iﬂ). In this study we have used in total 13 NOAA and CFH frostpoint hygrom-
eter profiles obtained during the first campaign and 13 CFH soundings obtained during the second

atmospheric sounding campaign. In addition we included 8 NOAA or CFH soundings outside the
main campaign periods, in order to improve temporal coverage. These additional soundings were
made during January-February in year 2003, 2006, 2008, 2013 and 2014.

In addition to the balloon soundings, observations from the-MicrewaveLimb-Seunder(MES—H
MLS on board the Aura satellite provide global profile measurements of H,O, temperature and
several trace gases (Lambert et alJ, M). In this study, we use the MLS version 3.3 Level 2 data,

which are available from August 2004 to present. The data is published in IEQS_M]_S_S_CJEJJ_C_@_LQ&[DJ

) and it is accessed at http://disc.sci.gsfc.nasa.gov/datacollection/ML2H20_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 suborbital
track. For Sodankyld we used MLS overpass-data from Aura validation data center. All profiles

within 300 km from Sodankyld were averaged for getting daily profiles of water vapour. We also used

polar stratospheric cloud observations provided by
Sateltite-Observatton (CAEHPSO--CALIPSO space-borne hdar N 7). The CALIPSO
PSC algorithm classifies PSCs by composition. Six different classes are defined: supercooled ternary
solution (STS), two classes of 11qu1d/NAT mlxtures and mix 2 enhanced and water ice (including
synoptic-scale ice and wave ice) P1 1 ). We used these CALIPSO PSC composition
classes for calculating the areas where PSCs were observed. The area is calculated separately for ice
and NAT. Both water ice and wave ice are included in the ice area and all the NAT mix classes to the

NAT area. CALIPSO data is available from June 2006 to present.

3 Water vapour distribution

The FinROSE-CTM has been run using ERA-Interim meteorology and ERA-Interim water vapour
data as 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. ) re-

cently compared ERA-Interim water vapour in UTLS against independent sounding observations
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and found that while in the majority of the cases the agreement is satisfactory, in some cases the dis-
crepancies between ERA-Interim and observations are large. Thus one can expect that these biases
would affect FinROSE simulations in the stratosphere. Nevertheless, since the description of strato-

spheric HoO in the ECMWF model is simplified (Monge-Sanz et alJ, 2{21&), the chemistry scheme

in FinROSE produces a more realistic water vapour distribution, as we show in the manuscript.

First, we evaluated the simulated stratospheric water vapour distribution from FinROSE against
measurements above Sodankyld. Figure [l shows simulated and measured climatologies of water
vapour distribution over Sodankyld between 2004 and 2014. Overall, the FinROSE (top panel) is
capable of reproducing the MLS observations (middle 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/spring the
concentration in FinROSE is about 1 ppm higher compared to MLS but in summer MLS is about
0.3 ppm moister than FinROSE. TFee-meist-airinFinROSE-in—spring-canteadto-overestimated
PSCformation—In comparison, the ECMWF ERA-Interim reanalysis (bottom panel) clearly un-
derestimates the observed water vapour concentrations in the upper stratosphere ;—while-the-by

1ppm, which is likely due to a relaxation of water vapour towards an equivalent value applied

in ERA-Interim at the stratopause citepdet02. The lower stratosphere compares well with MLS.

The largest discrepancies-between ERA-Interim-and-M are-seen—tn-the-upper-stratosphere-where

ERA-Interimunderestimates-water-vapour-byt-—The-dryness in the reanalysis data is likely a conse-
quence of cold bias in the tropics in the ERA-Interim data (Schoeberl et alJ, 2012). Also the methane

parameterisation in the ECMWF model leads to a too dry air , ). It is also possible that

too fast general circulation previously identified in the ECMWF model causes reduced moisture in
the polar regions (Simmons et alJ, hQQd; Schoeberl et alJ, 2!!13; Monge-Sanz et alJ, 2013). Note that

these problems with the general circulation affect FinROSE simulations because ERA-Interim mete-

orology is used. However, the full chemistry of the FinROSE improves 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 a too low 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 missing from the FinROSE; how-
ever, it has been indirectly included by using a water vapour climatology calculated from MLS data
as an upper boundary condition. Overall, Fig. [1l 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 observations at northern high latitudes,
we calculated the average mixing ratios and standard deviations of water vapour profiles above So-

dankyléd from the FinROSE model, ERA-Interim and observations. We chose January—February, be-
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cause of the availability of balloon soundings during this time. In this comparison ERA-Interim and
FinROSE data are available daily from all the January—February months between 2004 and 2013,
MLS almost daily, but soundings are available less frequently (altogether 34 profiles). From Fin-
ROSE and ERA-Interim the gridpoint closest to Sodankyld has been chosen (Lon=30° E, lat=69° N).
From MLS all the profiles measured within 300 km from the Sodankyld gridpoint and flagged as
good quality are used. Standard deviation is calculated across the individual profiles for each data
set and thus represents uncertainty due to natural variability and random measurements errors. Fig-
ure [2f compares January—February-mean water vapour mixing ratios and standard deviations above
Sodankylid from the FinROSE simulation (black), ECMWF ERA-Interim reanalysis (green), MLS
satellite measurements (blue), and frostpoint hygrometer soundings (red). The data are shown for
seven different pressure levels; 100, 56, 30, 21, 10, 3 and 1 hPa. Left panel shows the mixing ratios
in winter 2010 and right panel shows the relative differences compared to MLS observations calcu-
lated over winters 2604—26142005-2014. The winter 2010 was chosen for comparison because of
the largest amount of soundings.

The modelled water vapour concentration profile agrees well with MLS measurements in winter
2010 (shown in Fig. [2] left panel). The model data is within 0—0.5 ppm of the MLS data, except
at 3hPa where the model gives 0.8 ppm more water vapour. Compared to the Sodankyld sound-
ings, 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 to the range of variation of 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 MLS and soundings throughout the studied altitude range. ERA-Interim water vapour
concentration is also always about 0.7 ppm lower than the FinROSE’s which is consistent with
Fig. [

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 during Januaries and
Februaries between 2004 and 2014 and then averaged. For FinROSE and ECMWF all the MLS
profiles eeuld-have been used, but for sounding only the coincident MLS profiles were used. The
differences between FinROSE and MLS, ERA-Interim and MLS and soundings and MLS remain
smaller than 10 % at all altitudes. ERA-Interim is drier than MLS also in this climatology but Fin-
ROSE is moister than MLS except at the 21 hPa level. Soundings are also drier compared to MLS,
but the difference is smaller than the difference between ERA-Interim and MLS. Sounding versus
model comparisons are complicated, because firstly the number of soundings is limited and secondly,
some of the soundings are obtained in the vicinity of the stratospheric vortex where the spatial water

vapour gradients are large. &
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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 stratosphere 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 HyO-tracer, that is not affected by
chemistry, represents the transported water vapour. The difference between HyO-tracer and HoO
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 chemistry (lower panel) according to simulations. Transport from the troposphere covers
more than a half of the water vapour. At lower altitudes the transported part is clearly the most
important 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 chemistry part
reaches almost 50 % there.

The water vapour variability and trends above Sodankyld, was investigated from a FinROSE
model simulation covering the years 1986-2014. The first four years were discarded as spin-up
and the period 1990-2014 is analysed below. Figure ] compares monthly-mean water vapour mix-
ing ratios at 56 hPa above Sodankyld from the FinROSE simulation, ECMWF ERA-Interim re-
analysis and MLS satellite measurements. The red dots denote individual sounding measurements.
Throughout the investigated period, the water vapour amount in FinROSE and the observations
varies within about 4-5.5 ppm. The modelled water vapour concentration agrees well with MLS
measurements from 2005-2008; however, after that FinROSE shows higher concentrations than ob-
served by MLS and thus reveals a stronger increasing trend in these last four years. The growth rate is
about 1 ppm decade™! in FinROSE but only 0.6 ppm decade™! in MLS. As can be expected based
on Fig. [[l the ERA-Interim water vapour concentration is about 0.5 ppm lower than in FinROSE.
It is, however, noteworthy that the difference remains approximately the same throughout the study
period. The increasing trend from 2007 to 2012 is very similar in FinROSE and ERA-Interim data,
resulting from the use of ERA-Interim meteorology as driver data in the FinROSE simulation.

Figure [3l shows the anomaly of FinROSE water vapour and the sources of it between latitudes
70-90° N. All the anomalies in the figure are calculated with respect to the mean values for the years
period 1990-2014 for FinROSE and ERA-Interim and for the period 2004-2014 for MLS anoma-
lies. The altitudes of the panels are 1, 10, 56 and 100 hPa. At all the levels there are small positive
trend-trends in the water vapour from the beginning of the timeseries until years 1994—1995. In
the lower stratosphere (100-56 hPa) the anomalies decrease until 1998 and then stay constant un-
til 2007. Thereafter a strong increase lasted until 2012 followed by another decrease, in agreement
with observations by |I.lrhan_e_(_al] (IZD_]AI) in the tropics. In the upper stratosphere (10-1hPa) the

water vapour decreased from 1995 until about 2004 before starting to increase around 2007. At

10 hPa the increase stopped by 26+4-the end of 2013 but at 1 hPa it did not stop until the end of

10
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the time series. Since the air in the upper polar stratosphere is older than that in the lower strato-
sphere (IS_u]]_e_Le_t_alJ IZD_LZI) the delay of-between water vapour changes between-in the lower and
upper stratosphere suggest-suggests that these changes are driven by transport preeessesprocesses,
consistent with our tracer results, which attribute most of the water vapour changes to dynamical
PIOCESSES.

In the FinROSE-medelresults-for-the-high-nerthern-latitudes-the-FinROSE simulations the long
term change of stratospheric water vapour in the high northern latitudes is positive. The simulated
water vapour is-pesitive-in-the-stratosphere—The-water-vapeur-trends for mid-latitudes and tropics

- FinROSE-develop-stmilarly-as-in-are similar to those in higher latitudes (not shown). The anoma-
lies seen in FinROSE also agree with the results by [Dessler et aIJ JZQ]_ZI) for tropical water vapour

between 2005 and 2013.

The Arctic water vapour concentration in FinROSE increases by about 0.8 ppm at altitude 56 hPa

from year 2004 until year 2012. This increase corresponds to ca 1K increase in the frostpoint

temperature i [].993' . However, the concentration during recent 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.[3l The evolution of the FinROSE water vapour anomaly is similar to the ERA-Interim anomal

reen line), which is expected as the FinROSE is driven by the ERA-Interim data. The chemical

art (purple line) which is mainly due to the contribution of methane oxidation, has only a small

ositive trend consistent with previous studies, because the stratospheric methane concentration was
nearly stable in the analysed time period.

In order to attribute water vapour changes to physical processes we performed regression analysis
following IDessler et alJ (IMI). We used three proxies: ¢be-QBO index (QBO, equatorial winds at
50hPa), Brewer Dobson circulation index (BD, residual vertical winds at 70 hPa averaged from
30° S to 30° N), and cold point temperature (CPT). Unlike IDstler_ej_alJ JZQ]AI) we found that the

use of tropical temperatures at 500 hPa was not enough to explain the variability of the cold point

temperature, and therefore used the cold point temperature as one of proxies. Although, there is
some correlation between CPT and QBO (0.32) QBO also affect the transport of the water vapour
not directly influenced 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 hPa and 56 hPa. Cross-correlation analysis shows broad peaks at lags 6—-12 months for the
proxies. The maximum of the correlations of QBO and CPT with water vapour at 56 hPa is at about
10 months lag, and with 82 hPa is at 89 month lags, 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 10 month lag for all proxies for regression at 56 hPa and 9 month lag for

the regression at 82 hPa.
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The individual correlation and regression coefficients with our proxies taken at the lags mentioned
earlier are shown in the Table [[I The main contribution to the polar water vapour variability is
CPT, followed by QBO. We found very weak contribution of BD proxy to the variability of the
water vapour. One reason is that the effect of BD contribution is accumulated over time and this is
not well represented by the monthly mean proxy. The multiple regression coefficients are 0.57 and

0.51 at 82hPa and at 56 hPa correspondingly, showing that our models only explain 25-30 % of

the variability. This is considerably less than that of I]less_l_e_r_e_(_al] (IZD_]A]) suggesting that different
processes contribute to the polar water vapour variability in comparison to those in the tropics. The

modelled timeseries together with contributions of individual processes and residuals are shown in

Figure [0l It is seen that the cold point variability and QBO make comparable contributions to the
water vapour variability at both levels. Note that the regression somewhat explains the increase of
the water vapour from 2005 to 2010, which is more clear at 82-hPa hPa. However the peak of the

water vapor 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. Wa-
ter freezes into ice particles, sediments to lower altitudes and sublimates. Dehydration is frequently
observed in the Antarctic polar vortex and there the magnitude of decrease of the water vapour by

dehydration is several ppms. The water vapour mixing ratio can be reduced to 1.5 ppm in the cold

stable Antarctic vortex (Vomel 1 ,h&ﬁ). In the Arctic vortex the dehydration is rare, because the

temperatures are higher. However, ice PSCs are formed also in the Arctic vortex and it is possible

for dehydration to occur dK_h_a;dsin_ej_alJ, IZQ_L:J).

Ice PSC formation is controlled by temperature and water vapour concentration, which both ex-

hibit considerable variability. 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).

That means that nearly 50 % of winters offer conditions, which allow the formation of ice PSCs.
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However, they cover only a small fraction of the vortex. The largest extent of simulated ice PSCs
was seen in 1990, with an area of 3 x 106 km? at 56 hPa. In 1993, 2005, 2011, 2012 and 2014 an
area of around 2.5 x 10% km? were reached. Figure[7shows the area of the gridpoints where ice PSC
(black) form in the FinROSE model and the minimum temperature of the area between 50° N 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 timeseries in Fig.[7lit seems that there is an increase in ice
PSCs in the recent winters. Between 2007 and 2014 there are 6 ice PSC winters in FinROSE and 7
winters in CALIPSO, which leads to frequency 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 frequent ice PSC occur-
rence was between 1990 and 1996 when ice PSCs occurred in 4 out of 7 winters. The temperature
conditions were cold in the beginning of the 90’s, but water vapour concentrations were lower than
in the 2000’s. The PSC areas in FinROSE agrees well with the ones calculated from CALIPSO data.
However in some cases, e.g. 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 might be due to the resolution of the model
(3° x 6°, latitude x longitude), as the areas are quite small.

Figure[§]left panel shows the relation of the area of simulated 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 one winter day between 2007 and 2014 in FinROSE simulation or CALIPSO observation.
The colour of the marks show 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 concentrations produce larger areas of ice PSC but in 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 conditions the
ice PSC area increases when water vapour concentration increases. This holds for cases when areas
with temperature below 188 K are small or large, and is seen in both FinROSE and CALIPSO.
Consistent with expectations, the correlations between cold temperature area and ice PSC area are
0.89 for FinROSE and 0.64 for CALIPSO. The correlations between water vapour and ice PSC is
0.30 in FinROSE and 0.35 in CALIPSO, both statistically significant at 6:05-significance-5% level.
CALIPSO detects small ice PSC areas with small cold temperature areas, but in case of FinROSE
the ice PSCs are not always created although the cold temperature area is large. The increase of
water vapour in the vortex area have been about 0.8 ppm after 2007. That would have increased the

ice PSC areas even if the temperatures have been the same, consistent with earlier estimations by
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6 Case study: Winter 2009/2010

455 The winter 2009/2010 was unusually cold in the Arctic polar region. The temperature were-was be-
low 190 K in a large area of the polar vortex. In the lower stratosphere temperatures dropped-below

195 K were simulated-observed even south of 60° N. PSCs were formed and even persistent dehydra-

tion was observed over Northern polar latitudes for the first time (IKh.a;Lkin_e_La].], M). The-vortex

. innine . . R old

460 conditions favouring PSC formations lasted until the end of January 2010-but-a-major-stratospherie

warming—2010. A major sudden stratospheric warming (SSW) took place in the end of Janua
with the central date around 24 January ﬁse%empefa%ufes—aﬁd—pfee}uded—fufme%efeﬁﬁa&eﬂ

etall. 2013 Dormbrack stall 2012 Piss et all.:

Following the SSW stratospheric temperatures rose above the PSC formation threshold so that no

465 more PSC were observed during that winter.
?he%ﬁRQSE—s:mtﬂaﬁm%ws—stuéed—mefe%meughﬁkfeF%h&We use winter 2009/20+0—The

470

Figure [9] shows the area of ice PSCs from CALIPSO (top panel) and from FinROSE (middle

475 panel) and the area of temperatures colder than 188 K (lower panel) in the Arctic winter 2009/2010.
Ice PSCs occur at the coldest dates and the same time both in 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 comparable.

480 The differences might 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.

Figure [10| shows maps of temperature from ERA-Interim, water vapour mixing ration from Fin-
ROSE and ice PSC from FinROSE and CALIPSO from northern hemisphere vortex area at the

485 sounding dates between 17th January and 23th January 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. ares—Areas

490 with very cold temperatures correlates with very low water vapour content areas because of the ice
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PSC formation. On_17th January the driest areas coincide both in space and time with the coldest
temperatures. The water vapour is frozen and condensed into ice particles ;-which-are-sedimented
and with proceeding time, ice particles grow and sediment downwards resulting in dehydrated air
masses. The sedimentation of ice particles results in a redistribution of water vapour. On 20th-23rd
January the dehydrated air masses, where no ice presents move around the pole, but the minimum

water vapour values do not coincide with coldest temperatures.
Figure[IQshow 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 observations have been gridded to
the same-grid-thanFinROSEgrid of 5 x 10°, and the grid box is marked as having ice PSC if there
were at least one ice PSC observation within the grid box area. CALIPSO measures only single
orbits and the gridded data appears sparce. 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 FinROSE simulations
The bottom row in Fig.[10|shows modelled frostpoint temperature profiles above Sodankyléd from

FinROSE and temperature profiles from ECMWF ERA-Interim analysis, frostpoint temperature cal-
culated from MLS satellite water vapour and frostpoint temperature from Sodankyld soundings.
The FinROSE output at lon 30° E, lat 69° N located next to Sodankylid (26.6° E, 67.4° N) is shown.
Overall FinROSE can simulate the frostpoint temperature quite well. The ECMWF ERA-Interim
temperature reaches or almost reaches the frostpoint temperature during the analysed time period.
Then the formation of ice PSC is possible also in the FinROSE. The coldest date in Sodankyli is
17th of January. Very low frostpoint temperature values can be seen above 40 hPa altitudes also after
17th 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
of water vapour observed below 40 hPa on 23rd of January is interpreted as rehydration. It is not
simulated by FinROSE at the grid point shown, but is simulated at other coldest grid points near So-
dankyléd (not shown). In summary, FinROSE was able to reproduce well stratospheric water vapour

and ¥€E-ice PSC evolution during the record coldest period in winter 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 is used as tropospheric bound-
ary condition. The full chemistry in FinROSE ean-add-the-water-vapourte-the-produces more water
than simplified parameterisation of ECMWF ERA-Interimswater-vapour, alleviates the dry bias of
ERA-Interim and improves the comparison with observations. The model gives results comparable

to the MLS satellite measurements. However, some discrepancies compared to MLS remain.
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The concentration of stratospheric water vapour in FinROSE is too high, especially in the summer
time. Compared to the Sodankyld frost point hygrometer the model is too moist. However, the num-
ber of the comparisons is limited. In addition, 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 oxidation. A passive tracer was used in the FinROSE model for investigating the rel-
ative importance of the different sources of water vapour. The chemically produced fraction shows
a maximum at altitudes between 6 hPa and 0.3 hPa. At these altitudes in the summertime the pho-
tochemical part is nearly as big as the transported part.

The considerable decadal variability can be seen in water vapour below 10 hPa; water vapour in-
creases between 2007 and 2012 by about 0.8 ppm in 5 years, which has been 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 neglible, due to comparably smaller changes in the stratospheric methane

concentration. A regression analysis suggests that cold point temperature variability and QBO make
comparable contribution to the Arctic water vapour variability in the lower stratosphere; however

they only explain 25-30% of the monthly variability.
In the FinROSE simulation ¥€E-ice PSCs occurred in Northern high latitudes in +6-12 out of

25 simulated winters. Comparison with 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 PSCs occurrence is comparable to the CALIPSO observations.

IEE-Ice PSC have become more frequent in the recent years of the simulation. While cold temper-
atures 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 occur-
rence after year 2006.

Finally, as a test for faithfulness of FinROSE simulations, we perform a case study of the ex-

tremely cold winter 2009/2010. FinROSE is able to reproduce ice PSC extent and associated dehy-

dration and rehydration at lower altitudes in good agreement with observations reported by
FinROSE is also able to reproduce the observed magnitude of the dehydration associated with ice
PSC formation, which is about 1 ppm. These results add credibility to FinROSE’s ability to repro-

duce stratospheric water vapour changes.
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Table 1. €eorrelation—coefficients—Coefficients of correlation and regression. The units for the regression

coefficients are ppmv K~! for CPT, ppmvm ' s~ for QBO, and ppmv mm ~* s’lm
are shown together with the 95% confidence intervals.

CPT QBO BD Multiple

56 hPa  Correlation 0.45 0.32 -0.21 051

82hPa Corelation 052 0.40 -0.18 0.57
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Figure 1. Climatology (2004-2014) of the water vapour distribution from FinROSE, MLS v3.3 data and

ECMWF ERA-Interim above Sodankyla.

Table 2. fee-Winter mean ice PSC areas (10° km?) 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 188K (10° km?). The number of hitsmonths in each group are shown in parentheses.

Water vapour (ppm)

Area T<188 K
(10°km?) FinROSE CALIPSO
Wet (>5.4)  5.2-54 Dry (<5.2) Wet (>5.4)  52-54  Dry(<5.2)
Warm (0.5-1.5)  1.61(10)  1.09 (10) 0.31 (4) 070 (4)  046(9)  0.18(2)
Cold (1.5-3.0) 249 (10)  2.48(10) 1.28 (4) 0.96 (4) 12009  0.24(2)
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Figure 2. (a) 2010 mean January and February water vapour mixing ratio and standard deviation above So-
dankyld as function of pressure. (b) Difference of the modelled or observed winter water vapour mixing ratio
and MLS calculated over years 2005 to 2014 above Sodankyli as function of pressure. FinROSE (black), MLS
(blue), ECMWF ERA-Interim (green) and soundings (red).
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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.
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Figure 4. Sodankyld monthly mean water vapour mixing ratio from FinROSE (black), MLS (blue), ECMWF
ERA-Interim (green) and soundings (red dots) at 56 hPa between 1990-2014.
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Figure 5. (a) Anomalies of water vapour (black), tracer describing transported water vapour (orange), tracer
describing water produced by methane oxidation (purple) from FinROSE and water vapour anomaly from
ECMWF ERA-Interim (green) as ppm 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. (b-d) Same as panel (a),
but levels 10, 56 and 6100 hPa.
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Figure 6. The contribution of individual processes to water vapour variability.
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Figure 7. The area where ice PSCs formed in the FinROSE simulation (black) and was observed by CALIPSO
(red) and the minimum temperature between 50-90° N from ERA-Interim (green, right y axis) for winters

between 1990 and 2014 at 56 hPa.
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Figure 8. (a) Scatter plot of December—February ice PSC area versus the area of 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). (b) Scatter plot of the December—February ice PSC area versus the vortex mean water 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.
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Figure 9. (a) Ice PSC area from CALIPSO, (b) Ice PSC area from FinROSE and (c) area of colder than 188 K
from ECMWF ERA-Interim in winter 2009/2010.
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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 winter 2010. The black contour marks the
border of the vortex defined as modified PV > 36. All maps are at the 35 hPa pressure level. Lowest row: ERA-
Interim temperature (green), frostpoint temperature from Sodankyld soundings (red dots), from MLS (blue) and

from FinROSE (black). Purple dots shows the altitudes where FinROSE simulated ice PSC.
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