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Abstract. Stable water isotopes are valuable tracers of thel Introduction

atmospheric water cycle, and potentially provide useful in-

formation also on weather-related processes. In order to fur- ) )

ther explore this potential, the water isotopeEtBI andHDO  Stable water isotopes are useful tracers of processes in the
are incorporated into the limited-area model COSMO. In aglobal water cycle and are widely applied for, e.g., hydro-
first case study, the new COSM@model is used for sim-  l0gical and paleo-climatological studieS4t 1996. For in-
ulating a winter storm event in January 1986 over the eastStance, isotope data from ice cores can be used as a proxy for
ern United States associated with intense frontal precipitaf€constructing long-term temperature chang@ansgaard
tion. The modelled isotope ratios in precipitation and water€t al, 1993. Also on short, hourly to daily time scales,
vapour are compared to spatially distribu¥§O observa- the isotopic composition of atmospheric waters and precipi-
tions. COSMGy, very accurately reproduces the statistical tation is subject to strong variability (e.@indsberger et al.
distribution of§80 in precipitation, and also the synoptic- 1990 Wen et al, 2010 and potentially provides valuable
scale spatial pattern and temporal evolution agree well withnformation on moisture sources, water transport and cloud
the measurements. Perpendicular to the front that triggerglicrophysics (awrence et al.1982 Smith 1992 Gedzel-
most of the rainfall during the event, the model simulates aman and Arnold1994 Pfahl and Wern|i2008. However,
gradient in the isotopic composition of the precipitation, with this potential has not yet been fully explored, mostly ow-
high 8180 values in the warm air and lower values in the cold ing to the complexity of the involved dynamical and mi-
sector behind the front. This spatial pattern is created througl§oPhysical processes and the sparsity of isotope observa-
an interplay of large scale air mass advection, removal offions with high temporal resolution. More recently, more
heavy isotopes by precipitation at the front and microphysi-SUCh data have become available based on new spectrometric
cal interactions between rain drops and water vapour beneatfeasurement techniques, both from in-situ and remote sens-
the cloud base. This investigation illustrates the usefulnesdd observations (e.gSturm and Knohl201Q Wen et al,

of high resolution, event-based model simulations for un-201Q Schneider et 81.201Q. In order to improve our un-
derstanding the complex processes that cause Synoptic_scd.]@rstanding of the mechanisms driving isotope variations in
variability of the isotopic composition of atmospheric waters. these measurements, but also in other observations on longer
In future research, this will be particularly beneficial in com- time scales, numerical models are commonly applied. The

bination with laser spectrometric isotope observations withMost comprehensive way of simulating all important pro-
high temporal resolution. cesses is to incorporate water isotopes into general circu-

lation models (GCMs) of the atmosphere (edpussaume
et al, 1984 Hoffmann et al. 1998 Yoshimura et al.2008

Risi et al, 20108. Global models, due to their relatively
coarse spatial resolution, are less well suited for exploring
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1630 S. Pfahl et al.: Isotopes in winter storm precipitation

synoptic-scale isotopic variability, associated e.g. with the
passage of frontal or convective systems. Therefore, isotope
physics have also been implemented in limited-area models.
Sturm et al.(2005 incorporated water isotopes into the re-
gional climate model REMO, which was subsequently used
for investigations on long, climatological time scales (e.g.,
Sturm et al. 2007). Smith et al.(2006 andBlossey et al.
(2010 used cloud resolving models for simulating idealised
tropical circulations, focusing on isotope variations in the
tropical tropopause layeloshimura et al(2010 simulated
the isotopic content of precipitation from an atmospheric
river event at the US west coast with the model IsoRSM and |
compared the results from this case study to observations by
Coplen et al(2008. So far, all these regional models have
either been used in an idealised setup or have relatively sim-
ple cloud microphy_sics and hydrostatic n_ume_rics,_ comparatig 1. cOSMQg, model domain and topography (colours, in me-
ble to those used in GCMs. The latter implies limitations tres a.s.1.). Red crosses show the locations of measurement stations
with respect to the accuracy of simulations of mesoscale atwheres180 in precipitation was analysed by GL90. The white cross
mospheric features. denotes the location of the station RDU where vapour isotopes were
In this study, the stable water isotope%BB and HDO are  sampled.
incorporated into the non-hydrostatic COSMO mod&ikf-
peler et al. 2003, a limited-area weather forecast and cli-
mate model that is operationally used at several Europeamodel. On the other hand, the results from the simulation
weather services and thus continuously improved with re-are applied to obtain a more complete picture of the spatial
spect to its numerics and physical parameterisations. In orand temporal variability of the water isotopes. Furthermore,
der to test this new isotope-enabled model, hindcast simulathe model is used for investigating the mechanisms leading
tions of a winter storm event are performed. Such a setupto the observed synoptic-scale isotope variability, also with
in which the regional model is run over a few days, driven the help of a sensitivity experiment. It is the overall aim of
by reanalysis data and an isotope GCM, has the advantag#is research to better understand these mechanisms and, by
that the simulated meteorological and water isotope fieldghis, further explore the potential of water isotopes as tracers
can be directly evaluated by comparing with measurementof weather-related processes.
in an event-based manner (¥bshimura et al.2010. In Sect.2, the new regional water isotope model will be in-
One of the very few cases for which spatially distributed troduced and some details on isotope parameterisations will
isotope measurements were performed with a high temporabe given. Furthermore, the simulation setup used in this
resolution is a winter storm that hit the eastern United Statestudy will be described. In Se@.1results of the simulation
in January 1986.Gedzelman and Lawren¢&990 (in the  will be presented and compared to observations by GL90.
following referred to as GL90) collected the precipitation at Processes related to isotopic variations in the simulated pre-
more than 20 stations (see Fif). between 06:00UTC 18 cipitation will be investigated in more detail in Se8t2 Sec-
January 1986 and 06:00 UTC 21 January 1986 with mostlytion 3.3will then briefly discuss the temperature effect in the
three-hourly, at some stations six-hourly time resolution. Themodel. Finally, Sect4 will summarise the most important
8180 content of this precipitation was then analysed in a massindings and outline opportunities for future research.
spectrometer. Moreoves80 samples were obtained from
water vapour at Raleigh-Durham, North Carolina (abbrevi-
ated RDU, see again Fid) and from several snow cores 2 Model description
from West Virginia (see GL90 for a map of the locations).
No analysis of deuterium was performed. GL90 investigated2.1 COSMO
these isotope data using meteorological charts, satellite data
and simple, one dimensional model calculations. They foundThe COSMO model Steppeler et al.2003 is a non-
that the height of precipitation formation, interactions be- hydrostatic limited-area model, which is used for operational
tween rain and water vapour beneath the cloud base and, tweather forecasting at several European weather services, in-
a lesser extent, the convective or stratiform character of theluding the German and Swiss weather services. It is based
precipitation were important for determining the isotope ra- on the primitive fluid-dynamical equations and can be used
tios. for simulations with horizontal resolutions of 50 km down
In the present study, on the one hand the data gatheretb less than 1km. The model includes two separate time
by GL90 are used for evaluating the new regional isotopeintegration schemes and several different parameterisations
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for, e.g., cloud microphysics and moist convection. Opera-isotope species it is most important that no fractionation oc-
tionally, the German weather service uses two model setups;urs, i.e., that the ratios between two isotopes do not change
the first one with a horizontal grid spacing of 7 km, includ- during adiabatic and frictionless advection. This cannot be
ing a parameterisation of deep convection, and the seconduaranteed if the isotope humidities (or, more generally, two
one with a grid spacing of 2.8 km and without parameteris-arbitrary tracers) are transported independently of each other
ing deep convection. In addition to short-range forecasts, th€Schar and Smolarkiewicz1996 Risi et al, 20100, mostly
COSMO model can also be used for regional climate simu-owing to numerical errors and non-linearities in the advec-

lations (e.g.Jacob et a).2007). tion scheme. Therefore, for the transport of heavy isotopes a
_ _ _ modified scheme is implemented that employs isotope ratios,
2.2 Water isotope implementation instead of specific humidities, for estimating the advective

fluxes, similar to the approach Bisi et al.(20100. Details

In order to extend the COSMO model for simulating sta- of this scheme and a one-dimensional test are described in
ble isotopes in the atmospheric water cycle, an approacIAppendixA_

is adopted similar to previous implementations of isotopes
in GCMs and regional models (see agdoussaume et al.
1984 Sturm et al. 2005 Blossey et al.201Q for exam-

ples). A parallel water cycle is introduced that does not af'Surface fluxes of heavy isotopes over the ocean are parame-

fect other model components and is used as a purely diagt'erised using a Craig-Gordon type mod@tdig and Gordon
nostic tool. All prognostic moisture fields, which are sim-

1965. Two options for the non-equilibrium fractionation
ulated by the model in terms of specific humidities, are du- 9 b q

i d twi a th ific humiditi f@l factor are implemented: The first one, which is commonly
plicated twice, representing the specific humidities é applied in many isotope models, parameterises the fractiona-

and HDO, respectively. From these prognostic Specific o, tactor as a function of wind velocity, followiniglerlivat

m'?'t)ll f|e(ljds:r:]hel |so|tope ratlps In usugln?tanon can be and Jouze(1979. The second one uses a wind-speed inde-
calculated. e implementation Is made for a one-moment, ., qent formulation based on the empirical result®fahl

microphysical scheme with 5 species, namely water vapour, 4 wernli(2009. The second option is chosen for the ref-
cloud water, cloud ice, rain and snow (for details, Begns

. > ) X erence simulation in the present study. To test the impact of
et al, 2005, leading to 10 additional prognostic variables

. o . : this choice, a simulation using the parameterisatioiviey-
for the heavy isotopes. These additional moisture fields argyat and Jouze(1979 is also performed. Since the simu-

af_fspted by the same phySICaIdpLoclesses asl thg odrlgme(\jl NY2teds180 fields from this experiment are very similar to the
midity, e.g., they are transported by large scale winds and arg.q it of the reference simulation, they will not be shown
involved in the formation of clouds and precipitation. Only . jetail in the following. In order to evaluate the differ-

during pha_lse transmons_ do th_ey behave d|_fferer_1tly than theence between the two parameterisations, observations of deu-
standz_ard light wa_ter owing to 'SOt_Op'C fractionation. In the_terium excess would be required, which are not available for
f°”°W'”9 subsections, some details on the tr_ansport anq Mithe storm investigated here. For the isotopic composition of
crophysmal parameterisations of the heavy isotopes will be, ocean, a constant, slightly enriched valus’80 = 1 %o
given. is used, roughly corresponding to average surface waters in
the western North AtlanticLeGrande and Schmid20089.
Evapotranspiration from land surfaces is assumed not to frac-

There are three major mechanisms in the COSMO model thaionate, similar to mostisotope models (etgoffmann et al.
transport moisture in space: moist convection (which will 1998 Yoshimura et al. 2008 Risi et al, 20101. In fu-
be treated in Sec.2.4), grid-scale advection and boundary ture work, water isotopes will also be incorporated into the
layer turbulence. The latter only affects the vertical trans-land surface scheme of the COSMO model, involving a more

port of water vapour and non-precipitating hydrometeors,COMPlete parameterisation of isotope fluxes from land sur-
i.e., turbulent transport is neglected for rain and snow. Foriaces. The isotopic composition of the soil water is adopted
the heavy isotopes, the same flux-gradient parameterisatioffo™ the IsoGSM modelYoshimura et al.2008 see also
and the same exchange coefficients as for the light water argect2.2.9.

used. In this way, all isotopes are transported independently

2.2.2 Surface fluxes

2.2.1 Transport

of each other. 2.2.3 Cloud microphysics
For the three-dimensional advection of moisture quanti- . _ _
ties, the Bott advection schemBd(t, 1089 with fourth or-  In the microphysical scheme, transfer rates between the dif-

der accuracy is applied in our setup. This scheme is positivsf‘:;'r_e”t_water specigs during the formation of clouds and pre-
definite and mass-conservihgror the advection of different  Cipitation are specified. For example, the transfer Sateof

INote, however, that the implementation of the scheme in theconservation. This issue is not crucial for the water isotope simula-
current version of the COSMO model does not fully retain this masstions and will be addressed in an upcoming publication.
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cloud waterg. to form raing, by autoconversion is then part whereg;” denotes the saturation humidity with respect to lig-

of the tendency equations of the specific humidities: uid water, andy, andg; are the specific humidities of water
" vapour and rain, respectively. The functiBrdepends, in ad-
ar =...—Saut+---. (1) dition to the rain conteng;, also on water diffusivity. How-
% =...+Saut... ever, in COSMO this dependence is not explicitly taken into

account, but rather included in a semi-empirical constant.
(

Since a one-morr_lent s_cheme IS u_sed, spe_C|f|c humldltle_s ABecause of this, the heavy isotopes are not implemented di-
the only prognostlc.varlalbles, a.nd mfgrmanon gbout the Slze?ectly via their diffusivities here (this would imply a change
of the different particles is only implicitly taken into account. also in the standard transfer rate), but a semi-empirical ap-

The isotopic composition of the particles is assumed to beproach is used based on a study Stewart(1975. In fu-
independent of their size. For all microphysical interactions ure research, it may be tested how this implementation com-
that do not involve the vapour phase (e.g., autoconversion o?)

) . . o ares with a more theoretical strategy as employed, e.g., by
cloud particles to form rain or freezing of liquid water), there Blossey et al(2010. Following Stewart(1975, the heavy
is no isotopic fractionation, and the transfer rdtésof the ' '

h : followingl (201 . b isotope mass exchange ralfén /dt between a rain drop and
eavy isotopes, followinglossey et al(2010, are given by the surrounding vapour is related to the total mass exchange

h rated'm /dt by
hs= 21y, e
'gs h L (hp\” *h, h
d'm _d'm ("D aeqi "qr/ gr —"qu )
wherefys and'ys are the specific humidities of heavy and  dt dt \'D qt—'qv '
light isotopes, respectively, in the source phase'arid the ) ) . o )
transfer rate of the standard light isot8pe The rightmost fraction contains the humidity gradients of

During phase transitions involving water vapour, isotopic heavy (numerator) and light (denominator) isotopes between
fractionation occurs. For its parameterisation, equilibrium drop surface and the surrounding vapdup. and' D are the
fractionation factorste with respect to liquid water and ice diffusivities of heavy and light isotopes, respectively. Based
are calculated followingViajoube (1971 and Merlivat and ~ ©n the measurements [Stewart(1979, the exponent is
Nief (1967, respectively. Here, these fractionation factors chosen to be 0.58, independent of the drop size (see also
are defined to give the ratio between the isotopic compositiorBony et al, 2008. Combining Egs.J) and @), one obtains
of vapour and the condensed phase, i.e., they are smaller thdA€ heavy isotope transfer rate for rain evaporation and equi-

1. Molecular diffusivities from measurements Merlivat  libration with the surrounding vapour:

(1978 are applied. In the COSMO model, condensation and o\ 7 h

evaporation of cloud water are parameterised with the helpofig £ « qr _n 5
. . . . . - Seveq=F(qr) | 5 Oeq| qv |- (5)

a saturation adjustment technique, implying thermodynamic D qr

equilibrium between vapour and liquid clouds. Also for the ) ] .

heavy isotopes, an equilibrium approach can be adopted? the case of rain falling through clc_)L_st,_there iS no evap-
since the equilibration time with respect to small dropletsOration and the transfer ratée, specified in Eq. ) van-
typically is in the order of seconds (see agBinssey etal.  ishes. Nevertheless, Edy)(shows that there may be a non-
2010. This leads to a diagnostic equation for the isotope ra-vanishing transfer of heavy isotopes also in this case if rain
tio in cloud water, as given blossey et al(2010 in their ~ a@nd vapour are not in isotopic equilibrium.

Eq. (B21). The parameterisation of isotopic fractionation during the
For rain drops, owing to their larger size, the assumptioninteraction of vapour and the ice phase follodauzel and
of isotopic equilibrium is not valid, and the mass transfer Merlivat (1984. It is assumed that, due to the low diffusivi-
between the drop and the surrounding vapour has to be modi€s of water molecules within the ice, there is no homogeni-
elled in an explicit way. This affects the total moisture budgetSation of isotopes in the ice particles. During deposition, the
of the drop only beneath the cloud base, where the rain fallgvateér vapour interacts only with the outermost layer of the
into unsaturated air and starts evaporating. The isotopic conParticles, whose isotopic composition is assumed to be equal
tent of the rain, however, may also change within the cloud.to the isotopic composition of the deposition flux. In addi-

In COSMO, the transfer rate due to rain evaporation is pa_tion to equilibrium fractionation, kinetic effects occur if the

rameterised by air_is sup_er-saturateq with respect to ice. This is parame-
terised using a combined fractionation factor giverdbyzel
| Sev=F(qr) (‘Il* _l qV>, @3)  and Merlivat(1984 in their Eq. (14) (which is equivalent to

Eq. (B26) ofBlossey et al.2010. The ratio of the ventilation

2Note that in the following, the superscript | will always be used factqrs of |Ight ar']d heavy 'SOtODé#’/h.fv which is n?eded
for the light isotope HBO, which is equivalent to the total simulated  in this equation, is set to 1 for deposition on small ice crys-
moisture, i.e., the standard COSMO specific humidity, in very goodtals and to 0.995 for deposition on snow flakes. The latter is
approximation. a typical value for particles between 0.5 and 1 mm in length
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(see agaidouzel and Merlivatl984). An advantage of the tation (see again Se@.2.3, and in the mixed phase range
COSMO microphysical scheme compared to other modelsnterpolation is used. The isotopic composition of the precip-
is that the supersaturation is predicted in a prognostic wayitation is obtained from the vertically integrated precipitation
No saturation adjustment is used over ice (in contrast, e.gfluxes, as no prognostic information on the rain or snow wa-
to the model oBlossey et al.2010, and there is no need ter content on a specific level is available in the scheme.

for prescribing supersaturation as a function of temperature

(cf. Jouzel and Merlivat1984 Hoffmann et al. 1998 Risi 2.2.5 |Initial and boundary data

et al, 20108. The sublimation of ice and snow particles is

assumed to occur without isotopic fractionation, and since ndsince COSMO is a regional model, boundary data have to be
information is available about the layering of single particles, provided for all prognostic variables. In this study, ERA40
the average isotope composition of ice or snow is used for theeanalysesppala et al. 2005 from the European Centre
sublimation flux (see agaiBony et al, 2008 Blossey etal.  for Medium-Range Weather Forecasts (ECMWF) are used

2010. as boundary and initial conditions for the standard model
variables. These data are available every six hours with a
2.2.4 Moist convection spectral resolution of T159 and 60 vertical levels and are

interpolated to the COSMO grid (see Se213). After the
For the parameterisation of moist convection, a modified ver-model initialisation, information from the ERA40 data is
sion of the Tiedtke mass flux schentgégdtke 1989 is ap-  only used at and close to the model boundaries, employ-
plied in the COSMO model (see agddoms et al.2005 for  ing a relaxation scheme followinDavies(1976. No nudg-
details). In order to implement heavy isotopes in this parameing of the COSMO fields is performed in the interior of the
terisation, the humidity variables are duplicated, as describednodel domain. For the water isotopes, initial and boundary
above. All physical processes during simulated convectivedata are taken from a historical isotope GCM simulation by
up- and downdrafts affect the heavy isotopes in a similar wayyoshimura et al(2008, who employed the IsoGSM global
as the standard light humidity. Also the closure assumptionsmodel with the atmospheric circulation constrained to reanal-
e.g., the entrainment and detrainment rates, are treated sinysis data with the help of a nudging technique. Isotope data
ilarly. Only during phase transitions, isotopic fractionation from other GCM simulations could also be applied in future
occurs. The relatively simple bulk cloud model in the con- research. Isotope ratios in water vapour with a spectral reso-
vection scheme uses saturation adjustment for parameterigution of T62 and on 17 vertical levels are obtained from the
ing the formation of both liquid water and ice. For the former, IsoGSM simulations. The isotope data are transferred to the
isotopic fractionation is parameterised using an equilibriumCOSMO model grid in the same way as the ERA40 humid-
approach, as described in Se22.3 With respect to ice, ity fields using linear interpolation. Since IsoGSM does not
kinetic fractionation is taken into account followinlpuzel  simulate hydrometeors in a prognostic way, boundary data
and Merlivat(1984. Here, the supersaturation is prescribed for isotope ratios in cloud water and ice are calculated from
as a function of temperature, with the tuning parameteet  the isotope ratios in vapour by assuming isotopic equilibrium
to 0.004 Risi et al, 20108. In a temperature range between with respect to liquid water and ice, respectively. The bound-
—23°C and 0°C, clouds are supposed to consist of both lig- ary relaxation of the water isotope data is done based on iso-
uid and ice particles (consistent with the standard treatmentope ratios instead of specific humidities, since this leads to
in the COSMO convection scheme), and the isotopic com-more stable results. For the three-dimensional rain and snow
position of the condensate is interpolated between the twdields, no boundary data are provided by ERA40. A no-flux
phases, assuming a quadratic increase of the liquid wateisoundary condition is used for these variables and the corre-
fraction with temperature (note that in this case, the diagnossponding heavy isotopes.
tic relationship for the isotopic composition of cloud water is
replaced by a closed system approach, simil&@dny et al, 2.3 Simulation setup
2008.

In the Tiedtke scheme, saturation in the convective down-n the following, the COSMO model with the water isotope
drafts is assumed to be maintained by evaporation of fallingmplementation will be named COSMg. In this study, the
precipitation. The isotopic composition of the evaporatenew model, based on COSMO version 4.11, is applied for
from liquid precipitation is calculated using a closed model hindcast simulations with an integration time of 126 h. A
with isotopic equilibrium (since the relative humidity is al- horizontal grid spacing of 0.0625in a rotated grid), corre-
ways 100%). Beneath the cloud base, in unsaturated condsponding to approximately 7 km, and 40 hybrid vertical lev-
tions, the evaporation rate of rain is parameterised followingels are used. For the time integration, a third order Runge-
Kessler(1969. For the heavy isotopes, this liquid evapora- Kutta scheme is applied. The model domain covers the east-
tion rate is scaled according to Ed)(again incorporating ern United States, parts of Canada and the western North At-
kinetic effects based on measurementStawart(1975. No lantic, as shown in Fidl. The simulation starts at 00:00 UTC
fractionation occurs during the sublimation of solid precipi- 16 January 1986 and runs until 06:00 UTC 21 January 1986.

www.atmos-chem-phys.net/12/1629/2012/ Atmos. Chem. Phys., 12, 162348 2012
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00 UTC 19 Jan 00 UTC 20 Jan 00 UTC 21 Jan

-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

Fig. 2. Temperature on 850 hPa (colours,°i€) and sea level pressure (purple contours, contour interval 4 hRa) @ 00:00 UTC 19
January(b, €)00:00 UTC 20 January ar(d, f) 00:00 UTC 21 January from ERA40 reanaly$asc)and the COSM@, simulation(d—f).

Model output will be analysed for the period 06:00 UTC 18 model and reanalysis at 00:00 UTC on the last three days of
January to 06:00UTC 21 January, i.e., the last three dayshe simulation period. A region covering the central part of
of the model integration. During this time, a winter storm the model domain is shown, which will be the same for all
developed over the eastern US and 4420 content of the  horizontal maps in the following. At 00:00UTC 19 Jan-
precipitation at several stations was measured by GL90 (seeary (Fig. 2a), the temperature structure over the US and
Sect.l1). the western North Atlantic is relatively zonal. Only in the
In addition to the reference simulation with isotope north-west of the displayed region, south of the Great Lakes,
physics parameterised as described in SB2f.a sensitivity ~ colder air masses spread southward, coinciding with a shal-
experiment is performed. In this experiment, isotopic frac-low, meridionally extended low pressure anomaly. During
tionation during the interaction of rain and water vapour is the following day, this colder air moves in south-eastward
switched off, such that no equilibration of the falling rain direction, the horizontal temperature gradient becomes more
droplets occurs and the isotope ratio of the vapour evaporatpronounced, and the low pressure system slightly intensi-
ing from rain drops is equal to the composition of the rain. fies. At 00:00 UTC 20 January (Figb), it is located over
In the next section, results from the reference simulation andhe US east coast, and an elongated front separates the cold
this sensitivity experiment will be presented. air masses over the interior of the continent from the warmer
coastal and maritime air. Subsequently, the low pressure sys-
tem moves north-eastwards and further intensifies, reaching

3 Results and discussion central pressure values below 992 hPa. At 00:00 UTC on the
following day, its centre reaches New England and the Cana-

3.1 Model evaluation dian border (Fig2c). The cold sector of the cyclone at this
date covers the north-east of the United States and parts of the

3.1.1 Meteorology western North Atlantic. This synoptic evolution is properly

represented by COSM& (Fig. 2d—f). The most pronounced
In order to be able to reasonably simulate isotopic variationsgifferences to the ERA40 data occur after 5 days of the sim-
in atmospheric waters in comparison with event-based obserfalation (cf. Fig.2c, f), when the low pressure anomaly sim-
vations, first of all the meteorological conditions simulated ulated by COSM@, is stronger than in the reanalysis data.
by COSMGQs, should be realistic. For the winter storm event This may be partly due to the much finer spatial resolution.
modelled here, this is checked by comparing COSd€&- Furthermore, the temperature close to the cyclone centre is
sults with ERA40 reanalyses. FiguBeshows the tempera- underestimated by the model. Apart from this, temperature
ture on 850 hPa and the sea level pressure (SLP) from both
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12 UTC 19 Jan 00 UTC 20 Jan 12 UTC 20 Jan

1 2 3 4 5 6 8 10 12 14 16 18 20 25 30 40 50

Fig. 3. Six-hourly accumulated surface precipitation (colours, in mm) and geopotential height on 500 hPa (purple contours, contour interval
50 m) at(a, d) 12:00 UTC 19 Januaryp, ) 00:00 UTC 20 January an@, f) 12:00 UTC 20 January. Precipitation is accumulated from

3 h before to three hours after the respective dates. In péameaty ERA40 reanalysis data are shown(d-f) results from the COSMfg,
simulation. The green dashed line in pa@lindicates the position of the vertical cross section shown in Bi@and11.

and SLP differences between the two datasets are mostly minental precipitation in COSMg) is of large-scale character,
nor and restricted to regional scales. only in the southern parts close to the coast there are some
In Fig. 3, geopotential height on 500 hPa and precipita- contributions from the convection scheme. Hence, the influ-
tion from ERA40 and COSM(g, are shown. Note that the ence of this scheme (whose microphysical parameterisations
dates differ from those in Fi@; here, data at 12:00UTC 19 are relatively simple, cf. Sec2.2.4 on the results is small.
January, 00:00 UTC 20 January and 12:00 UTC 20 Januaryn addition, both models simulate a band of more convective
are displayed, owing to the availability of isotope observa-precipitation over the ocean (see again By.partly asso-
tions at this dates (see below). Precipitation is accumulatediated with the cold front of the cyclone, which will not be
over a six-hourly period comprising the respective dates. Thenvestigated in detail here, since no isotope data from this
ERAA40 precipitation has been obtained from short-term fore-oceanic region are available.
casts of the ECMWF model, considering forecast steps from All together, Figs.2 and 3 show that the meteorological
9 to 15h. The geopotential height contours in Hghow a  conditions during the winter storm in January 1986 are ad-
pronounced upper level trough moving in eastward direction.equately simulated by COSMSQ. In particular, the mod-
which induces the advection of cold air described above. Theelled evolution of the temperature field, dominated by the
formation and intensification of a cutoff to the west of the passage of a large frontal system, and the track of the asso-
surface low is less pronounced in the COSM@imulation  ciated cyclone agree well with the ERA40 reanalysis data.
compared to the ERA40 data. Both the ECMWF model andwith respect to precipitation, differences between the mod-
COSMQs, simulate precipitation over the continent mostly els are larger, also related to the huge impact of the horizontal
along the cold front of the cyclone and in the region of the resolution on the simulated spatial structures. When compar-
band-back warm front, close to the centre of the low pres-ing isotope data from COSMg with station observations, it
sure system. In the COSM{ results, the main continen- should be kept in mind that there is some uncertainty related
tal precipitation band is shifted to the east compared to theto the exact timing and intensity of the modelled precipitation
ECMWEF forecast, and in particular at 00:00 UTC 20 Januaryat a specific location.
(Fig. 3b, e), the precipitation intensity within this band is
larger. Moreover, there is more rainfall in the warm sector,3.1.2 Water isotopes
especially at 12:00 UTC 19 January. Of course, the spatial
variability in the COSMQ, fields is much larger, owing to For evaluating the new COSM{§ model, first the iso-
the smaller grid spacing. Nevertheless, most of the contitope ratios in precipitation from the reference simulation
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Fig. 4. (a) Probability density functions o180 (in %o) in three-hourly accumulated precipitation from observations by GL90 (black line)

and the COSM@, reference simulation (red line). At a few stations where only six-hourly observations are available, these data are used.
The blue dashed line shows the PDF of six-hourly data from an IsoGSM simulation. Model data from all land grid points betiWeen 28
and 45 N latitude (for COSM@,q and IsoGSM) as well as 105V and 60 W longitude (for IsoGSM) are taken into account. Note that

no weighting with precipitation intensity is performed. The PDFs have been fitted with a non-parametric method using Gaussian kernels.
(b) PDFs 0fs180 in three-hourly rain (green line) and snow (blue line) from COSMOrhe blue dashed line shows the PDF of snowcore

data from GL90.

are compared to observations by GL90 using statisticalbbbservations, but the distribution is shifted to lower isotope
means. Probability density functions (PDFs) &fO in ratios. The median of the ISoGSM data-i40.4 %o, and the
precipitation are fitted from both model data (for the anal- interquartile range is 7.7 %o. In Figh, PDFs 0fs180 in rain

ysis period 06:00UTC 18 January to 06:00UTC 21 Jan-and snow from COSM(g, are displayed separately. There
uary, cf. Sect2.3) and measurements using a non-parametricis a clear separation between higher values for rain, which
method with Gaussian kernels. Isotope data are not weightedonstitutes the major part of the precipitation, and lower iso-
with precipitation intensity, and all three- and six-hourly ob- tope ratios in snow. Unfortunately, no information on the
servations (137 in total) are considered in the same wayphase of the precipitation is available from the station obser-
From the model, three-hourly data from land regions be-vations. Therefore, a PDF is only shown for the snowcore
tween 28 N and 45 N are used if the precipitation amount data gathered by GL90 in a relatively small area in West Vir-
exceeds 0.3mm. This is roughly the region covered by ob-ginia (21 separate measurements). These data are more de-
servations (see again Fifj), taking into account that there pleted than the simulateéd®0 values in snow. Nevertheless,

is little to no precipitation in the western part of the model this difference may well be due to the spatially very limited
domain. The PDFs af'80 in total precipitation are shown observational coverage.

in Fig. 4a. There is a very good agreement between the
COSMQq, results and the observations. Both PDFs have
a maximum close te-6 %.. The medians of thé20 dis-
tributions from measurement and model data a4 %o

These results show that COSMg@very accurately repro-
duces the statistical distribution 80 in precipitation dur-
ing the winter storm in January 1986. Compared to a global
model with lower spatial resolution, the more detailed rep-

a0 : - :
ZT"/ 7agd/023 g?p%;';/eg’r 32? tlr(;s\;rz;:;e\r/glrja;]t;leﬁggn\g/];? € esentation of the synoptic processes leads to an improve-
e - 7o0. Ny y y higl ment of these$180 statistics. In the following, the spatial

ues, there are some differences between the PDFs. The%end temporal patterns of the water isotopes are compared to
deviations at the tails of the distributions, which are gov- P P P P

erned by isotope ratios in snow and very weak rain mightthe station data. Figuréshowss’®0 in six-hourly precip-
be related to insufficient observational sampling. The PDFItatlon from observations by GL90 and the COSM{ef-

from COSMQx, is almost identical if six-hourly instead of erence simulation for the three dates previously displayed in

S . . Fig. 3. Model data are only shown where the six-hourly pre-
three-hourly data are used, indicating that differences in thecipitation exceeds 0.6 mm. Grey contours indicate the SLP

sampling time hardly influence the results. For compari-from ERA40 and COSM@,. At 12:00UTC 19 January
son, Fig.4a also shows a PDF ¢f°0 in precipitation from (Fig. 5a, d), 180 ratios from both observations and model

Eogrsal\él(,)tshi?\ %gtbeilvmaogﬁlrt(r;ite'sslg‘:gdgo_rr'r?:?gsgg ftigz('jso' simulation are relatively high, in particular in a band reach-
bai:ed on six-hourl OFL)JI' ut of preci i.ta'.[ion rates, usin Ianding from the south-westerly edge of the precipitation region
y outp precip ’ 9 to the north-east. Lower values were observed at the west-
data from the same latitude range as for COSM@nd be- - . .
ernmost station, in agreement with the model. At the two

tween 105W and 60 W longitude. As can be seen from the stations south of Lake Ontario, very high isotope ratios were

. 18 .
figure,°0 values from IsoGSM are in the same range as themeasured. COSMQ does not simulate any precipitation at
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Fig. 5. 8180 in six-hourly accumulated precipitation (colours, in %o)(at d) 12:00 UTC 19 Januaryb, e) 00:00 UTC 20 January and

(c, f) 12:00UTC 20 January. As above, data are shown for periods three hours before to three hours after the respective dates. Panel
(a—c) contain station observations from GLY@-f) show results from the COSMg) reference simulation. For the latter, data are only

shown where the simulated six-hourly accumulated precipitation is larger than 0.6 mm. Grey contours show the sea level pressure (contour
interval 4 hPa) from ERA40 reanalysg@s-c)and COSM@, (d—f). The station AVP is marked with a green outer circle in pafeels) The

red dashed lines i(d—f) indicate the transition between rain and snow at the surface.

the locations of these stations, but does simulate Bi§e® does not simulate precipitation there, but also an area of very
at the western shore of the lake. The agreement betweedepleted snow at the southwestern edge of the main precipi-
model and observations is worse at the south-easterly coasttdtion band.

stations, where modelled precipitation rates are very hetero- |n summary, Fig5 shows that the large scale spatial pat-
geneous. The lowest'®O ratios are simulated in the very terns of$280 in precipitation from the COSM, simulation
north, where solid precipitation reaches the ground, as indigre in good agreement with observations by GL90. In partic-
cated by the red dashed line marking the transition between|ar, there is a spatial gradient with highO values at the
rain and snow. The overall consistency between CO8MO eastern flank of the main precipitation band and lower values
and the isotope observations is worse at 00:00 UTC 20 Janfyrther west. The lowest isotope ratios are modelled and ob-
uary (Fig.5b, e), in particular at the stations close to the served in the cold air, where snow reaches the surface. Fur-
Canadian border, where measured values are quite variablpermore, the temporal evolution observed at most of the sta-
and do not resemble the spatial gradient simulated by theions, with high isotope ratios when precipitation starts and
model. At the more southern stations, there is again a bettefore depleted values later in time, is properly reproduced
agreement, with higher values at the coast and lower valuepy the model. However, there are also deviations between
further inland. COSM@, does not simulate precipitation COSMQg, results and isotope observations, mostly on re-
as far west as it was observed (in contrast to the ECMWHFgional and local scales. This can be shown more explicitely
model, see again Fig), but nevertheless the low isotope by comparing time series at specific stations. As an exam-
ratios at the western edge of the precipitation region are simple, the temporal evolution of precipitation and its isotopic
ilar to the measurements at the western stations. Finally, atomposition at the station Avoca, Pennsylvania (AVP; green
12:00UTC 20 January both model and observations showuter circle in Fig.5a—c) is displayed in Figs. During the
rather lows'80 in precipitation over most of the continent 19th of January, there was little rainfall at this stafiofihe

(Fig. 5¢c, f). The agreement is again worst at the northeastermnain precipitation band passed AVP shortly after 00:00 UTC
stations, but very good further south. As 12 h earlier, very

low values were observed at the station in the west, which SNote that there are slight mismatches on this day between the

lies in the same arealgls the_ sn(_)wcqres (S_ee again GL90) thfﬁtning of the isotope observations and the measured precipitation,
corroborate the low=O ratios in this region. COSME  \hich have been obtained from different sources.
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AN
$ . X In contrast ta3*80 of precipitation, GL90 sampled the iso-

‘ I I topic composition of water vapour only at one location, the
19 Jan 20 Jan 21 Jan station RDU in North Carolina (white cross in Fig).. Fig- _
ure 7 shows the observed and modelled time series at this
station. Isotope ratios were on the order-e15 %o dur-

Fig. 6. Time series of hourly precipitatio@) ands180 in precipita-  INg the 19th and suddenly dropped to bele@3 %. around
tion, given in %o(b) at station AVP (green outer circle in Figa—c).  00:00 UTC 20 January. COSM# captures these values and
Precipitation amounts have been obtained from the National Cli-also the timing of the drop very well. The modelled tempera-
matic Data Center at NOAA. Grey crosseghiindicate hourly val-  ture, which is also shown in Fi, indicates that the decrease
ues, black crosses show three-hourly intensity-weighted averagesn the isotope ratio is related to the passage of the front. Only
corresponding to the observation intervals. COSM0'%0 data  quring the late 20th, there is a discrepancy between the ob-
are only shown if the simulated precipitation is larger than 0.1 MM gaved and simulated time series, which might again be due
per hour. to problems with modelling the exact location of the strong
spatial gradients 0§80 in water vapour, discussed further
in Sect.3.2

In order to further compare the COSM@results to those
rom the global IsoGSM simulation, Fig.shows six-hourly

Date

20 January, followed by some hours without rain and severa
smaller showers on late 20 and early 21. This precipitationf

time series is properly reproduced by COSMOOnly be- S .
fore the passage of the main front, some rain is simuIatecPrec'p't"’Itlon rates and correspondifiO values from the

that was not observed at the station. The isotope ratios irﬁgIObaI model. Sincg the large scale.cirf:ulation of ISOGSM is
precipitation from both model and measurements are relapljdged to reanalysis data (see agédshimura et aJ.2008),

tively high during the 19th and decrease on the 20th of Jan-the model, in spite of its coarse spatial resolution, reproduces

uary (Fig.6b). The model overestimates th¥0 in the be- the large scale features of the frontal precipitation rather well

ginning and during the precipitation maximum and does not(Cf' .F'gt' 3). T?.e sarp?:}s tr?e forr].thhet;paua:jdllstr}bL.1|t|0|: of
capture the slight increase that was observed at the onset glssl\?l ope ra 'OT (tC . Fig), ?VIW ic t e(rjr)o te '.f‘r']m' ar Od
the showers on the 20th. One reason for this mismatch ma Qso: Simulates a west-to-east gradient with more de-

be the strong spatial variability of the isotope ratio in precipi- leted values in the cold air t%%the.: W.GSt of the front. Th's IS
tation (see again Fidp). Due to this, even small errors in the _related to agradual decreas@oiO in time at most Iocat|0ns_
simulation of the spatial structure of the precipitation field in the eastern US, and leads to a reasonable representation of

may have a large impact on th&0 time series at a specific the temporal evolution of the isotopic compaosition of precip-

location. Furthermore, GL90 showed that several mesoscalgation and water vapour at the stations discussed above (not

cloud bands influenced the showers at station AVP during thghown). Nevertheless, a comparison of Fgsnds also

20th of January. Such mesoscale structures are more difficul |L(J)Sél’|\6/l|tes th_e rr?ai_or gain zbtﬁ'ned fr?_m thi hlgh-reslolunlon
to simulate than the large scale synoptic evolution. >MQso simulation, in which synoptic- and regional-scale
spatial structures are represented in a more realistic way than

in the coarse IsoGSM data.
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Fig. 8. (a—c)Precipitation rate (in mm per 6 hours) afdf) the correspondinglso from the IsoGSM simulation g, d) 12:00 UTC 19
January(b, €)00:00 UTC 20 January ar(d, f) 12:00 UTC 20 January. Isotope data are only shown where the simulated precipitation rate is
larger than 0.6 mm per 6 hours.

The results from this section show that for the winter stormserved in previous studies on mid-latitude weather systems,
event investigated here, COSM@is able to simulate the e.g., byRindsberger et a(1990, Celle-Jeanton et a{2004
synoptic-scale variability 08180 in atmospheric waters in and Coplen et al(2008%. The spatial gradient and corre-
good agreement with observations. Based on this, the modedponding time evolution thus appear to be rather typical for
can be applied for investigating the physical processes causnid-latitude frontal systems. Understanding the processes
ing such variability. This will be the focus of the next section. driving this isotopic gradient is the focus of the present sec-
Nevertheless, it has to be kept in mind that the model cannotion.
exactly reproduce mesoscale structures and local variations. One advantage of a model-based investigation of synoptic-
Therefore, care has to be taken when interpreting time seriescale isotope variability, compared to discrete observations at
of the isotopic composition at single locations. specific stations, is the complete spatial and temporal cover-

age, which can provide additional insights into the relation-
3.2 Processes determining isotope ratios in frontal pre-  ship between meteorological and isotopic fields. Figire

cipitation shows the spatial distribution @*€0 in water vapour on

850 hPa at five dates within the analysis period. There is
Most of the continental precipitation during the winter storm 3 relatively close correspondence between these fields and
in January 1986 fell in the region of the evolving cyclonic the temperature on 850 hPa plotted in Fig.Isotope ratios
system crossing the eastern US between 19 and 21 Januagfe rather high in the warm, pre-frontal air and lower in the
The most prominent spatiaf®0 pattern in this precipita- cold air mass that has been transported into the domain from
tion is the across-front gradient, with high isotope ratios atthe north-west. This distribution points towards a large-scale
its eastern (warm) and low values at its western (cold) sidecontrol of the different air masses on ##€0 gradient in pre-
(see again Fig5). Direct evidence for similar spatial pat- cipitation along the front. In the pre-frontal air, clouds and
terns from other storm events are rare, owing to the lack ofprecipitation form from (and equilibrate with) enriched water
spatially distributed isotope observations and model studiegapour, and thus*0 in precipitation also is relatively high.
on synoptic scales (cf. Sedf). The spatial east-west gradi-
ent is connected to a temporal evolution with higfiO val- 4Note that in many of these cases there was again an increase
ues in the beginning and a decrease later on at stations wheeg 5180 at the very end of the precipitation, which did not occur
the front passes by (cf. Fig). Such a decrease was ob- during the winter storm event investigated here.
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Fig. 9. 8180 in water vapour (in %o) on 850 hPa @) 00:00 UTC 19 Januaryb) 12:00 UTC 19 Januaryc) 00:00 UTC 20 January,
(d) 12:00 UTC 20 January ar(@) 00:00 UTC 21 January from the COSN@reference simulation. The red cross in pa@indicates the
location of the station RDU.

Behind the front, more depleted water vapour leads to loweifront, a vertical cross section along the dashed green line in
8180 in precipitation. This process is strongly related to the Fig. 3d at 12:00 UTC 19 January is shown in FitD. In
classical temperature effedDénsgaard1964), which pro-  addition to the specific moisture content of non-precipitating
vides the basis for water isotope paleo-thermometry. Wateand precipitating hydrometeors, the figure shows the isotopic
vapour in colder air further poleward has, on average, beemomposition of water vapour as well as rain and snow. The
exposed to more condensation and removal of heavy isotopesimulated surface cold front at this instant is located in a dis-
than warmer (and in the present case also more oceanic) aiance of approximately 600 km from the westernmost point
in the south, leading to a climatological decreases$0 of the cross section, as indicated by the isentropes included
in vapour (and thereby precipitation) with temperature (seein Fig. 10a. From Fig.10b, the strong horizontal contrast
alsoLiu et al, 2010. This effect is mainly imprinted on the between the enriched water vapour on the warm side of and
COSMQg, vapour field by the initial and boundary condi- the more depleted vapour behind the front becomes obvious.
tions. However, the large scale relationship betw&€® in This horizontal gradient is dominant up to a height of about
vapour and frontal precipitation observed here is not only dues—6 km. Moreover, there is a decreasé 81O with altitude,

to a climatological pre-conditioning of the vapour, but there as mentioned above. The isotopic composition of the wa-
is also a contribution by the weather system itself, which in-ter vapour is reflected in th&'80 of the precipitate, as in-
duces gradual rainout and isotopic depletion of the vapoudicated by Fig.10d. Nevertheless, no systematic changes
along the front. in cloud height or height of precipitation formation with dis-

In addition to the climatological decline 6£80 in water ~ tance from the front is obvious from Figj0a and c. In partic-
vapour with decreasing temperature in the horizontal, thereular, itis not the case that precipitation to the west of the front
is also a decrease with altitude, owing to the progressive rehas been formed in deeper clouds than on its eastern side.
moval of heavy isotopes when air rises and cools. GL90,0nly at the western end of the cross section, there are some
using cloud top temperature observations from satellites, arboundary layer clouds with more enriched isotopic composi-
gued that because of this vertical gradient the altitude of pretion than in the frontal region. These boundary layer clouds
cipitation formation influenced the isotopic composition of do not lead to any substantial surface precipitation (see again
surface precipitation during the 1986 storm. In order to in- Fig. 3), but one can speculate that similarly shallow clouds
vestigate if this effect contributes systematically to the hori- contributed to the increase /20 late during the events ob-
zontal gradient ir5*80 in precipitation perpendicular to the served in other studies (see agiimdsberger et 31199Q
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Fig. 10. Vertical cross sections from the COSM@reference simulation at 12:00 UTC 19 January{afthe sum of cloud water and ice
content (in gkgl), (b) $180 of water vapour (in %o)(c) the sum of rain and snow water content (in gy, (d) $180 of rain and snow (in
%0), (€) relative humidity andf) §180 of rain in isotopic equilibrium with water vapour along the green dashed line shown iBd=ighe
horizontal axis gives the distance in km to the westernmost point of the cross section. The cor(eandb) show potential temperature
(in K) and temperature (ifi C), respectively. The green dashed lineganand(d) indicate the OC isoline. In(e) and(f), only the lowest
part of the section is shown. The colour scale of pgdkis also valid for(f).

Celle-Jeanton et al2004 Coplen et al.2008. For the front  particular on the eastern flanks of the precipitation regions,
investigated here, there is no obvious systematic effect ofower relative humidity causes evaporation of rain drops,
cloud height on theé80 gradient, in agreement with other and the associated isotopic fractionation leads to an enrich-
recent modelling studie¥¢shimura et al.201Q Risi et al, ment of the rain compared to the equilibrium composition
20103. (cf. Figs.10d and f). Further west, near and behind the front,
In addition to the large scale control of air mass isotopic there is less change of the rain composition due to these post-
composition on the frontad’0, microphysical processes condensational process, because the melting level is at lower
may be important, in particular the interaction of rain drops altitudes, rain rates are larger (at least at some locations) and
and water vapour beneath the cloud base (see again GL9Ge boundary layer moisture is more depleted.
This is also obvious from FiglOb and d. Close to the east- For investigating the effect of rain-vapour interactions on
ern end of the cross section, relatively depleted snow fallghe frontal gradient more explicitely, a sensitivity experiment
into layers with highe$180 in vapour. As soon as the snow is performed with isotopic fractionation during these interac-
flakes pass the T level, they start melting, and the result- tions switched off (see Se@.3). Figurell shows the iso-
ing raindrops interact with the surrounding vapour. By equi- topic composition of water vapour as well as rain and snow
libration and isotopic fractionation during evaporation, the along the cross section from this experiment. The differences
isotopic composition of the rain changes relatively fast, par-in the isotopic composition of the rain are strongest in the
ticularly where the specific rain content is low, leading to a easternmost part of the cross section and near the horizon-
pronounced vertical gradient 6180 in the precipitation. In  tal distance of 800 km, where the rain in the sensitivity ex-
regions where the relative humidity is close to 100 % (seeperiment is more depleted than in the reference simulation,
Fig. 10e), equilibration drives the isotopic composition of leading to a reduction of th&'®0 gradient at the surface in
the rain towards the equilibrium composition with respect tothe experiment (cf. Figl0Od and11b). This is in agreement
the surrounding vapour, which is displayed in Figf. In with the results of GL90 and corroborates the importance of

www.atmos-chem-phys.net/12/1629/2012/ Atmos. Chem. Phys., 12, 16248 2012



1642 S. Pfahl et al.: Isotopes in winter storm precipitation

OF v

Altitude [km]

i

Altitude [km]
»

400 600 800 1000

0 200 400 600 800 1000
Distance [km] Distance [km]

Fig. 11. Vertical cross sections from the COSM@sensitivity experiment in which isotopic fractionation during the interaction of rain drops
and the surrounding water vapour is switched off, shovﬁﬂ‘ﬁfp (in %o) in (a) water vapour an¢b) rain and snow at 12:00 UTC 19 January
along the green dashed line given in F3g. The contours irfa) show the temperature (ihC), the green dashed line (b) indicates the
0°C isoline.

the microphysical interactions between raindrops and vapouing the rain in the eastern part of the frontal band. Only in
for this spatial gradient, as outlined above. With respect tothe north of the model domain and at the western side of the
the isotopic composition of the vapour (FigOb and11a), front, there are regions wheté®0 in the sensitivity study
the strongest differences between the two simulations can bis higher than in the reference run. These are mainly areas
found in the region of the front, whed?80 values in the  where precipitation falls as snow, which is not affected by
sensitivity study are distinctly higher. The reason for this is post-condensational isotope effects. The higher values there
that, owing to the more depleted rain, less heavy isotopes arare caused by the less depleted water vapour. This feedback
removed from the atmosphere by precipitation (seeFislol of the post-condensational effects on vapour and snow iso-
et al, 2010. The area with substantial differences in the topic composition is particularly large in the area of strongly
vapour composition reaches altitudes well above the meltinglepleted snow in the south-western part of the precipitation
level, indicating the ventilation of air from below (which has band at 12:00 UTC 20 January (not shown; cf. B)g.This is
been in contact with liquid precipitation) to these heights. Inagain in agreement with the results of GL90, who also found
the region of strongest rainfall around 700 km, this inducesthat recycled moisture, which had been in contact with rain
a feedback on the isotopic composition of the precipitation.beforehand, contributed to the source vapour of the snow in
Isotope ratios of the snow forming from the enriched vapourthe cold air behind the front.
above the melting layer are also higher than in the reference
simulation. At some locations this enrichment overcompen-3.3 Temperature effect
sates the effect of raindrop interactions further below and
leads to slightly highes180 values at the surface. As outlined in the previous section, the fact that the isotopic
In Fig. 12, the isotopic composition of water vapour on composition of precipitation on the warm side of the front is
850 hPa and surface precipitation at 12:00 UTC 19 Januarynore enriched than on its cold side, which is of course im-
from the sensitivity experiment are shown, as well as differ-manent in the frontal gradient analysed in S8, is a real-
ences in these fields compared to the reference simulatiorisation of the classical temperature effect. This effect is the
As indicated by Figl2a and c, isotopic fractionation dur- basis for employing water isotope data, e.g., from ice cores,
ing raindrop-vapour interactions typically reduces 8420 as temperature proxies on long, climatological time scales.
ratio of the vapour, as described above. However, this reHere, the results of the COSM{ simulations are used for
duction is mainly restricted to the area where precipitationinvestigating to which extent the effect also explains short-
occurs, indicating that the microphysical processes are imterm variations in the isotopic composition of precipitation
portant for the regional-scak*®0 pattern along the front, during the 1986 winter storm. Therefore, correlation coeffi-
but do not strongly affect the large scale differences be-cientsr are calculated between hourly time series of the 2-
tween cold and warm air isotopic composition (away from m temperature anéf80 of precipitation from the reference
the front, there is hardly any difference between the two ex-simulation at each grid point with 15 or more data points (i.e.,
periments). Figurd2b and d demonstrate once again that 15 or more hours with precipitation larger than 0.1 mm in the
microphysical interactions between raindrops and the suranalysis period). These correlations are shown in F3g.
rounding vapour contribute to the east-west gradiedt#® The values of are positive over most of the southern part of
in precipitation perpendicular to the front, mainly by enrich- the precipitation region, with maxima near the US east coast
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12 UTC 19 Jan 12 UTC 19 Jan

(b)

(d)

Fig. 12. 8180 (in %o) in (a) water vapour on 850 hPa arfd) six-hourly accumulated precipitation at 12:00 UTC 19 January from the
sensitivity experiment in which isotopic fractionation during the interaction of rain drops and the surrounding water vapour is switched off.
Difference plots 08180 (in %o) in six-hourly precipitation and in water vapour on 850 hPa between sensitivity experiment and reference
simulation are shown ifc) and(d), respectively.

and in the Great Lakes area. Further north, the correlatioring level is far above the ground, there is more time for the
pattern is more patchy, and there are considerably negativeaindrops to equilibrate with the vapour. Therefore, the melt-
values ofr at some locations, e.g., in the very north-west anding level height, which is of course correlated with the near-
over New England. The latter is consistent with the observa-surface temperature, is supposed to be a more physical deter-
tions by GL90, who also found a negative temperaé}f® minant of the isotope ratio than the temperature alone. Fig-
correlation at a station in Portland, Maine and positive rela-ure 13b shows the correlation coefficients between time se-
tionships at most of the other sites. The negative values of ries of melting level height (i.e., the height of the®isoline

over New England (and parts of the North Atlantic) are dueabove ground) and80 in hourly precipitation. No values

to the fact that in the simulation most rainfall in this region are shown at locations where the temperature on the lowest
occurs during the warm air advection before the passage ofmodel level is always belowTC. Compared to Figl3a, the

the front. The heavy isotopes in this warm air become morecorrelation is larger over most of the continental regions, ex-
and more depleted when the rain accumulates, which relatesept for the southwest and parts of Canada. In Eag, the

to the so-called amount effect (see again GL90 andRisb  same correlation is shown for the sensitivity experiment in
et al, 2008. All together, this shows that the temperature which isotopic fractionation during raindrop-vapour interac-
effect explains a substantial part of the short-té6#f0 vari-  tions is switched off. The values of are greatly reduced
ability in several regions, even for this single event. However,and much more patchy compared to the reference simula-
on local scales other mechanisms can be of greater impotion. The temperaturé80 correlations from the sensitivity
tance. This may be different if longer periods, comprising study are similarly reduced (not shown). This demonstrates
several mid-latitude precipitation events, are analysed. the importance of post-condensational processes for the tem-
n Perature effect during the 1986 storm event. Similar results
‘were obtained b¥ield et al.(2010 for the mid-latitude tem-
perature effect on monthly time scales.

The discussion in SecB8.2 has shown that, in additio
to the large scale air mass advection, microphysical inter
actions between rain and water vapour are important driver
of 8180 variations in the frontal precipitation. The magni-
tude of such post-condensational effects is to some extent
determined by the height of the melting level. If this is low,
precipitation falls mostly as snow, which does not interact
with the surrounding vapour. On the other hand, if the melt-

www.atmos-chem-phys.net/12/1629/2012/ Atmos. Chem. Phys., 12, 16248 2012



1644 S. Pfahl et al.: Isotopes in winter storm precipitation

(c)

-08 -0.6 -04 -02 O 02 04 06 08

Fig. 13. (a)Correlation coefficients between time series of 2-meter temperaturéléﬁljin hourly precipitation from the COSMg)
reference simulation. Values are only shown at grid points with 15 or more hours of precipitation (meaning that the simulated precipitation
is larger than 0.1 mm per hourjb) Correlation coefficients between time series of the height above ground ofthéstline ands180

in hourly precipitation.(c) As in (b), but for the sensitivity experiment in which isotopic fractionation during the interaction of rain drops
and the surrounding water vapour is switched off(Bpand(c), in addition to grid points with too little precipitation hours, also points are
masked where the temperature on the lowest model level is always bé&Bw 0

4 Conclusions Second, this large scale pattern is modulated by microphys-
ical effects, namely the isotope fractionation and equilibra-

In this study, a stable water isotope module has been imtion during the in_teraction_ of rain _drops and water vapour.
plemented in the limited-area weather forecast and cli-AS 0PPOSed to this, there is no evidence from the model re-
mate model COSMO. This module contains a detailegSUIts that differences in the altitude of precipitation formation

representation of isotope fractionation processes durin&ontributesystematicallytothefrontal isotopic gradient. The

phase transitions in the atmospheric water cycle. ThdMmportant role of these two processes explains the tempera-
new COSMQ, model includes an advanced microphysical {Ure effect that is simulated by COSM@for most of the

scheme, a convection parameterisation and non-hydrostatﬁonti”e”tal precipitation. Since near-surface temperature is,

dynamics that facilitate simulations from sub-kilometre to ©N the one hand, a measure of large scale air mass proper-

synoptic spatial scales. As a first test case, the model hal€s and, on the other hand, related to post-condensational

been applied for simulating a winter storm over the east-effects via the height of the melting level, it correlates with

ern United States in January 1986. The modelled isotopiéhe iS(_)topic composition qffrontal precipi_tation. qu the case
composition of precipitation has been compared to spatiallynvestigated here, the height of the melting level itself is an
distributed observations from a study by GL90. cospo edually good predictor of ™0 in precipitation. In future re-
almost perfectly reproduces the statistical distribution of theS€arch, the generality of the results obtained from this case
5180 ratios, and also the large scale spatial structure and tenstudy should be investigated. It will be interesting to see in

poral evolution are properly simulated. Deviations at single'Which way the isotopic patterns in frontal precipitation and
stations can partly be attributed to errors in the representatiof{"® Mechanisms behind them depend on the specific meteoro-
of mesoscale atmospheric structures in the model. logical evolution of the cyclone or the region where it occurs.

Based on the COSMg results, the typical time evolution With respect to the overall aim of using isotopes as trac-
of enriched rainfall in the beginning of mid-latitude precipi- ers of weather-related processes, the present study does not
tation events and a progressive depletion in the course of thprovide definitive answers, but can be seen as a promising
event has been linked to a spatial gradient’8D in surface  starting point. The interplay of large-scale and microphys-
precipitation. High isotope ratios are simulated on the warmical processes in causirid80O variability makes the inter-
side of the front that triggered the major part of the rainfall pretation of these isotope signals relatively complex, and it
during the 1986 winter storm, and more depleted precipita-is unlikely that they can be directly related to single physi-
tion in the cold air on its back side. Two major processescal mechanisms. Rather, a combined approach, using stable
have been identified that contribute to creating this spatialwater isotope observations together with model simulations,
pattern. First, the advection of cold, depleted water vapoulis promising for obtaining deeper insights into physical pro-
to the west and warm, more enriched vapour eastwards ofesses like cloud microphysics and water transport. Using
the front, in concert with the progressive removal of heavythe additional constraints on the simulated water cycle pro-
isotopes by precipitation in the frontal band, causes a largevided by the isotopes, specific processes in the model may
scale east-west gradient&f0 of vapour and precipitation. be evaluated. For instance, based on the important role of
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rain-vapour interaction and moisture recycling for the strongHere,x = (x —x;)/Ax is between-1/2 and J2. The coef-
depletion of the post-frontal snow in the present case studyicientsa; can be obtained from the value'qf at the neigh-

(see Sect3.2), the isotopic composition of this snow may be bouring grid points. The order of the polynomial, which is
applied as a measure for the correct representation of sucthosen to be 4 here, determines the accuracy of the scheme.

recycling mechanisms in the model. The flux of the light isotope is given by
The new COSMQ, limited-area isotope model is a flex- | Ax |
ible tool that may be used in a variety of applications in fu- " Fi+1/2= —— ~ﬁ< fi+1/2>, (A3)

ture research. It is well suited for supporting the interpreta-

tion of observations with high temporal resolution, which are with

becoming more and more available. More specifically, the 11/227‘_ by (R)d % ., Cit1/2>0
model can also be used for testing parameterisations of iso-fi+1/2 = { fl/ﬁ’fcflm o (A4)
tope fractionation, e.g., with respect to ice formation. With f—1/2 Vig1(H)dx, ciy12<0

the prognostic ice supersaturation of the COSM@icro-  and £(..) denoting a flux limiting operator that is neces-
physics scheme, the effect of supersaturation on kinetic fracsary for the positive definiteness (for details, see agait,
tionation may be investigated more explicitely than using the1989. Moreover, ci+1/2 = Uit1/2 At/Ax is the Courant
parametric equations employed in most other isotope modnumber, withu denoting the wind velocity. The integrals
els. Furthermore, different realisations of the Craig-Gordonijn Eq. (A4) can be evaluated analytically by plugging in the
model can be compared with the help of deuterium excesgolynomial expansion from EgAQ).

data, ideally from near-surface water vapour (cf. S2&.9. For the heavy isotopes, instead of using E4&)(to (A4)

The model will have to be extended when isotope fluxes begjirectly, the fluxes are determined by interpolating the iso-
tween the atmosphere and the land surface shall be investippe ratior ="y/'y (rather than the moisture density):

gated (see again Se@.2.2. Also, with respect to convec-

tion and microphysics, more sophisticated parameterisation%()e) _ 24:“ <k
(e.g., a two-moment microphysics scheme) may be imple- '~ = Rk
mented in the future. Finally, the model can also be applied o )
for climate simulations in order to investigate regional water Where the coefficientsr ;. can be determined from the val-

isotope variability on monthly or longer time scales. ues OfR at the neigh_bouring grid points,_ as above for.
Therewith, the heavy isotope fluxes are given by

(A5)

AXx
Appendix A "Fiy12= ~ £ (I fi+l/2Rfi+1/2) : (A6)
. . with
Advection of isotope tracers
112 i A
R ¢ _ ) cir1271/2=cit1p2 Ri(¥)dx, ci+1/2>0 (A7)
As outlined in Sect2.2.1, a modified Bott scheme is applied fivy2= _Ci+11/2 :ll//f—c;+1/z Risa(B)dé  cisa2 <0,

for the advection of heavy isotopes, similar to the approach
followed by Risi et al.(20108 using the Van Leer scheme. The flux limitation denoted by (..) is performed analo-
Here, this is detailed for one spatial dimension; the extensiorgously to the standard scheme used for the light isotopes.
to three dimensions is done with the time splitting method.In case of vanishing moisture content at neighbouring grid
The specific humiditieg; are multiplied with the total air ~ points (which occurs frequently for all hydrometeorR)js
density p before advection for obtaining moisture densities ill-defined. In this case, the integrity of the scheme is main-
¥ =gq - p. Following Bott (1989, the moisture field after ad- tained by reducing the order of the polynomial A¥( to sec-
vectiony’ at grid point; is given by ond or even zeroth order (corresponding to a simple upstream
scheme) at the respective grid points. Finally, the change of
, At heavy isotope content due to advection is obtained by com-
vi=vi— o (Fiaz—Fiop). (A bining Eqs. A5) to (A7) with Eq. (A1). This modified ad-

) ) ) vection scheme, which can basically be applied for arbitrary
whereAr andAx denote the time step and grid Spacing, reé- yacers has a high accuracy with respect to the isotope ra-
spectively, andV,»H_/g is the moisture flux thr(_)ugh_ the right 4, R, that is the most important prognostic quantity for iso-
boundary of the grid cell. For the standard light isotbge tope simulations. Furthermore, it retains the properties of the
these fluxes are obtained from the classical Bott scheme, ggginal Bott scheme with respect to positivity (by flux limi-
desgntied.m dgtan bj.'sot.t (1989. Thls_ls done by approxi- tation) and mass conservation (owing to the flux formulation
mating'y in grid boxi with a polynomial: of Eq.AL).

4 In order to examine the performance of this extended
by () Zzak)?k. (A2) scheme, a one-dimensional test is conducted that was de-
= signed for testing advection algorithms with respect to the

www.atmos-chem-phys.net/12/1629/2012/ Atmos. Chem. Phys., 12, 162348 2012



1646 S. Pfahl et al.: Isotopes in winter storm precipitation

< <
(@ = 7 (b) = 7
N N
— —
e | e |
— —
x 3 x 3
© ©
o 7| o 7|
< <
o o
N N
c 7| o 7|
e e
o o
I I I I I I I I I I I I I I
-15 -10 -05 00 0.5 1.0 15 -15 -10 -05 00 0.5 1.0 15
x [& x[e

Fig. ALl. Results from the one-dimensional advection test &tdar and Smolarkiewicg1996. The isotope rati®R at timer =1 is plotted

against the stretched spatial dimension. Solid black lines indicate the analytical solution. The reddnshiows the numerical result

for both isotopes being transported independently of each other using the original Bott schémgethimblue line shows the isotope ratio
obtained with the modified advection with fourth order accuracy, the gray dashed line indicates the result obtained with zeroth order accuracy.
See text for details.

synchronous transport of two tracers Bghar and Smo-  Such diffusion is particularly critical for synoptic-scale simu-

larkiewicz (1996. The initial moisture fields for this test are lations that aim at reproducing strong spatial gradients of iso-

defined by tope ratios, e.g., related to a frontal system, as in the present
study.

l1+x, —1=x=<0 All together, these idealised test simulations show that the

I —
V)= é ’ Oﬁx 5,1 (A8) modified fourth order Bott advection scheme is well suited
» Otherwise for an almost consistent transport of water isotope fields with
and low numerical diffusion. Note, however, that small incon-
sistencies may still appear, in contrast to the flux-correction
_J1 . Ix[=075 formalism developed bchar and SmolarkiewicZ1996).
RO=105" othorni (A9)  formalism d by : .
-2, otherwise This iterative formalism is numerically much too expensive,

though, to be used in three-dimensional weather-forecast or
climate simulations. The present scheme can thus be re-
garded as a good compromise between numerical efficiency
and the consistency of tracer transport.

This moisture is transported by a wind fielgx) = —x. For
the numerical integration, a grid spacing &A% = 0.05 and
a time step ofAr =0.025 are used. FigurA@la shows the
result of this integration if the original Bott scheme given by
Egs. Al) to (A4) is used for both the light and the heavy
ISOtOpeS.' The isotope Tat"@(x) after 40 time steps is plot- AcknowledgementdiVe are very grateful to Stanley D. Gedzelman
ted againstr, scaled with a factor of e, whele (x) > 0. o L -

. L . . . and James R. Lawrence for publishing their isotope observations
The SO"|Id black line |n_d|c§tes the analytical sqlutlon 9IVeN fom the 1986 winter storm. We thank Christoph SCKETH
by Scfar and Smolarkiewic£199§. The numerical result  z,ich) for helpful discussions and three anonymous reviewers for
reproduces this analytical solution relatively well at most of their constructive comments. The National Climatic Data Center at
the grid points, but there are strong deviations where) NOAA is acknowledged for giving access to the precipitation time
is small, in particular around-e= —1. Similar inconsisten-  series from the station AVP, MeteoSwiss for providing access to
cies are typical for many advection schemes (see ggytiar ECMWEF analyses. Data analyses and graphics for this study were
and Smolarkiewicz1996. The deviations are reduced if the produced using the software package R.
modified advection scheme (Eq&1) and @A5) to (A7)) is )
used for the heavy isotopes (blue line in FAglb). Atthe  Edited by: M. K. Dubey
left flank, the numerical solution becomes slightly more dif-
fusive, but the strong overshoot totally disappears. At the
right flank, a small overshoot with values gfabove 1 can
stil be_observe(_:l. The dashed !il.qe in Fmb. indicates the. Blossey, P. N., Kuang, Z., and Romps, D. M.: Isotopic composition
numerical solution for t.he moQIfled advection schemg W'Fh of water in the tropical tropopause layer in cloud-resolving simu-
zeroth order accuracy, i.€., a simple upstream approximation |ations of an idealized tropical circulation, J. Geophys. Res., 115,
of R; (%) instead of using EqAS). Inthis case, whichis sim-  p24309,doi:10.1029/2010JD014552010.
ilar to the approach used IRisi et al.(2010D, there are no  Bony, S., Risi, C., and Vimeux, F. Influence of con-
inconsistencies, but the numerical diffusion is much larger. vective processes on the isotopic compositigt8Q and
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