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Abstract. This paper investigates the scientific value of complementary information to the%FD retrievals. However,
retrieving I—éBO and HDO columns in addition to %ﬁo these data have to be used carefully, because of the different
columns from high-resolution ground-based near-infraredvertical sensitivity of the I%PO, H%SO, and HDO columnar
spectra. We present a set of refineff@, H380, and HDO  retrievals. Furthermore, we have to note that the retrievals
spectral windows. The retrievedifD, H3®O, and HDO  use reanalysis humidity profiles as a priori input and the re-
columns are used for an a posteriori calculation of colum-sults are thus not independent of the reanalysis data.

nar 8D and §180. We estimate the uncertainties for the so-
calculated columnasD ands'®0 values. These estimations
include uncertainties due to the measurement noise, errors iT
the a priori data, and uncertainties in spectroscopic parame-
ters. Time series of'°O obtained from ground-based FTIR Monitoring of isotopic content of water vapour provides

(Fourier transform infrared) spectra are presented for the ﬁrs%/aluable information about the water cycle. Heavier water

time. isotopologues, HDO andﬁo, condense more actively and

Iat!:oc: r?;rdsetlu((é%ﬁil'\jﬂsg ag; pvr:/f:hsc)'sct)ﬁ;ﬁ";‘g?nﬁr?: C;.rgg'evaporate less actively than the main isotopolog%ﬁﬂ:ldue
: WIS0). W UIPRYSICS 4 differences in the saturation vapour pressure of these three

S|.mulat|on of HDOG and %'80 can aIregdy be.reasonably plre— molecules. As a result of this “equilibrium” effect, each cy-
dicted from the H°O columns by a simple linear regression e of evaporation and condensation generally results in de-
model (sclatt_ervaluezget\/\(/jez;flljcll p:és(gcs anscéblmear reE_Jresf)letion of air of H®0 and HDO with increasing depletion
sion simufations are 35 and 4 %o tor and®®, respec- s the water vapour mixing ratio, and thus the air mass tem-
tively). We document that the columné ands'®0 values  perature, decreases. This depletion process affects g8 H

o : 8 . ) ) g
as calculated a posteriori from the retrievals P8, H°O,  and HDO with subtle differences, explained by an additional
and HDO show a better agreement with the ECHAMS-wiso yjnetic effect which produces variance in the diffusivity of

: : 18 . . hl .
simulation than théD and$-"0 values as calculated from \yater molecules in the air. More specifically, the equilib-

the H,%0 retrievals and the simple linear regression model.rjym effect is 8-10 times larger than the kinetic effect for
This suggests that the3D and HDO column retrievals add HDO, while it is of the same order of magnitude fobde.

Introduction
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This results in a significant difference in processes occur- The ATMOS (Atmospheric Trace Molecule Spectroscopy)
ring too far from equilibrium for both isotopologues. In the Fourier transform infrared (IR) spectrometer, installed on the
atmosphere, this is the case for evaporation of large dropSpace Shuttle, was the first instrument used to retrieve in-
below the cloud base and for the formation of ice crystalsformation about stratospheric abundances é?CH HDO,

in a supersaturated environment. When occurring in a giverH%GO, and their ratios (Rinsland et al., 1991; Kuang et al.,
air mass, these processes leave an imprint in the relative003; Coffey et al., 2006). Actively developing satellite re-
change of HBO with respect to HDO in the remaining water mote sounding techniques made it possible to obtain spatial
vapour. In turn, the isotopic composition of water vapour (ei- and temporal distributions @D in the troposphere by a pos-
ther I—EZLSO or HDO) can be used for understanding the atmo-teriori D calculations from retrieved %ﬁo and HDO con-
spheric water cycle, while co-isotopic measuremem;@@% centrations (Gribanov and Zakharov, 1999; Zakharov et al.,
and HDO) can shed light on kinetic processes associated witR004; Herbin et al., 2007, 2009; Frankenberg et al., 2009,
these evaporation and condensation processes (Jouzel et &Q13; Boesch et al., 2013), and by applying an optimal es-
1987; Hoffmann et al., 1998; Noone and Simmonds, 2002timation strategy to retrievéD, which produces results not
Yoshimura et al., 2008; Risi et al., 2010a, b; Werner et al.,affected by different vertical sensitivities to#0 and HDO

2011). (Worden et al., 2006, 2007; Schneider and Hase, 2011). The
Usually, concentration ratios of different isotopologues arefirst attempts to obtain troposphedé®0O from space were
expressed in terms of delta values: made by Herbin et al. (2007) using IMG/ADEQS (Inter-
ferometric Monitor for Greenhouse Gases/Advanced Earth
STA — ( (nx / na)sample 1) - 1000[%o]. ) Observing Satellite) spectra in the thermal IR region. How-
(nx / na)standard ever, satellite measurements cannot provide sufficient accu-

racy and precision to get temporal variationss&O in the

where (n, / na)sampleiS @ measured ratio of the less abun- atmosphere. Remote sensingi®from ground-based FTIR
dant isotopologue to the most abundant, énd/ na)standard ~ (Fourier transform infrared) instruments was pioneered by
is a standard ratio. The Vienna Standard Mean Ocean WaSchneider et al. (2006, 2010, 2012) in the thermal infrared,
ter (VSMOW) values are 2008x 107 for 280 /10 and  and is now under development in the near-infrared (Gribanov
15576 x 10-© for D / H (Craig, 1961). A commonly used et al., 2011; Skorik et al., 2014). Routine monitoring of at-
approach for extracting information froat80 andsD co-  mospherics180 is limited to in situ measurements of water
isotopic measurements is through the deuterium excessapour isotopic composition at the surface and analysis of
which is defined by Dansgaard (1964)&s: 5D — 8- §180. precipitation samples (Rozanski et al., 1992; Kerstel et al.,

Thanks to the recent development of methods, which allow1999; Lee et al., 2005; Steen-Larsen et al., 2013).
for a retrieval of information on the distribution of water iso-  Ground-based FTIR remote sounding of atmospheric con-
topologues in the atmosphere, there is a growing interest istituents is now actively used to validate of satellite data
using isotopic data to investigate atmospheric processes thaind long-term local measurements of the atmospheric com-
control tropospheric humidity and stratosphere—troposphergosition. The high spectral resolution of such instruments
water vapour exchange (Rinsland et al., 1991; Moyer et al.clearly resolves absorption lines of atmospheric species with
1996; Coffey et al., 2006; Payne et al., 2007; Nassar et al.a good signal to noise ratio suitable for monitoring atmo-
2007). spheric composition. The Total Carbon Column Observing

Due to the difficulty of retrieving information abost®0  Network (TCCON) (Wunch et al., 2010, 2011) and the Net-
in atmospheric water vapour, such studies are largely basegork for the Detection of Atmospheric Composition Change
on deuterium data. Satellite data from different instrumentsqNDACC) (Hannigan et al., 2009) use FTIR observations for
offer complementary information. While ACE (Atmospheric accurate and precise retrievals of £@H,, H,0, Oz, HF,
Chemistry Experiment) and MIPAS (Michelson Interfer- HCI, and other trace-gas concentrations in the atmosphere.
ometer for Passive Atmospheric Sounding) give access t®Retrieving atmospheric methane, carbon dioxide and water
5D from the stratosphere to the upper troposphere (Nasvapour abundances from ground-based high-resolution FTIR
sar et al., 2007; Risi et al., 2012a, b), TES (Troposphericmeasurements is a routine procedure that can be done with
Emission Spectrometer) enables the retrieval of some ina precision of up to 0.25% (Wunch et al., 2011). The TC-
formation on the vertical distribution &fD (Worden et al., CON community also produces standard products of HDO
2006, 2007), IASI (Infrared Atmospheric Sounding Interfer- and |-§60 columnar values, which are often used for a pos-
ometer) retrievesD in the mid troposphere, between 1 and teriori 5D calculations. Though suctD calculations can be
5km (Schneider and Hase, 2011; Pommier et al., 2014), andffected by the different vertical sensitivities of% and
SCIAMACHY (SCanning Imaging Absorption spectroMe- HDO retrievals, these data were used for intercomparison
ter for Atmospheric CHartographY; Frankenberg et al., 2009)with LMDZ (Laboratoire de Météorologie Dynamique)-iso
and GOSAT (Greenhouse Gases Observing Satellite; Boescfleneral circulation model (GCM) simulations (Risi et al.,
et al., 2013; Frankenberg et al., 2013) provifiedata inte-  2012a, b) and GOSAT satellite retrievals (Boesch et al., 2013;
grated over the entire atmospheric column.
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Frankenberg et al., 2013). Within the MUSICA (MUIti- To select spectral windows we have simulated atmospheric
platform remote Sensing of Isotopologues for investigat-transmittance spectra in a wide spectral range from 4000 to
ing the Cycle of Atmospheric water) project, measurementsl1 000 cn! by the FIRE-ARMS (Fine Infra-Red Explorer
from 10 NDACC stations were used for the optimally esti- for Atmospheric Remote MeasurementS) software package
mated retrieval o8D vertical distribution in the troposphere (Gribanov et al., 1999, 2001) using a midlatitude summer
(Schneider et al., 2012). MUSIC#D products are well char-  standard model for the atmospheric state (Anderson et al.,
acterized by the detailed documentation of the uncertaintied986). These simulations were then analysed to identify
of ratio products. These studies show that a growing networka number of spectral windows that contain clear signatures
of ground-based FTIR sites can play an important role in fu-of H§6o, H%BO and HDO with a little interference from ab-
ture monitoring of the isotopic content of water vapour in the sorption lines linked to other gases.
atmosphere. However, a posteriori calculated ratio products We have used the GGG (version 2012) software suite
are still not well documented. (Wunch et al., 2011) to retrieve columnar concentrations of
In this article we focus on a posteriori calculations of H%BO, H%BO and HDO from the selected spectral windows

8D ands180 using ground-based near-infrared columnar re-from spectra recorded at the Bremen TCCON site during the
trievals of HZLGO, HDO and I-%BO. As for SCIAMACHY and  period 2010-2012. We then analysed retrieval results from
GOSAT, this technique gives access to integrated colummeasurements taken under different conditions: various hu-
data, and is thus mainly sensitive to the lower tropospherenidity levels, wide atmospheric temperature range (summer
since about 90 % of the atmospheric water is below 500 hPaand winter measurements), and different solar zenith angles.
Such lower tropospheric data are interesting for understandAt first, the refinement of the windows was done empiri-
ing GCM biases in simulating the water cycle by models, cally depending on fitting residuals. At the end, only spectral
which are equipped with water isotopologues. Using the iso-windows with a correlation between retrieved columnar con-
topic version of the LMD model, Risi et al. (2013) have in- centrations of at least 0.9 were preserved. The refined HDO
vestigated the role of continental recycling, while Gryazin and I—%GO spectral windows were then combined with those
et al. (2014) have suggested that the difficulty of this modelused in the TCCON community. Usage of additional win-
in simulating the water cycle over western Siberia may bedows in our retrievals allowed us to improve the accuracy
due to a problem in the large-scale advection or to insufficieniof the a posteriori calculatedD values by 25 % (compar-
surface evaporation. Also interesting is the fact thasbhef ing to the model). Thus, the standard deviation of the differ-
the total water column is highly correlated witB near sur-  ence between monthly-averaged values of a posteriori calcu-
face values as shown by Gribanov et al. (2014) for a site inlatedsD and ECHAM5-wisoSD improved from 24 to 18 %e.
western Siberia. In turn, such recent studies point both to th&he full set of the refined %@O, H%BO and HDO windows
usefulness of total column integrat&d, which could be eas- is presented in Fig. 1 (see Table 1 for summarized informa-
ily extended to the study of seasonal and intraseasonal variion). Figure 2 shows the column averaging kernels f§ﬁ®-|
ations when sufficiently long time series will be available, H80 and HDO.
and to the possibility of comparing and possibly combining
such data with in sitdD measurements in ground level water
vapour at sites like Kourovka (Gribanov et al., 2014) where3 Instrumental and retrieval setup
both FTIR and PICARRO measurements are performed. Get-
ting reliables®0 data would further increase the interest of Since we investigate the feasibility of a retrieval of relative
retrieving total column integrated water isotopologues usingisotopic ratios of water vapour isotopologues from ground-
FTIR. If sufficient accuracy of the retrieved values of both based FTIR measurements in the near-infrared region, which
isotopologues can be achieved, one could, for example, gedre collected widely by the TCCON network, we employed
information about the oceanic origin of an air mass, as its wa-a standard TCCON approach for this task. IR spectral mea-
ter vapour deuterium excess is influenced by the conditionsurements of the cloudless atmosphere registered at the In-
(humidity, temperature) prevailing in the evaporative sourcestitute of Environmental Physics (IUP) of the University of
regions (Merlivat and Jouzel, 1979). Bremen (Germany, 53.104, 8.850 E, altitude 27 mhttp:

Ilwww.iup.uni-bremen.dein 2009-2012 were used. IUP

is the TCCON site that performs IR measurements in the
2 Spectral window selection near-infrared region (4000—11 000 th) with resolution of

0.02cnl. The operating FTIR instrument is a Bruker IFS-
Though there are knowngﬁlo and HDO spectral windows 125HR with maximum resolution of910~4 cm~1. Interfer-
in the near-infrared region, which are used by the TCCONograms are recorded in DC (direct current) mode and then fil-
community, we decided to look for additional ones that maytered to reduce the impact of solar intensity variations caused
improve the precision ofD calculations. To our knowledge by cloud and aerosol cover (Keppel-Aleks et al., 2007).
on H%SO, there are no reported windows in the near-infrared The GGG suite implements a scaling retrieval algorithm
region that can be used for an isotopic retrieval. and the shape of an a priori profile can affect accuracy
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Figure 1a. Refined set of spectral windows for%ﬁo and HDO retrieval. Black line: measurement; red and orange lines: signa%?@f H
and HDO, respectively. “TCCON” inscription indicates spectral windows used by the TCCON community.

of the retrieval. Initial_ guess profiles for%FD_ are derived s the altitude. The term.06- 8~0+|0910(x3?20(h)) gen-
from the data of National Centers for Environmental Pre- . 2 .
diction and the National Center for Atmospheric Research€rally ranges between 0.40 (in the stratosphere) and 0.95 (in

(NCEP/NCAR) (Kalnay et al., 1996). HDO a priori profiles the troposphere) and qualitatively describes vertical deple-

are calculated from O a priori profiles using the following tion of HDO. According to the ECHAMS-wiso general cir-
relationship implemented in the GGG suite: culation model simulations (see further below for a model

description), Eq.%) applied to H°0 vertical profiles approx-
imatessD profiles with a standard deviation of about 35 %o
apr - apr apr in the lower troposphere.
xpoa(h) =0.16-x7 (h) - (8.0+ logyo <x (h))), (2) Int posp
HDO H3%0 H3°0 To construct I-}SO initial guess profiles we have analysed
the output of the ECHAMS5-wiso GCM, and found tha3e
wherexa’go(h) is the a priori HDO volume mixing ratio profiles can be approximated similar to HDO profiles using

(vmr) profile,x 2% () is the a priori H°0 vmr profile, and:  the following relationship:
2
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12 3 45 12 3 45 12 3 45

ber of simulations, it is certainly better than assuming a con- Column averaging kernels

stant vertical profile of the isotopic relative concentration.

According to the model, Eq3] describes thé'%0 vertical  Figure 2. Column averaging kernels of}80, HDO and Heo.

profile with a standard deviation of 4 %o in the lower tropo-

sphere (vs. 9 %0 when using a constant vertical profile). Ex-

amples of the constructet®0 andsD a priori profiles are  profiles of 0% with the results obtained using a priori pro-

shown in Fig. 3. files constructed as described above. The standard deviation
Equations 2) and @) show that a lot 08D and$*80 vari-  petween the results is about 0.5 %o 88O and 3.8 %o fosD

ations are already introduced by the a priori (see Fig. 4), anqFig. 5).

the retrieval of HDO and PO can introduce complemen- ~ The influence of the shape of th& %0 a priori profile is

tary information to a pOSteriOI’i calculaté® and8180 Only much more Signiﬁcant_ Using a S|ng|e}-% a priori prof"e

if a precision of at least 35 and 4 %o can be achieved, respecfor all retrievals instead of NCEP reanalysis data results in

tively. the average scatter of 8 and 6 %. &P and §180, respec-
The retrieval demonstrates a low sensitivity to the shapaiyely.

of a priori profiles of the delta values. We have compared re-
trieval results obtained using constaffO andsD a priori

www.atmos-meas-tech.net/7/2567/2014/ Atmos. Meas. Tech., 7, 255689 2014
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Table 1.Continued.

o _ _ Molecule Centre, cm®  Width, cm1  Interfering species
Table 1. Summarized information about spectral windows used for G
the retrieval of B%0, H180 and HDO. Windows marked by" are H?[ﬁo 5056.98 1.0 CQHDO
used in the TCCON community. H?[ O 5084.27 1.0 30 co,
H?[‘SO 5619.16 1.0
6
Molecule Centre, cm®  Width, cnm!  Interfering species H?[ O 5696.16 1.0 Cl
H160 5741.13 1.0 Ch
H%ﬁo 4056.50 10 PO CO, CHy HEfo  6034.2 1.7 C@CHy
H%go 4062.75 10 PO CO, CHy HEfo  6047.79 1.0 co
H%SO 4067.50 2.0 0 CO, CHy H%GO 6076.90 3.85 HDOCQCH,
H%go 4090.50 10 PO CO, CHy H%GO 6099.35 1.0 co x
H%SO 4115.25 15 0 CO, CHy HI6o 6125.85 15 COCH, *
H%SO 5012.25 15 0 CO, CHy niso 6177.30 0.8 COCH, *
H%SO 5076.90 0.6 0 CO, CHy H%GO 6185.68 1.0 HDO COCH;
H%zo 6656.25 1.0 20 COp CHy H?[f’o 6255.95 36 HDO CQ *
H5"0 6739.30 2.5 O H;’0 H1%0 6301.35 7.9 HDO C *
18 60y 17 7
H% O 6740.20 10 O H;'0 H1%0 6392.45 3.1 HDO *
H{‘o 6772.40 07 fo HDO hiso  6a0115 1.2 HDO *
H%SO 6845.00 25 PO CO, CHy H%O 6469.60 35 HDO C® *
H%zo 6858.00 2.0 ZO CO, CHy H%ﬁo 6486.52 1.0 HDO C@
H% O 6889.50 15 0 CO, CHy H3%0 6604.51 1.0
H%SO 6927.50 15 60 CO, CHy
H1%o 7030.00 2.0 60 CO, CHy
HDO 4038.00 2.0 Zo HF OCS @ 0 0 0
HDO 4054.60 3.3 O CHy *
6
HDO 4100.36 0.9 O CH, OCS 200 | 200 200 |
HDO 4116.10 8.0 60 ocs *
©
HDO 4144.50 0.8 60 CH, £ 400 | 400 | 400 |
HDO 4157.70 1.2 60 CH, g
HDO 4212.45 1.9 tO CHy * 2 600
HDO 4232.50 11.0 O CHy % & ] 600 1 600 1
HDO 5058.95 0.6 fo Cco, 800
HDO 6330.05 455 0 CO, 1 800 800 1
HDO 6377.40 50.2 0 COp 1000
H%GO 4259.57 1.0 HDO Ci NSRS 1000 0 1000
H%GO 450498 lO C'Z[l 0 10000 20000 -600 -400 -200 0 -80 -60 -40 -20 O
H%GO 4514.00 6.0 Ch H,"¢0, ppm 3D, %o 30, %o
Hifo 4523.50 2.0 o] . 18 initi
16 Figure 3. The ensemble of the 4D, §-°0 andsD initial guess pro-
H% 0 4546.87 1.0 Clj ] : :
H%GO 4552.00 25 Cy files derived from NCEP/NCAR reanalysis data.
H%GO 4556.20 2.0 Chl
H%GO 4565.20 25 CQCHy
H%GO 4571.75 25 CQCHy A priori profiles of other atmospheric species were taken
H%GO 4576.85 19 Chl from the standard GGG atmospheric model (Wunch et al.,
H%‘;O 4601.77 1.0 C@CHy 2010).
H>"0 4609.45 1.0 COCHy As mentioned above, the retrieval employs model results
H%GO 4611.05 2.2 Ch e : : yS I
H%GO 4622'00 2'3 c from atmospheric simulations using ECHAM5-wiso (Werner
H%GO 4645'00 3'0 o chH et al., 2011), which is the isotope-enhanced version of the
6 ' . 4 atmospheric general circulation model ECHAMS (Roeckner
HfO  4681.93 1.0 P 9
%6 ' ' et al., 2003, 2006; Hagemann et al., 2006). The model con-
H1%0 4699.55 4.0 NO *
Hiso 4706.43 1.0 siders both stable water isotopologue$® and HDO which
H%GO 4811.56 1.0 co have been explicitly implemented into its 'hydrological cy-
HI60 4848.03 1.0 co cle (Werner et al., 2011), analogous to the isotope modelling
Hzeo 4893.14 1.0 cQ approach used in the previous model releases, ECHAMS3

Atmos. Meas. Tech., 7, 2567258Q 2014

(Hoffmann et al., 1998) and ECHAM4 (e.g. Werner et al.,
2001). For each phase of “normal” water (vapour, cloud lig-
uid, cloud ice) being transported independently in ECHAMS,

www.atmos-meas-tech.net/7/2567/2014/
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a corresponding isotopic counterpart is implemented in theFlgure 5. Sensitivity of the retrieval to the shape of a priori profiles

model code. Isotopologues and “normal” water are describe(? fthe delta values.
identically in the GCM as long as no phase transitions are
concerned. Additional fractionation processes of equilibrium
and non-equilibrium conditions are defined for the water iso-the large-scale atmospheric flow is also correctly represented
tope variables whenever a phase change of the “normal” waat the subseasonal timescale. The hydrological cycle in our
ter occurs in ECHAMS. ECHAMS setup is fully prognostic and not nudged to reanal-
ECHAMS5-wiso has been validated with observations of ysis data. Our simulation starts on 1 September 1957 using an
isotope concentrations in precipitation and water vapourinternal model time step of 12 min. Here, we evaluate daily-
(Langebroeck et al., 2011; Werner et al., 2011; Gribanovaveraged model results through the period 2010-2012.
etal., 2014). On a global and European scale, annual and sea-In general, the model captures observed temperature and
sonal ECHAMS5-wiso simulation results are in good agree-humidity trends in Bremen. Averaged over the years 2010—
ment with available observations from the Global Network 2012, the difference between modelled and observed daily
of Isotopes in Precipitation, GNIP (IAEA-WMO, 2006). The surface temperatures is less than abelitC. Averaged over
simulated near-surface isotopic composition of atmospheri¢he particular days with FTIR measurements, ECHAM5-
water vapour is also in fairly good agreement with recentwiso simulates surface temperatures, which are ab6Gt 3
monthly observations from five different GNIP stations and colder than the observations. Comparing simulated vertical
with a continuous isotope record at Kourovka Observatory,temperature profiles with the NCEP a priori profiles used for
western Siberia. Model values and measurements agree weotope retrieval, we find that, averaged over the days with
with differences in the range af£10%.. A comparison of —Mmeasurements, column-averaged temperatures according to
ECHAMS5-wiso results with total column averages of HDO ECHAMS5-wiso are about 0.8C colder than the a priori val-
determined by the SCIAMACHY instrument on board the ues. A similar comparison for specific humidity indicates that
environmental satellite Envisat (Frankenberg et al., 2009)he total column water vapour simulated by ECHAM5-wiso
shows the same latitudinal gradients, but with an offset ofis about 2mm (or 26 %) higher than the a priori values ac-

between 20 and 50 %o of unknown origin. cording to NCEP. However, this moist bias tends to disappear
In this study, the horizontal model resolution is T63 in in the retrieval when isotopic ratios are considered.
spectral space (about 2.9 1.%°), and model results for Bre-  For comparison with FTIR, vertical profiles of 3fD,

men are evaluated at the nearest grid point. Vertical resquH%SO and HDO from the model were smoothed by the av-
tion is 31 levels on hybrid sigma-pressure coordinates. Theeraging kernels from the retrieval to take into account differ-
model is forced with prescribed values of present-day in-ent vertical sensitivity (according to Gribanov et al., 2014;
solation and greenhouse gas concentrations (IPCC, 2000yVunch et al., 2010) (see Fig. 2), vertically integrated to get
as well as with sea-surface temperatures and sea-ice cometal column values, and then isotopic ratios were calculated.
centrations according to ERA-40 (ECMWF 40 years Re-To achieve a better precision, the column averaging kernels
Analysis) and ERA-Interim reanalysis data (Uppala et al.,were calculated for each measurement and spectral window.
2005; Dee et al., 2011; Berrisford et al., 2009). Every 6 The kernels from different spectral windows were then aver-
hours the dynamic—thermodynamic state of the model ataged with the same averaging weights as the retrieval results.
mosphere is constrained to observations by implicit nudg-Figure 6 illustrates the effect of applying column averaging
ing (e.g. Krishamurti et al., 1991; implemented by Rast, kernels to the original model results. It shifts the origiéial
2008); i.e. modelled fields of surface pressure, temperatureand §180 to more positive values by approximately 14 and
divergence and vorticity are relaxed to ERA-40 and ERA- 1.5%. on average, respectively. It also changes the slopes
Interim reanalysis fields (Uppala et al., 2005; Dee et al.,from 1.0 to about 1.08 fa8D and 1.07 fors'80. The corre-
2011; Berrisford et al., 2009; data have been obtained fromation between smoothed and non-smoothed ECHAM5-wiso
the ECMWF data server, 2013). This approach ensures thatimulations is 0.86 and 0.94 féD and §180, respectively.

www.atmos-meas-tech.net/7/2567/2014/ Atmos. Meas. Tech., 7, 255689 2014



2574 N. V. Rokotyan et al.: A posteriori calculation of§180 and D

0T r=086 0 =094 5180 3D
slope = 1.08 | slope=1.07
00 | StOP . - 15 p 30 — 50 —
20 F . : : : : : :
-150 ¢ 'O’ 3 25 flornbnnbennneed ol 8
z & EESLN i i i : : :
x5 200 o 3 4 98 : : : : : :
=) I 4 o 30 L | R S S S : : :
250 | rf . S : : ; ; ;
// O | A A S S S I ; ; ; ;
300 8 40 | . : : : : 20 [ b b b
-350 1 1 1 1 1 J 45 1 1 1 1 1 1 J w : : : :
350 -300 -250 -200 -150 -100 -50 45 -40 -35 -30 -25 -20 -15 -10 1 O T T PO U (L) £ St B St weveet
6DECHAM 6OECHAM b ., ‘ ., - . : : :
0 Lt e e Pi—— .

i 0 i i
0 200 400 600 800 1000 @ 200 400 600 800 1000
Signal to Noise ratio Signal to Noise ratio

Figure 6. Original ECHAM5-wiso5D ands180 values vs. values

smoothed by applying the column averaging kernels to the model

results. Figure 7. Precision of the retrieval as a function of the signal-to-
noise ratio of the measurement.

The positive shifts can be explained by the different vertical

sensitivity of H°0, HDO and H®O (see Fig. 2). The change error of 15-20 % in PO concentrations. To estimate the in-

of the slopes is probably connected with different solar zenithfluence of this uncertainty on a posteriori calculat&dand
angles of the summer and winter measurements. 8180 values we have selected several spectra measured in
different seasons and completed 500 retrieval runs with per-
turbed HP0 profiles. Each level of a priori 330 profiles

was perturbed by 15 % (with a correlation length of uncer-
tainty of 2.5 km). The estimation shows that 15 % uncertainty
in the a priori I-%GO profiles introduces an error of about 8 %o

The FTIR instrument, which is used here, has a signal-tofor 8D and 6 %o fors 0.
noise ratio (SNR) of about 200 and 900 in the selected HDO
and H%0 windows, respectively. We have estimated how the4-3 ~ Spectroscopy

measurement noise affects the precision of a posteriori calcu- . . o .
latedsD ands80. For such an estimation we have simulated Along with the measurement noise and uncertainty in a priori

atmospheric transmittances using the FIRE-ARMS softwaregfata, which represent random error of the retrieval, there are
in the selected spectral windows with the constant verticalother error sources that introduce systematic impacts on the
profiles of —15 %o for 6180 and—200 %o for §D, which are retrieved values. The retrieval procedure relies on spectro-
in a range of natural atmospheric abundances %?D—hnd scopic data while uncertainties in water vapour spectroscopy
HDO. A normally distributed noise of different magnitudes '€Main an important problem (Rothman et al., 2013). The
representing different noise levels was added to the simulatel"ceértainty in line intensities, half widths and coefficients
spectra to imitate real measurements. Then the retrieval off temperature dependence of air-broadened half width in-
5180 andsD was performed with only one fitting parameter: troduces both systematic shifts and temperature-dependent
the scaling factor of the a priori profile of the isotopologue. SIOPes to the retrieval results.

For a priori profiles of the retrieval we used the profiles used _ According to the indices of uncertainty in HITRAN (High
in the simulation, which were perturbed by a random fac- Resolution Transmission) 2008 (Rothman et al., 2009), the

tor uniformly distributed in the range of 0.5-1.5. This pro- Uncertainty in the intensity of water vapour spectral lines
cedure was repeated 100 times for each noise level. The estianges from 5 to 10 %, while uncertainty in a:)r-broadenlng
mation shows that the measurement noise introduces an errGPefficients typically ranges between 2 and 5%. The uncer-

4 Uncertainty estimations

4.1 Measurement noise

of about 1 %o forsD and 3 %o fors180 (see Fig. 7). tainty in the coefficient of temperature dependence of air-
broadened half width ranges between 10 and 20 %. This er-
4.2 A priori data ror can lead to tangible under- or overestimation of the con-

centration of species of interest from measurements taken in

The influence of the uncertainty of the vertical temperaturethe winter season when atmospheric temperatures are much
profile has also been analysed. A perturbation of 1% (2—3 Kcolder than the HITRAN reference temperature.
depending on the altitude) in the temperature profile leads To see how spectroscopic uncertainties affect the a poste-
to approximately 3 and 10 %o deviation in t&0 andsD riori calculatedsD and §180 values, we perturbed spectro-
values, respectively. scopic parameters of HDO and}% by a+ value obtained

Another important source of errors in the retrieval is the from HITRAN’s indices of uncertainty (see Fig. 8). Chang-
uncertainty of the a priori %PO profile. A comparison of ing the spectral line intensities by 5 % shifts theSD values
the local meteorological measurements in Bremen with theby approximately=50 % and thes'80 values by approxi-
NCEP reanalysis data interpolated to the same level shows amatelyF47 %. It also introduces a change of slopeity.05
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Figure 9. Daily-averagedsD obtained from publicly available

. . TCCON (a posteriori calculated, varying a priori) and MU-
for both cases. This can lead to errors of up to 12 and 2 % "sjca/NDACC (optimally estimated, single a priori) retrievals

18 i
the results fopD ands*®0, respectively. vs. 8D obtained by using the refined set of spectral windows
A change ot:2 % in the coefficient of air-broadened half (5p,,51850)

width shifts the results by approximatelyl7 and+14 %
for D and 8180, respectively. A slope between the results
changes byr0.01 forsD and by=0.04 for§180. This can
lead to an error in the results: of up to 1.5 %0 @ and up does not change.

18
t0 1 %o for §70. i . As expected, a posteriori calculated columnar values of
A change of+15% in the coefficient of temperature 8180 andsD are shifted in comparison to the model. The

dependence introduces a significant tempe{gture-dgpendemost likely reason for the shifts is spectroscopic uncertainties
slope to the results#0.08 forsD, £0.17 for§=°0), which (a0 gect 4.3). We have calculated and corrected the offsets
can changéD values by up to 20 % and'°O values by up of 58 and—23 %o between retrieved and modellg®¥O and

0 4%. . _ 8D correspondingly.

Taklng_mto account that in the calculation of delta va_\l- HITRAN2012 (Rothman et al., 2013), which became
ues two isotopologues participate, and. that the unce,rta'm%vailable recently, declares more accurate spectroscopic line
range of the water vapour Spectroscopic parameters is relggionsities and half widths. Retrieval results obtained with
t|ygly high, spectroscopic uncertainties can introduce a S'9this new version of HITRAN database have smaller system-
nificant slope to thg results. , , atic shifts from the modeH{7 and—8 %. for 5180 andsD,

_Table 2 summarlzes the information from all the uncer- respectively) than those obtained with our GGG+UCLO08 line
tainty estimations. list. Conversely, the correlation is smaller and the slope be-

tween retrieved and simulated isotopic ratios is further from
4.4 Line list the expected. These results indicate that improvements in the
spectroscopic line parameters have a mixed impact on the
In the present study, we use a modified GGG line list (Wunchisotopic retrievals and therefore need further investigation.
et al., 2010), which is based on HITRAN 2008 (Rothman
et al., 2009), Toth (2005) and Jenouvrier et al. (2007) line4.5 Intercomparison with TCCON and
lists, with all H,O lines substituted by the UCL08 (Univer- MUSICA/NDACC
sity College London database) water line list (Shillings et al.,
2011). UCLO08 is a compilation of experimental data (Jenou-Figure 9 shows scatter plots (left panels) of daily-averaged
vrier et al., 2007; Mikhailenko et al., 2007, 2008; Coudert D obtained from publicly available TCCON (a posteriori
et al., 2008; Tolchenov and Tennyson, 2008), HITRAN2008calculated, varying a priori) and MUSICA/NDACC (opti-
and additional theoretical lines (Barber et al., 2006). Strongmally estimated, single a priori) retrievals ¥& obtained by
lines of the H®0, H8O and HDO are identical to those in using the refined set of spectral windows. The results are in
HITRANZ2008. The maodified line list allowed us to improve a good agreement with the correlation coefficients 0.96
the agreement with ECHAMS5-wiso f6f80 from 2 = 0.64 andr = 0.94 respectively. Since a lot @D variations are

to r2 = 0.82. However, the agreement betwe#ld values
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Table 2. Summarized information from the different uncertainty sources

2% uncertainty 15 % uncertainty

1% uncertainty 15% uncertainty 5% uncertainty in air- in the coefficient
Measurement inthe in a priori in line broadened of temperature

noise temperature profile gﬁo profile intensities half width dependence SUM
éD 1 %o 3 %o 8 %o up to 12 %o up to 1.5 %o up to 20 %o 45.5 %o

s180 2% 10 %o 6 %o up to 2 %o up to 1 %o up to 4 %o 25 %o
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Figure 10. Scatter plot of the retrieved (colour dots) and simulated Figure 11. A posteriori calculated values 6#80 andsD averaged

by the ECHAMS5-wiso GCM (colour triangles) columnar values of during each month of measurements and corresponding ECHAMS5-
8180 andsD. Black line: linear regression of the model data. Red wiso model values.

line: linear regression of the FTIR retrievals.

introduced by the a priori (see Sect. 2), the panels on the rightoefficient betweedD, §180 and temperature at the surface
in Fig. 9 show the same scatter plots with subtracted a priorare 0.88 and 0.89, respectively, while the correlation coeffi-
8D values used for a posteriori calculationsséf ands80.  cient between columnaD ands*®0 is 0.86 (Fig. 10).
Figure 11 shows time series of the a posteriori calculated
“monthly” values of sD and 8180 together with the out-
5 Retrieval results and comparison with simulations put of the ECHAMS-wiso general circulation model (Werner
et al., 2011). The simulations and the values obtained from
About 6000 spectra recorded from January 2010 tothe FTIR measurements are correlated witk= 0.91 (0.87
May 2012 at the Bremen TCCON site were processed in orWithout applying column averaging kernels to the model
der to retrieve columnar values ofif0, HI®0 and HDO.  results) forsD and r%=0.81 (0.78) for3*®0 and scatter
Each spectral window of the species of interest (see Table 1yith an absolute standard deviation of 17.9 (18.2) and 5.3 %o
was processed independently, and the results were filteretP.2 %), respectively.
and averaged with respect to uncertainty based on spectral The panels on the left in Fig. 12 show scatter plots of the
residuals. Since the GGG suite uses NQEBAR reana|y- ECHAMS5-wiso simulations vs. théD and theélSO values
sis data for vertical profiles of atmospheric temperatures in-Calculated from the retrieved2fO profile by Egs. 2) and
terpolated to local noon for a whole day of measurements(3). ECHAM5-wisosD and$180 correlate to the calculated
we have used spectra recorded in a time range of local nooAD ands*80 with 2 = 0.8 andr? = 0.76, respectively.
time £3h only. We removed the days with measurements The fact that a posteriori calculatéb ands*80 improves
that cover less than 2 h from the comparison. An offset cor-the agreement with the model shows that the near-infrared
rection was applied to the retrieval results in order to removeretrievals of HDO and EPO can introduce additional infor-
the shifts due to spectroscopic uncertainties (as described imation to thesD ands180 values.
Sect. 4.4). The panels on the right in Fig. 12 show scatter plots of
While the retrieval results from individual measurementsthe ECHAMS5-wiso simulations vs. FTIR results. We define
are noisy, values averaged during one month of measure'summer” (red) and “winter” (blue) points in relation to the
ments show seasonal variability&d ands80 of about 200  surface temperatures above°Tsand below 15C, respec-
and 25 %o, respectively. As expected, béthands80 gen-  tively. The “summer” slope is 1.21 and 1.41 &b ands80
erally follow the atmospheric temperature. The correlationrespectively, while “winter” slope values are 1.26 and 2.0.
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H180 retrievals. Time series of the atmosphe0 values
obtained by remote sensing are presented for the first time.

Isotopic ratios obtained from “summer” spectra show
a good agreement with the ECHAM5-wiso general circula-
tion model. The agreement with the results from the “win-
ter” season is worse (probably because of the lower spectral
signal due to much lower water vapour atmospheric concen-
tration). Recent studies also report that the Voigt line-shape
model does not describe the shape of the water vapour ab-
sorption line perfectly (Boone et al., 2007; Schneider et al.,
2011; Schneider and Hase, 2011), and usage of the speed-
dependent Voigt model may improve the results (what is now
difficult due to the absence of speed-dependent Voigt spec-
troscopic data).

At this moment the precision of the method is not suf-
ficient to obtain appropriate data of deuterium excess and
further development of the simultaneous remote atmospheric
measurements 680 andsD is particularly important for a

Figure 12.Left panels: correlation between ECHAM5-wiso model better understanding of the climate processes and the atmo-

values andsD and 280 values calculated from the retrieved SPheric water cycle.
H%GO using known relationships. Right panels: correlation between
ECHAM5-wiso model values and a posteriori calculag®o
(6180wsiBiso) andsD (SDwsisiso). “Summer” red points corre-
spond to surface air temperatures abové@5‘winter” blue points
correspond to temperatures below’1h
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