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Abstract. Water stable isotopologues provide integrated1 Introduction
tracers of the atmospheric water cycle, affected by changes
in air mass origin, non-convective and convective processe®wing to slight differences in the saturation vapour pressure
and continental recycling. Novel remote sensing and in situand diffusivity in air of H%0, HD'®0 and H80 molecules,
measuring technigues have recently offered opportunities fofractionation processes occur during phase changes of the
monitoring atmospheric water vapour isotopic composition.water. As a result, the distribution of the water isotopologues
Recently developed infrared laser spectrometers allow fohereaftesD ands'80 expressed in %o vs. Vienna Standard
continuous in situ measurements of surface water vapouMean Ocean Water (VSMOWgraig, 1961) varies both spa-
8Dy and§180,. So far, very few intercomparisons of mea- tially and temporally in the atmospheric water vapour and
surements conducted using different techniques have been the precipitation. Until recently, our knowledge of their
achieved at a given location, due to difficulties intrinsic to the present-day distribution has focused on precipitation, much
comparison of integrated with local measurements. Nudgedasier to sample than atmospheric water vapour. This sam-
simulations conducted with high-resolution isotopically en- pling difficulty partly explains why applications dealing with
abled general circulation models (GCMs) provide a consis-studies of atmospheric processes and atmospheric dynamics
tent framework for comparison with the different types of have long been limited while they have rapidly developed in
observations. Here, we compare simulations conducted witisuch fields as isotope hydrology and isotope palaeoclimatol-
the ECHAMS5-wiso model with two types of water vapour ogy (from ice cores and other archives).
isotopic data obtained during summer 2012 at the forest site The situation has recently changed thanks to technolog-
of Kourovka, western Siberia: hourly ground-based FTIR to-ical advances which now allow for either in situ measure-
tal atmospheric columnatD, amounts, and in situ hourly mentoféDy ands180, or remote estimation @D, in atmo-
PicarrosDy measurements. There is an excellent correlationspheric water vapour. The quantification of water isotopo-
between observed and predict&D, at surface while the logues in tropospheric water vapour based on space-based
comparison between water column values derived from thgemote sensing techniques pioneered zgkharov et al.
model compares well with FTIR estimates. (2009 is now under rapid developmeni.(Worden et aJ.

2006 Payne et a).2007 Nassar et a).2007 Steinwagner

et al, 2007 Frankenberg et gl2009 2012 Schneider and

Hase, 2011 Herbin et al, 2009 Field et al, 2013 Lacour

et al, 2012 Boesch et a).2013 and provides large-scale,
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integrated measurements. Data from ground-based highand the contrast between dry and convective tropical regions
resolution Fourier transform infrared (FTIR) spectrometerswere underestimated by LMDZiso as well as by six other
have been exploited to retrieve information about verticallGCMs involved in the SWING2 (Stable Water INtercom-
profiles of water stable isotopologues (maif)y,) in water  parison Group phase 2) intercomparison project.
vapour from instruments both from the NDACC (Network  Such data model intercomparison is a prerequisite if we
for the Detection of Atmospheric Composition Change) siteswant to use the variety of information on isotopic distri-
(Schneider et g1.2006 2010a b, 2012 and columnasD, bution in atmospheric water vapour (satellite data, ground-
values from the TCCON (Total Carbon Column Observing based and in situ measurements) to diagnose biases in the
Network) network Boesch et a].2013 Risi et al, 20123. representation of atmospheric processes in general circula-
A third major breakthrough has been accomplished withtion models (GCMs) or infer information about e.g. continen-
new infrared (IR) laser spectrometers reaching the same levehl recycling. In their approacRisi et al.(2012h aimed to
of precision as mass spectrometers, and becoming commeuse all available isotopic information with the consequence
cially available Brand 2009 Gupta et al.2009. These de- that the various data sets do not cover the same periods and
vices are sufficiently robust to allow field measurements ofthe same locations, a difficulty which however is largely cir-
the D, and 8180, composition of water vapour. After the cumvented by applying a rigorous model-data comparison
development of calibration protocols, which require the in- methodology.
troduction of reference waters and corrections for humidity Here, we propose a complementary approach which con-
and instrumental drift, such instruments have been deployedists in focusing on one site, the Kourovka Observatory
from tropical Tremoy et al.2012) to polar locations$teen-  (near Yekaterinburg, close to the western boundary of west-
Larsen et a].2011) where they have revealed significant di- ern Siberia, 57.038\, 59.545 S, see Figl). This site is
urnal to seasonal variability in relationship with air mass characterized by a well-marked continental climate, with
origins, convection and surface—atmosphere moisture fluxesnonthly mean temperatures varying frer16°C (January)
Prior to the deployment of a network of stations where theto +17°C (July) and about 460 mm of annual precipitation,
8Dy ands80, of surface water vapour will be continuously peaking in summer. It is affected by different air mass trajec-
monitored, the information brought by water vapour stabletories and summer continental precipitation recycliSpd-
isotopologues must be assessed for different climatic conditaumova et aJ.2010. Its position in a pristine peatland and
tions. near the permafrost zone is strategic for the monitoring of
In parallel, our ability to describe and simulate the dis- the coupling between surface water and carbon budgets. At
tribution of water isotopologues using atmospheric gen-this site, we have access both to ground-based (FTIR) and in
eral circulation models in which fractionation processes aresitu vapour measurements (PICARRO L2130-i instrument).
embedded (IGCMs) has made considerable progress sind@omparison between different sets &0 have been per-
the pioneering studies conducted in the 1980suésame formed before -Lossow et al.(2011) compared between
etal, 1984 Jouzel et al.1987%. High-resolution atmospheric retrievals from different satellite sensors (Envisat/MIPAS,
models can now be nudged to atmospheric analysis prododin/SMR, SCISAT/ACE-FTS)schneider and Has@011)
ucts, allowing for precise comparisons with measurementsompared IASI and NDACC FTIR retrievalBoesch et al.
in a consistent large-scale meteorological framework. Sensi{2013 compared GOSAT short-wave infrared and TCCON
tivity studies to uncertain atmospheric model parameterizaFTIR retrievals, andVorden et al(2011) compared TES re-
tions have shown the potential of water vapour isotopic datarievals with in situ measurements. Here, we intercompare
to constrain the representation of key processes linked to fotwo independent data sources (PICARRO and FTIR) using
example cloud microphysic$S¢hmidt et al.2005 or con-  the outputs of the ECHAM5-wiso isotopic AGCM (T63) that
vection Risi et al, 20123. has been run in a nudged version using ERA-Interim reanal-
In a comprehensive approadRisi et al.(2012a b) have  ysis fields Dee et al.2011;, Berrisford et al.2009. This in-
brought together and compared satellite data sets from vartercomparison will focus on a relatively short period between
ious instruments (SCIAMACHY, TES, ACE and MIPAS) April and September 2012.
and ground-based remote sensing (FTIR at the NDACC and
TCCON sites) and in situ techniques (surface vapour mea-
surements and in situ aircraft data). From this comparisorp In situ isotopic measurements of surface water
Risi et al. (20123 extracted the most robust features and  vapour
then used the LMDZ IGCM (LMDZiso) to understand and
quantify the sources of differences between these data seté. Picarro laser instrument of type L2130-i was received by
They pointed out significant differences between data set&Jral Federal University in March 2012. Laboratory tests and
but their common features appear to be remarkably well refurther periodic calibration in the field were conducted in
produced by LMDZiso in the lower and mid-troposphere, order to verify the reproducibility of the device using two
at large scale. However, iRisi et al. (20123, the ampli-  different reference water samples: (i) DW (distilled water
tude of seasonal variations, the meridional isotopic gradientvith §D = —96.4 %o0); (i) YEKA (mixing Antarctic snow
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Figure 1. Map of the target region (western Siberia). Kourovka observation site is marked with a red star and Yekaterinburg is marked with
ared circle. The white star denotes the future site at Labytnangi.

with distilled water with§D = —289.0 %o). A third depleted ues. Humidity level changes from 5000 to 29 000 ppm with
reference sample (iii) DOMEC (LSCE water standard with the mean value of 14 000 ppm and this leads to variation in
3D = —424.1 %0) was also used to assess the linearity of thehumidity—isotopologue of response less than 3 %o.
system. Exact isotopic values of the reference water samples The overall calibration protocol used was real-
were measured at LSCE by IRMS. ized according to the six-step protocol described in
The instrument was installed in Kourovka Observatory in Steen-Larsen et 82013, except for the humidity correc-
mid-March 2012, inside the same room as the FTIR spection that was not applied for this case.
trometer. Also the Kourovka site is equipped with Gill In-  Finally, we use both hourly and daily average values to
struments MetPak-II meteorological station which providespresent this data set and compare it with ECHAM5-wiso
every second measurements of atmospheric pressure, windodel results. For the period from 1 April to 30 September
speed and direction, air temperature and relative humidity. 2012 over which we will compare data and model results,
The quality of the post-processed data strongly depend2476 hourly PICARRO measurements were produced which
on the stability of the calibrations. Water standard measure€orresponds to 67 % of the total duration (3671 h). As FTIR
ments are considered unstable and not taken into accouriSect. 4) data are specifically used to get information about
when standard deviations of humidity ad®, are above §Dy in the water column, we will hereafter focus on this pa-
600 ppm and 3 %o, respectively. During the measurement perameter both for the discussion of the data set and its com-
riod (from April to September) the total number of successful parison with model results.
calibrations was 70 for DW and 130 for YEKA. The currently availabléDy data set extends to 21 Novem-
Figure 2 shows the variability in the measured standardsber. We have, in FigB, displayed both hourly individual mea-
fitted with polynomial of fifth degree. Despite the presence of surements and a smooth curve (five-point running mean) lim-
certain gaps in calibrations due to the problems with powerited to periods over which there are at least 6 hourly measure-
supply, leakage of SDM syringe and instability of SDM soft- ments successively. The amount of water vapour (as mea-
ware, the overall drift of the system during 6 months is lesssured by the PICARRO instrument) is reported in the same
than 5 %o.. Fitted polynomials were used for transferring thefigure along with surface temperature using either measure-
instrument isotopic values to the V-SMOW scale. ments at the site available since 1 April or ERA-Interim re-
As outlined bySteen-Larsen et a{2013, isotopic mea- analysis data for the entire period (as used for the simula-
surements are sensitive to water vapour concentration, so tion).
is required to establish calibration response functions as a As expected, the deuterium time series shows a clear
function of humidity, based on measurement of referenceseasonal cycle with its lowest values in spring (minimum
waters injected at different humidity levels, from 1000 to —232 %o on 5 April) and in autumn (minimum 246 %o on
25000 ppm. These response functions were determined it8 November) and highest levels during summet @3 %o
situ in April 2012. However, for the period of interest we do reached on 14 July and 11 August). While the highest
not observe any significant effect on the measuied val- monthly mean values are observed in June—August, the
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Figure 3. Time series includinga) hourly (grey dots) and run-

ning (five-point, blue curve) means of specific humidity measured
by PICARRO at Kourovka statiorfb) hourly (grey dots) and run-
ning (five-point, red curve) means &b measured by PICARRO at
Kourovka,(c) local temperature derived from ERA-Interim reanaly-
sis data(d) local temperatures measured at Kourovka by MetPak-II
meteorological station.

2204 e
-296}

—298,

4D, permil

3Dy = ((1+8Do)(gv/q0)® V) — 1, in which §Dg and go
are the deuterium content and the amount of water vapour
at the oceanic origin of the air mass, whilg, stands for

5 ‘ &‘ oﬂl 0@‘ 0@‘ Qﬂ‘ &' oﬂ‘ the average value of the fractionation coefficient between the
LS S i I L L oceanic source and the sampling site. Assuming no change in

the conditions prevailing at the oceanic source (which again
Figure 2. Variability of DW1 (top panel) and YEKAL (bottom s too simplistic) this should translate into a linear relation-
panel)_ star_1dards measurements along with the polynomial fit useghip between I(L + 8Dy) and Ingy) while the link with site
for calibration. temperature results from the Clausius—Clapeyron equation.
With this in mind, we have plotted (& + 5Dy) vs. In(gy)

. . . . . hourly (Fig.4a) and daily (Fig4b) means andDy vs. the
highest single hourly value is recorded to occur in SPrNY gite thgpegratu)re using ggtﬁerghoarly data for the period over
(=92% on 10 May). Indeed, large, and for some of them'which we have measurements at the site (Bm. or daily
rapid Dy variations are superimposed on this seasonal Cy'temperature in the Kourovka grid box (Figd) as derived
cle which will be fully described when winter dz_ita are availi from reanalysis data (see Settl). In line with the Rayleigh
able..These fluctu_atlons aré more pronouncgd In autumn Withh, o i \which the fraction of water remaining in the cloud is
amplitudes reaching about 100 %o than during the summeg, . oimary driver of isotopic changes, there is a strong corre-
during which no fluctuation exceeds 45 %.. They are clearly .0 (2 = 0.67) between It + 5Dy) and In(gy) for hourly
related tq large variations in temperature and to aSSOCiateéaatawhich increases{ = 0.71) when considering daily data
changes in the amount O.f wa_ter_ Vapanr, and thus eliminating the diurnal cycle. The correlatioAD§

Although much too.3|r.npl|st|c, a Rayleigh type model with temperature is weaker for hourly data either using local
helps t_o understand this link betwe&Bv,_ temperatgre an.d meteorological measurement$ & 0.46) or reanalysis data
qv. This model Dansgaard1964 considers the isotopic (r? = 0.49, not shown). It increases for daily datd & 0.72)
fractionation occurring in an isolated air parcel in which atasimila,r level as observed forhy).
the condensed phase is assumed to form in isotopic equi-
librium with the surrounding vapour and to be removed im-
mediately from the parcel. The isotopic composition of the
water vapour at a given sitéDy, is well approximated by

—30%,
oM
T

P e
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Figure 4. Scatter plots for IGl+3Dy) vs. In(gy), hourly (a) and daily (b) means;sDy (PICARRO) vs. local temperature measured at
Kourovka(c); 6Dy (PICARRO) vs. ERA-Interim reanalysis temperatufés

3 Ground-Based FTIR Columnar values 0§DFT'R were derived from total col-

umn abundances of HDO ang@ retrieved from the spectra
Ground-based FTIR spectrometers are widely used for rerecorded from July 2012 to June 2013 in Kourovka. For data
mote measurements of the atmospheric composiN@tholt  processing, the standard TCCON software GFIT was used
and Scherms1994 Wunch et al. 201Q 201% Hannigan  (Wunch et al. 201Q 2011). GFIT retrieves the total num-
etal, 2009. Data from the Ural Atmospheric Fourier Station per of molecules in the vertical atmospheric column, using
(UAFS) in Kourovka astronomical observatory (57.088  the algorithm of profile scaling retrieval with the assump-
59.5453 W, 270 m altitude, 80 km to the west from Yekater- tion that the shape of the profile of the retrieved gas is well
inburg city) were used for comparison with ECHAM5-wiso known. HO, temperature and pressure a priori profiles are
output. UAFS provides high-resolution ground-based obserhased on reanalysis data provided by National Centers for
vations of atmospheric transmittance in the spectral regiorenvironmental Prediction and the National Center for Atmo-
of 4000-11000cm®. At TCCON sites, operating instru- spheric Research (NCEP/NCARYdInay et al, 1996. The

ments are Bruker IFS-120HR and IFS-125HRunch etal.  HDO a priori profile is calculated from the @ profile as
201Q 2011 which provide accurate and precise retrieval of follows (Wunch et al. 2011):

column-averaged atmospheric concentrations of such gases

as CQ, CHy, Ho0, HDO, etc. UAFS is equipped with a xﬁgozo,lexagro <8,o+|og10 (x;j‘;[))) (1)

Bruker IFS-125M mobile spectrometer (aligned by TCCON

members in July 2012). At present, TCCON does not ac-wherexSD is the a priori HDO volume mixing ratio (VMR)

cept mobile versions of IFS-125 instruments but some studpygfile andxZPC is the a priori BO VMR profile. Exam-
L 2 -

ies show that they are able to achieve the required accurac:egIes for O and correspondin@p{fT'R a priori profiles ob-
1Sy 0, 0,
?S:ﬁ?g'f';né 0.20% for XCQ, and< 0.16 % for XCHy) tained from NCEP reanalysis data for each day of July 2012

are shown in Fig9. Most of thesD variations are already
represented in a priori vertical profiles (see Fif)). HDO
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cle (Werner et al.2011) analogous to the isotope modelling
0 . . approach used in the previous model releases ECHAM3
(Hoffmann et al. 1998 and ECHAM4 (e.gWerner et al.
200)). For each phase of “normal” water (vapour, cloud lig-
uid, cloud ice) being transported independently in ECHAMS5,
a corresponding isotopic counterpart is implemented in the
model code. The isotopic and the “normal” water are de-
scribed identically in the GCM as long as no phase transi-
tions are concerned. Therefore, the transport scheme both for
active tracers (moisture, cloud liquid water) and for the cor-
responding passive tracers (moisture, cloud water and cloud
ice of the isotopologues) is the flux-form semi-Lagrangian
transport scheme for positive definite variables implemented
in ECHAMS (Lin and Rood 1996. Additional fractiona-
tion processes are defined for the water isotopologue vari-
ables whenever a phase change of the “normal” water occurs
in ECHAMS. Two types of fractionation processes are con-
. . . sidered in the model: equilibrium and non-equilibrium pro-
-400 ~300 200 ~100 0 cesses. An equilibrium fractionation takes place if the corre-
sponding phase change is slow enough to allow full isotopic
Original a priori profile equilibrium. On the other hand, non-equilibrium processes

Figure 5. Sensitivity of the retrieval from FTIR observations to dif- depend even on the velocity of the phase change, and there-

ferent a priori assumptions. Retrievals started from initial guess de{0r€ on the molecular diffusivity of the water isotopologues.
fined by Eq. () are plotted vs. retrievals started from constant and Processes which involve fractionation processes include the
equal to zero initial guessDy vertical profile. Standard deviation ~€vaporation from the ocean, condensation either to liquid or
of retrieval difference is about 1 %o. to ice, as well as re-evaporation of liquid precipitation within
the atmosphere. For evapotranspiration from land surfaces,
ossible isotopic fractionation is neglected (¢¢&fmann

(@]
o
pu o
o
o
ge

T
Linear Fit

-100

-200 -

-300 -

Constant a priori profile of 0%

signatures in the near-infrared spectral region are rather weak; o1 1998for detailed discussion of this issue).
compared to the D signatures. The informational content ECHAMS5-wiso has been validated with observations
of such measurements is discussed in Sect. 5.2. Microwin:

@ : Wiof isotopologue concentrations in precipitation and water
dows containing saturated,B lines were excluded from fi- vapour (angebroeck et al201% Werner et al.2011). On

nal results to achieve more robust retrieval. As database 05 global and European scale, the annual as well as sea-

water vapour spectral parameters, the revised line list wagy,4 ECHAM-5-wiso simulation results are in good agree-
used Ghillings et al, 2011). Spectral parameters of other mentyyith available observations from the Global Network of
gases were taken from the HITRAN 2008 line li®othman - s410pes in Precipitation, GNIRAEA-WMO, 2008. Fur-
et al, 2009. To check the sensitivity of the retrieval to the ermore, it has been shown that the simulation of water
a priori vertical pro_flle o_f HDO, another retrieval run with isotopologues in precipitation does clearly improve for an
constandDy a priori profile equal to zero (corresponding 10 jycreased horizontal and vertical model resolutigve(ner
natural abundance of HDO in the ocean) was performed_. Fidat al, 2011). The simulated near-surface isotopic compo-
ure5 shows a scatter plot fédDy values retrieved using dif-  giion of atmospheric water vapouDy is also in fairly
ferent a priori vertical profiles. This reveals that the retrieval good agreement with recent observations from five differ-

of columnarsDy values does not depend essentially on thegnt GNIP stations. Model values and measurements agree

initial guess. well with differences in the range of10%. A compar-
ison of the ECHAMS5-wiso simulations with total column

4 The ECHAM isotopic model averaged HDO data determined by the SCIAMACHY in-
strument on board the environmental satellite ENVISAT

4.1 Model setup (Frankenberg et gl2009 shows the same latitudinal gra-

dients, but an offset between 20 and 50 %o of unknown ori-
Atmospheric simulations were carried out using ECHAM5- gin. Focusing on Europe, the results bgngebroeck et al.
wiso (Werner et al. 2011), which is the isotopologue- (2017 indicate that variations o§180 in precipitation are
enhanced version of the atmospheric general circulatiorrather a regionally integrated signal of several climate vari-
model ECHAM5 Roeckner et a].2003 2006 Hagemann  ables than a proxy for either local temperature or precipi-
etal, 2006. Both stable water isotopologue%%) and HDO tation changes. This finding is not just valid for ECHAM5-
have been explicitly implemented into its hydrological cy- wiso results, but is also supported by other modelling results

Atmos. Chem. Phys., 14, 594%957 2014 www.atmos-chem-phys.net/14/5943/2014/
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(e.g.Schmidt et al.2005 and confirmed by observational N 1010
data (GNIP and ERA-40). 1000
Based on our previous findings, we employ in this study 990 &
the ECHAMS5-wiso model with a medium-fine horizontal %0 2
spectral resolution T63 (about 2.2 1.9). The vertical res- 970 §
olution is 31 hybrid levels. The model is forced with pre- 960
scribed values of present-day insolation and greenhouse ga b 950

concentrations IPCC, 2000, as well as with sea-surface %

temperatures and sea-ice concentrations according to ERA
Interim reanalysis dateDee et al. 2011, Berrisford et al.
2009 ECMWF data serve2012.

In order to allow a comparison with observations at the 0
sub-seasonal scale, the ECHAM5-wiso model is nudged to
reanalysis data, which ensures that the large-scale atmo
spheric dynamics is correctly represented. Every 6 hours the
dynamic—thermodynamic state of the model atmosphere is
constrained to observations by implicit nudging (ekg-
ishamurti et al.1992; implemented byRast 2012, i.e. mod-
elled fields of surface pressure, temperature, divergence ant,,
vorticity are relaxed to ERA-Interim reanalysis field3ee

et al, 2011, Berrisford et al. 2009. If we compare clima- 3 20 7 M MW
tological means of measured surface temperatures in Yeka-§ 160 (’r w W

20

temp (°C)

a. (9/kg)

-80 —

terinburg Russia’'s Weather Serye2012 with ERA-40 cli- 200
matology data, we find a good agreement of the temperature |
seasonal cycle. The ERA-40 mean monthly surface temper- e M‘ 1 J‘ 1 J‘H A‘ 1 ‘ 1 ‘ 1
atures show a small warm bias of less th&CIor the pe- ” “ o ’ * 5P o
riod May—November, and slightly larger deviationsl(0O to  Figure 6. Time series of ECHAMS5-wiso simulation values between
+2.2°C) between December and April. 1 April and 30 September 2012 () surface pressure (green line),
Although the hydrological cycle in our ECHAMS5 setup (b) surface temperature (blug)) vapour amoungy of the low-
is fully prognostic and not nudged to the ERA-Interim data, est model grid box (grey)d) sD of the water vapour (yellow). In
in western Siberia the differences of the simulation resultsPanel(c) and(d) the related smoothed PICARRO measurements
as compared to the hydrometeorological reanalysis fielgdred lines) are shown forfzomparison.The modelvalues are all taken
are small. For instance, modelled daily precipitation agreed™™ the grid box enclosing Kourovka station.
within 1mmday ! with reanalysis data, and the agree-
;nrinzgvrgg:rse%w?;%nzifrl:]ﬁr;regqg;\fe;lfurg%nt\,f\]gt::/evggsusrerage temperatures of the same order of magnitude in large
(TCWV) tends .to be systematically overestimated by 4_parts:_of easFern Siberia. For September, temperatures in all
. o Siberian regions were anomalously warmAay—3°C.
6 mm compared with reanalysis fields.
Our simulation starts on 1 January 2000, with an internalg o Model results
model time step of 12 min. For comparison with the available
isotope observational records at Kourovka, we analyse simwe briefly describe the simulated near-surface temperature
ulation results for the period April to September 2012. We and surface pressure at the location of Kourovka (B)g.
always evaluate model results with a temporal resolution ofA clear diurnal cycle is evidenced with typical day—night
1 hour, if not stated otherwise. For Kourovka, we are usingtemperature changes ef5-10°C. Superimposed on this
values at the model grid point closest to the station. diurnal cycle, the temperature record reveals strong varia-
For the period April to September 2012, an analysistions within a timescale of a few days. These changes can be
of ERA-40 and ERA-Interim surface temperature data re-as large as 10-1%. On the seasonal timescale, the differ-
veals that the region around Kourovka station was anomaence between low-temperature values in April and Septem-
lously warm, as compared to the long-time average temperaber, respectively, and the summer temperature maximum in
tures (reference period 1960-1999). Strongest above-averaggid-July to mid-August adds up s 20°C. This is slightly
warming with temperature anomalies ®4-4°C occurred  higher than the climatological observations from Yekaterin-
in April and June, while in May and July temperatures were burg. Surface pressure at Kourovka varies between 960 and
only about 1-2C warmer than average. For August, we find 1000 hPa. This record also shows some multi-day variations
still an above-average warming of 12@ at Kourovka and  put clearly lacks both a diurnal and seasonal cycle.
adjacent regions of western Siberia, but also cooler than av-
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The simulated amount of water vapagy in the lowest  sition at all other grid cells, we estimate that variations of iso-
atmospheric model layer also shows strong temporal variatope values in vapour at Kourovka are representative for iso-
tions at a timescale of a few days. While the water content intopic changes in a region between 45-F5and 48—-66N,
the air is rather low (3—6 g kg air) between the beginning with a correlation coefficient higher thar-0.5. A similar
of April and early May, it rises thereafter to values of up to correlation pattern is found for variations of the water vapour
15 g kg ! air. From mid-July to end of September, the simu- amountg, but with slightly higher mean correlation coeffi-
latedgy values then fall back into the range 5-10 gkair. cients ¢ > +0.65). In contrast to these water quantities, the

ECHAMb5-wiso simulates surface-level water vapéx, simulated near-surface temperature shows a much stronger
values (hereaftefDy) mostly in the range-200 to—100%.  and spatially extended correlation between Kourovka and its
at the Kourovka site between April and September 2012surroundings (meanvalues> 0.9).

(Fig. 6). The model shows isotopic variations of 30-50 %o

over a few days, over which are superimposed smaller short-

term fluctuations lasting a few hours. The lowéBt, values 5 Data comparison

are found in early April and early May as well as in mid- to

late September, while summéD, values are less depleted. 5.1 Surface§D,: model data comparison

A distinct peak event iaD, occurs between 30 August and

3 September. The ECHAMb5-wiso results are first compared to the ob-

Both the simulatedD, values of the total water vapour served hourly water vapour PICARRO data(Fig. 3c, red
column and$D in precipitation (not shown) are highly cor- lines). The model correctly captures the patterns and magni-
related with the simulate8D,, values near surface & 0.90 tude of variability, with a very large correlation coefficient
andr = 0.97, respectively, for hourly values between 1 April (r = 0.89). Absolute values of water vapour measured with
and 30 September). Compared to the surface valued[Xhe the PICARRO instrument are up to 20 % higher than the re-
signal of total water column is depleted §320-30 %.. Pre-  lated model values. This might be explained by the facts that
cipitation occurs at 1216 1h intervals between April and the ECHAM5-wiso values represent the mean of the lowest
September (total number of 1 h intervals during this period:atmospheric model level (surface 4660 m) while the PI-
4392) with a mean enrichment ef+70 %0 as compared to CARRO measurements were carried out at a height of 8 m,
the surrounding vapour. and that the closest model grid box has a much larger size

As seen in Fig6, the multi-day variations ofDy, gy and  than the point of in situ measurements and is located above
surface pressure are strongly correlated. From our analysespmplicated terrain containing small lakes and rivers with al-
we find the strongest links between variations of temper-titude differences of about 400 m.
ature and water amoumt, (r =0.70), while variations of SimulatedsD, values are often 30—40 %o less depleted
3Dy are only weakly linked to local temperature=£ 0.56) than the corresponding PICARRO data. This suggests a lack
andgy (r = 0.60). Our results support previous findings that of depletion either along air mass trajectories or due to
8Dy variations on daily and synoptic timescales are often notboundary layer mixing. Despite the systematic offset, a high
strongly correlated with local temperature or water amountcorrelation ¢ = 0.77) is obtained between model and ob-
changes, but rather represent a more integrated signal afervedDy hourly variations. This result shows that the intra-
the climatic conditions during the transport of the vapour to seasonabD, variability at Kourovka is dominated by the
a specific site (e.gSchmidt et al.2005 Langebroeck et gl.  synoptic variability, which is correctly resolved by the model
2011). Modelled surface pressure variations at Kourovka arein the nudged configuration.
neither strongly correlated to surface temperatures, to wa- The PICARRO data exhibit a stronger correlation between
ter vapour, nor t@D, (correlation coefficientr| < 0.2 in all 3Dy andgy (r =0.73) than simulatedr(= 0.60). We note
cases). that this might be partly influenced by the lower number of

In addition tosD, the isotopic signal 08180 of the var-  measured data pointa & 3066) as compared to the total
ious water reservoirs and fluxes is also modelled withinnumber of hourly modelled values & 4392) available for
this ECHAM5-wiso simulation. At the grid point closest the period between April and September 2012. However, if
to Kourovka, we find a strong linear correlation between we limit the analyses of the ECHAMD5 values to those points
hourly values 08D, ands'80, (r = 0.997), with a slope of in time when PICARRO measurements exist, the simulated
m =7.99 and a mean deuterium excess valu@efined as  correlation betweerdD, and gy, strengthens only slightly
d = 5D —8x 8180) of +10.2 %0. Between April and Septem- (r = 0.61).
ber, the modelled hourly excess values range betweeiio The PICARRO observations and ECHAMS5-wiso results
and+20 %.. The potential use of the deuterium excess dataconsistently depict two pronouncé®, negative excursions
to identify different transport regimes of moisture towards with minimum and maximum values 6200 and—2100 %o,
Kourovka will be investigated in detail in future studies. respectively, for the first days of April 2012 and May 2012.

From correlation analyses (not shown) of the simulatedAnother negative excursion occurs on 12 September. Exem-
daily meansD,, values at Kourovka and the isotopic compo- plarily, we have chosen the May event with highly depleted
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tailed analysis of the atmospheric conditions leading to this
fast and strong isotope shift in vapour at Kourovka (Fgin
the model framework, the minimum 8D, lags a local sur- b) 1 May, () 10 May for the region 45-7N, 15 W-9C° E as
face pressure minimum by 1 day and precedes a drop in SL"&mulate(?i/,by ECHAI\/)|,5-WISO Thg location of Kourovka station is
face air temperature, which reaches its lowest temperaturel%arkeol by a red cross.

4 days later. This sequence of events suggests thatsfich

variations at Kourovka are related to passages of dynamic

low- and high-pressure systems and advection of remote air

masses. This hypothesis is further investigated by analysis afiddle panel). During the following days, this northerly air-
the isobaric flow at 850 hPa. A few days before this deple-flow caused the cooling at Kourovka. Starting from 7 May,
tion event, the Kourovka area was receiving southwesterlya new high-pressure system south of Kourovka was again
air masses transporting relatively warm and enriched vapoudominating the atmospheric flow pattern, bringing warm and
(Fig. 8, top panel). Around 1 May, the atmospheric circula- relatively enriched vapour to this region (Fi§, bottom

tion changed due to a pronounced low-pressure system nortpanel). These simulated changes in atmospheric transport to
of Kourovka. As a result, the main air flow was then trans- Kourovka between 20 April and 11 May are in good agree-
ported from central Siberia with depletéd, levels (Fig.8, ment with back-trajectory analyses of air masses, available

Figure 8. Horizontal wind flow at 850 hPa (vectors) asid compo-
sition of the total water column (coloured pattern) aj 23 April,
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H20 (ppm) dD (permil) humidity in the same layer according to the a priori profile
used in the retrieval (converted from wet to dry-mole frac-
tional values according té&/unch et al, 2010, A; is theith
component of the column averaging kernel vectop; is the
thickness of theth atmospheric layeg is the gravity accel-

from theAERONET (2012 for the location of Yekaterinburg eration. Column averaging kernel as a function of pressure
for different solar zenith angles of measurements are shown
(not shown).

We conclude that PICARRO measurements and" Fig- 11 GFIT a priori and averaging kernel profiles are
ECHAMS-wiso simulation results ofsD, and related tabulated using a different vertical coordinate system than

quantities (vapour, surface temperature) between April the model profileg (71 pressure levels vs. 31_hybrid Iayers).
and September 2012 are in good agreement. Even short-terf ensure numerical consistency, model profiles were inter-
isotope variations occurring on an hourly timescale arePolatéd to the same vertical resolution as averaging kernel
correctly reproduced in this nudged simulation. Thus, one(’1 Pressure Ie':\ﬁFI{s) before the vertical integration was car-
may safely use the ECHAM5-wiso model results for an f€d out. ThesD| ™ of total column water vapousDrcvw)

improved interpretation of observed isotopic variations nearVas then calculated from the normalized ratio&fpo and

Kourovka in future studies. H20- ) ETIR
To check how retrieved columndDy, '™ values corre-

52 Comparison of FTIR data with measured at surface late to collocated grOUnﬁle values we selected FTIR and

and model data extended until June 2013 PICARRO measurements taken
within the same hours.

Since the model provides hourly averaged output data, data Before we enter the comparison between smoothed

retrieved from FTIR measurements taken within 1 h wereECHAMS5-wiso results and observations, we consider the

also averaged. For the comparison between model and FTIRffect of applying column-averaging kernels to the original

observations we assume that the modelled HDO ap@ H model results. In Kourovka, it shifts the original model re-

profiles are true, and we smooth original model values bysults for§Dtcyw to more positive values by about 32 %o in

applying the following equatiorRodgers and Conng2003 the average, and also induces a change of the expected slope

Risi et al, 20123 Wunch et al.2010: between smoothed and originally simulat#drcyyw from

1.0to 0.78. The positive shift of retrieval values is essentially

a consequence of the fact that between 1000 and 200 hPa, the

isotopic ratio of TCCON a priori profiles is systematically

higher than in the ECHAM simulations. The change of the

wherey is the retrieved scaling factor for the a priori pro- slopes deserves further investigation.

file. Here, Q is the retrieved total column mass of HDO or  FTIR measurements were carried out in Kourovka on

H,0, respectivelyygS™ is the specific humidity profile simu- 32 days during one year between 10 July 2012 and

lated by the model for atmospheric laye ' is the specific 30 June 2013. To evaluate whether HDO retrievals add some

0

Figure 9. H,O and correspondingD a priori profiles derived from
NCEP/NCAR reanalysis data using Ed)).(

QZXH:%(AI'"I?im"‘(l—Ai)'tiapr)’ @

i=1
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o H 50 wn
ments on July 10, 2012 record an increaséDf 'R from
0.8 17 W 40 morning to noon by about 15 %.. Observations and smoothed
model results are correlated with = 0.95 and scatter with
an absolute standard deviation of 19 %0 (see ERp). The

1 e ! 30 observations are systematically shifted to the higher values
.5 1 1.5 2 2.5 3 0.5 1.5 2.5 3.5 4.5 .
o - compared to the model results by approximately 18 %. and
have larger amplitude of variations by approximately 30 %.
Figure 11. H>O and HDO column averaging kernels for different Systematic shift and slope in results can be explained by the
solar zenith angles. uncertainties in spectroscopic parameters, such as line in-
tensities, broadening and temperature dependence of broad-

0~ ening coefficient in the line list. The measured increase of
8DFTIR since 10 July 2012 is also found in the model re-

sults but with a smaller amplitude (10 %o). In the model,

100 L this fast isotopic enrichment coincides with the temporal
® Summer evolution of lower tropospheric temperatures, exhibiting for

le‘ipg;go'% Kourovka a pronounced diurnal cycle during the summer

months. The values @D{ 'R demonstrate better agreement
® Winter with the model than the values éDj priori, €specially for
le(’ng;om} summer months. Hence, FTIR retrievals add some informa-
tion to our knowledge 08D distribution in the atmosphere.
-300 I I I While correlation for winter measurements is improved af-
-300 =200 -100 0 ter retrieval of HDO from FTIR measurements, the slope
. has deteriorated. Figl3b represent$Df ™R compared to
dDEcHam, %0 ECHAMS5-wiso output — both values are with the deduction
Figure 12. Winter and summesD calculated from retrieved O 0f 6Da priori which i”C'“‘?'e§ contribution from NCEP/NCAR
using Eg. 1) vs. ECHAMS5-wiso output without FTIR retrieval of reanalysis data, #O variations, and dependence of HDO on
HDO. H->O corresponding to Eql). Bad correlation between win-
ter values can be conditioned by low spectral signal because
of low concentration of HO in cold air. The correlations be-
value to information oD in the atmosphere, we compared tween columnar and measured at surface valuéBgivere
a priori 8D calculated from retrieved #D using Eq. {) (de- also investigated. The left panel of Figg shows columnar
noted aséDa priori, because it does not contain information vs. surface values from ECHAMS-wiso output. For this plot
from HDO retrieval) to ECHAMS5-wiso output. Also we di- we used smoothed values calculated using Bgag colum-
vided all measurements into summer data (air temperature atar values and lowest point in model vertical profiles as sur-
surface is above I®) and winter data (temperature is below face values. The right panel of Fig4 shows FTIR colum-
—15°C). As one can see in Fid.2, a priori and simulated nar retrieved values vs. values measured by Picarro instru-
data are already in good agreement with= 0.91, and win-  ment at the surface; all data are hourly averaged. This com-
ter values are in better agreement with the model data thaparison demonstrates that correlations for both cases are ap-

N
o
S

dDapriori , %o

summer data. proximately the same (= 0.68 vs.r = 0.63 for summer, and
The values ofsDFT'R obtained from retrieved 0 and  r = 0.80 vs.r = 0.82 for winter).
HDO concentrations range from282%. on 22 Febru- Study of the influence of different sources of uncertainties

ary 2013 t0—5.9%0 on 12 June 2013. Multiple measure- onsDy retrieved from near-infrared solar spectra measured at
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To sum up, thesDy comparison between two observa-
tional approaches and a medium-high resolution IGCM, un-
dertaken for the first time at a given site, is quite promis-
Summer ing. Data acquisition with the Picarro instrument will now
200 sopes be performed on a continuous basis and a second instrument

r=0.63

Winter Winter will be deployed in summer 2013 at Labytnangi located near

slope = 1.06 300 slope = 1.65

rof0 i ros the Arctic circle (6839 N, 66° 23 E, see Fig.1l) with the

300 200 -100 0 300 200  -100 0 aim of contributing to an Arctic network now under develop-
3Dsurr 3DpicaRRO ment. Further work will include the exploitation of oxygen-

_ _ ~ 18 and associated deuterium excess from the PICARRO data,

Elgafmlsdz;/vigma?/aeggg dOLsiCr?gl;uggza)??vajé 52‘(’:Ha;|\jg_r\tagi' a comparison of the algorithm developed to infer colin

5Dy at surface (left panel), and FTIR retrievals comparedq from the G.OS.AT thermal mfrareq band and the method cur-

measured by Picarro instrument at surface (right panel). rently applied in the short-wave Infrareﬁrgnkenberg et a.l.

2012, as well as the development of an improved algorithm

to exploit FTIR data for isotopic purposes. A comprehensive

the surface and more detailed investigation of retrieval sensitheoretical study for characterization of near-infragsal,

tivity and cross-dependence on humidity is postponed for theground-based FTIR product is required. Finally, the use of
a second IGCM (LMDzZiso) together with cloud-resolving

r=0.89

AN

o

S
T

Summer
slope = 1.42
r=0.68

8DcoLumN
N
o
o
T
ODeTIR

-300 -

future.
models with isotopic water precipitationBlfssey et al.,
2010 should help to interpret these data in a larger geograph-
6 Conclusions ical context.

The present study is part of a project aiming to investigate

the water and carbon cycles in permafrost regions and pris- .
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