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Abstract This study investigates the role of below-cloud evaporation and evapotranspiration for the
short-term variability of stable isotopes in near-surface water vapor and precipitation associated with
central European cold fronts. To this end, a combination of observations with high temporal resolution and
numerical sensitivity experiments with the isotope-enabled regional weather prediction model COSMO,,
is used. The representation of the interaction between rain droplets and ambient vapor below the cloud is
fundamental for adequately simulating precipitation isotopes (6,) and total rainfall amount. Neglecting
these effects leads to depletion biases of 20-40%o in 5§H and 5-10%o in 6:)80 and to an increase of 74%
in rainfall amount. Isotope fractionation during soil evaporation is of primary importance for correctly
simulating the variability of continental low-level vapor 62H and 580 and particularly of the secondary

isotope parameter deuterium excess (d, ).

1. Introduction

The adequate representation of precipitation in a limited-area numerical model depends on the correct sim-
ulation of a large number of processes involving several spatial and temporal scales [Rossa et al., 2008]. In this
respect, a proper description of surface evaporation at the remote moisture source (in this study in particular
soil evaporation, SE), large-scale water vapor transport [e.g., Winschall et al., 2012; Grams et al., 2014], cloud
microphysics, and local below-cloud (BC) interaction between rainfall and ambient water vapor [e.g., Dawson
et al., 2010] is crucial. Due to the lack of direct measurements of several of the variables involved in these
dynamically relevant processes, the verification of their correct representation in the model is challenging.

Stable isotopes of water in vapor and precipitation record the phase change history of a water sample
[Dansgaard, 1964]. Isotopes in water vapor (562H, 5120, deuterium excess d, = 62H — 8 - 5!20) and precipita-
tion (cS;H, 5;80, d, = égH -8. 5;80) thus provide a measurable constraint on the processes involved in vapor
and precipitation formation (see Coplen [2011], for details on the isotope notation and standardization). A
prerequisite for a meaningful application of this additional observational constraint is a proper understand-
ing of the mechanisms controlling isotopic variations during the passage of specific weather systems like
midlatitude fronts.

Frontal passages are typically associated with intense precipitation. Few studies have specifically investigated
the characteristic isotope signature of those weather systems in vapor and precipitation [Gedzelman and
Lawrence, 1990; Pfahl et al., 2012]. Existing studies mainly concentrate on explaining the observed tempo-
ral evolution in the 6, signals and associate these with different cloud types (e.g., convective or stratiform)
[Miyake et al., 1968; Rindsberger et al., 1990; Celle-Jeanton et al., 2004; Coplen et al., 2008; Risi et al., 2008; Barras
and Simmonds, 2009; Yoshimura et al., 2010; Muller et al., 2015]. Processes at three different scales control the
spatial and temporal evolution of isotopes in vapor and precipitation during a cold front passage [Barras and
Simmonds, 2009; Pfahl et al., 2012]: (i) the large-scale properties of air masses corresponding to the climato-
logical isotope effects described by Dansgaard [1964]; (ii) the contribution of the weather system, here the
cold front; and (iii) the microphysical interaction between vapor and rain droplets below the clouds, bringing
the isotopic composition of the rain closer to equilibrium with BC vapor in saturated regions or enriching the
rain droplets in regions with relative humidity below 100%. So far, the relevance of each of these groups of
processes as well as their interaction has not yet been sufficiently constrained.
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In this paper, theimportance of these three groups of processes is investigated in a case study of simultaneous
water vapor and precipitation isotope measurements (see section 2) during the passage of cold fronts com-
bined with simulations with the isotope-enabled regional numerical weather prediction model COSMO,,. We
first discuss the role of the cold fronts that passed our measurement site during a 1 week campaign for the
variability of the measured isotope signals (section 3.1) and then outline possible reasons for the observed
disequilibrium between the vapor and the liquid phase in our measurements (section 3.2). Finally, we exam-
ine the relative importance of remote (SE) and local (BC) isotope fractionation effects during the passage of
one of the observed cold fronts with COSMO,,, experiments (section 4).

iso

2. Isotope Measurements

Isotope measurements in ambient water vapor were performed in Zurich (47.38°N, 8.55°E, 500 m above sea
level) between 19 and 25 July 2011 with a cavity ring-down spectrometer Picarro L1115-i. Hourly averages
of 5 s measurements are used here with an estimated total uncertainty of 0.8%o for 2H and 0.2%o for §'0
after calibration (see Aemisegger et al. [2012], for more details about the setup, calibration procedure, and the
measurement uncertainties). At the same location, precipitation was sampled with an automatic sequential
rainfall sampler previously used for studies of wet deposition of solutes in rainfall [Eugster et al., 1998]. Pre-
cipitation was collected in 50 mL bottles inserted into a carousel that advanced the bottles every hour to
provide 1 h resolution during events with a precipitation rate above 1 mm h='. The accumulation time was
longer if the required minimum hourly precipitation amount was not reached. The lid of the sampler closed
automatically after 1 min when no rainfall was detected to minimize potential isotope fractionation due to
postsampling evaporation. This is similar to the concept chosen by Coplen et al. [2008] who also tried to min-
imize evaporation with their sampler design. The rainfall samples were gathered on the morning of the 20,
23, and 24 July and analyzed in the laboratory for their isotopic composition with a Picarro L2130-i instru-
ment, an A0212 vaporizer operated in high-precision mode and an autosampler (precision 0.1%o for 6;H and
0.03%o for 6;80). The estimated overall uncertainty taking into account collection and handling (evaporative
effects) is 2%o for E;H and 1%o for 6;80. This estimate is based on average values obtained from measure-
ments of bottles filled with 25 mL of a known liquid water standard and left in the rainfall sampler as a control
between two collection times (see also the more detailed laboratory study by Prechsl et al. [2014]). Note that
d, measurements are thus affected by large uncertainties and possibly also by small biases due to evaporation
during sample collection. Other meteorological variables including precipitation intensity, 2 m temperature,
and relative humidity were measured at the MeteoSwiss station, Fluntern, nearby.

3. Simultaneous Water Vapor and Precipitation Isotope Measurements

3.1. Frontal Precipitation Systems Strongly Modulate Isotope Signals

Four rainfall episodes occurred in Zurich during the 1 week of measurements between 19 and 25 July. The
week was characterized by fairly low summer temperatures (between 9°C and 20°C) and precipitation due
the passage of two cold fronts (at about 18 UTC 19 July and 00 UTC 24 July) and due to shallow convection in
relatively cool air beneath an upper level trough between 21 and 23 July. In terms of precipitation intensity, the
rainfall episodes are comparable, all with peak hourly values of 5-8 mm hr~! and event accumulated values
exceeding 10 mm. The passage of the cold front at 00 UTC 24 July and a general protrusion of cold air from
the North Atlantic toward the Mediterranean and Eastern Europe are clearly visible in Figure 1, together with
a cyclonic low-level circulation in the North Sea and a pronounced anticyclone over northern Africa. Figure
S1 in the supporting information visualizes the meteorological evolution for the entire measurement period
and confirms the generally cool conditions over Central Europe.

The water isotope measurements clearly reflect the influence of the aforementioned weather systems with
relatively higher §, values in the period 12UTC 21 July to 12UTC 22 July and lower §, values after the cold fronts
pass (Figure 2). The passing of the cold fronts on 19 and 24 July are reflected by a characteristic V shape in the
8, signals (Figure 2). In both cases, a rapid and strong decrease in the isotope observations (~8-10%oh™" in
s2Hand = 1° h™"in 5,80) is followed by a slower recovery of the §, signals reaching a plateau value, which is
lower than the 8, signature of the warm air mass before the passage of the cold front. The decreases observed
in &, are of the same magnitude as in §,.. Additional short-term variability can be observed in the 6;80 samples
during the cold front passages. The minima in §, and 6, occur at the same time or shortly after the precip-
itation intensity peak on 19 and 24 July. Similar patterns of a V-shaped decrease have also been observed
elsewhere in frontal precipitation [Miyake et al., 1968; Gedzelman and Lawrence, 1990; Celle-Jeanton et al., 2004;
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Figure 1. Equivalent potential temperature (contour colors) and horizontal wind (arrows) at 850 hPa from ECMWF
analysis data at 00UTC 24 July 2011 for Europe. Zurich is marked with a black dot. The computational domain of the
COSMO;,, simulations is shown by the black box. The temporal evolution of the weather situation between 18UTC
19 July and 00UTC 24 July 2011 is shown in Figure S1 in the supporting information.

Coplen et al., 2008; Risi et al., 2008; Barras and Simmonds, 2009] and in cloud water [Spiegel et al., 2012]. The
temporal evolution of d, and d,, during the two cold front passages is not as characteristic as that of 5, and
8,- The minima in §, coincide with a short-term maximum in d,.

In contrast, the convective precipitation period induced by the upper level trough between 12UTC 21 July and
12UTC 22 July (see Figure S2) is characterized by gradually more enriched §, values, reflecting the influence
of the warmer air mass from the south. This increase is also present in 4.

Itis important to note that in our measurements no clear diel cycle is visible (except for d, on 24-25 July, see
section 4.2). The complex large-scale flow situation determines the temporal evolution of the isotope signals
observed during this campaign rather than the daily cycle of local surface fluxes and boundary layer mixing,
which were discernible in previous studies [e.g. Lee et al., 2005].

3.2. Disequilibrium Between Vapor and Precipitation Isotopes

Over the whole campaign, we find relatively strong linear correlations between the vapor isotope and pre-
Cipitation isotope measurements (rvp(5180) = 0.56 and rvp(62H) = 0.80 at p values < 0.01, see scatter plots
in Figure S3). High r,, values can result from two different causes. First, high correlations can arise from the
fact that near-surface 6, signals are linked with the evolution of §, at higher altitudes where precipitation is
formed. In this case, the isotope signatures of the two phases evolve similarly in time due to the linkage with
the large-scale flow. Near-surface vapor and higher-altitude vapor thus would have the same moisture source
and a similar transport history. Second, the fact that &, and §, covary in time can be due to BC interaction
inducing isotopic equilibration between BC vapor and precipitation. Several strongly negative d,, values in
combination with a much lower variability in d, point toward an important contribution from evaporative BC
effects (evaporative BC effects decrease d,, whereas they tend to increase d, ). In fact, d, and d,, are not as well
correlated as the ¢ signals (r,,(d) = 0.36, at p value = 0.05), which is in line with this interpretation. However,
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Figure 2. Overview of the hourly measurements of 63H, 6\1,80, and d, in near-surface water vapor (red) and equilibrium
vapor from sampled rain water (8,eqpH, 8yeqp 80, and dyeqp, light blue) between 19 July 2011 and 25 July 2011 in
Zurich, Switzerland. The shaded red area indicates the uncertainty range of the water vapor isotope measurements. The
equilibrium vapor data from the collected rainfall sample were calculated using the measured 2 m temperature and

the equilibrium fractionation factors from Majoube [1971]. The rainfall sampling intervals are indicated by the length

of the short blue lines. The short red lines show the average isotopic composition of vapor weighted by the water vapor
mixing ratio for the corresponding rainfall sampling intervals. In the two bottom panels the 2 m temperature, the
measured hourly specific humidity g, and the precipitation amount for the rainfall sampling intervals are shown. Date
ticks are at 00 and 12UTC. The grey shaded areas indicate cold front passages. The red frame indicates the period
simulated with COSMO;

1s0*

the lower r,,,(d) value might also be compromised by the much higher uncertainties in d than in the & signals.
Even though the measured relative humidity at the ground was high (> 84%) during the rainfall periods, the
weak rainfall intensities (small droplets and thus lower falling velocities [Lee and Fung, 20071), and the pos-
sibly lower relative humidity in the air column above could have contributed to the evaporative enrichment
of precipitation. The importance of BC effects for the cold front passage at 00UTC 24 July is quantified and
further discussed in section 4 below.

The departure from isotopic equilibrium between the vapor and the liquid phase (6, — 8,.q,) can be a help-
ful measure for understanding the cause of the strong link between &, and 4,. The rainfall and low-level
water vapor samples measured here are generally not in isotopic equilibrium (compare red and blue lines
in Figure 2). On average the vapor samples are 4.5%o more depleted in 52H and 2%o more depleted in
5'80 compared to the equilibrium vapor from precipitation (8yeqp)- In addition to the relative enrichment of
precipitation due to BC rain evaporation, a dynamical effect causing an inverse vertical gradient in 6, could
explain the presence of more depleted vapor at the ground than at the level of cloud formation aloft. The
vertical structure of a typical cold front, inducing warm air to rise along the backward sloping front, implies
that the water vapor forming precipitation could be predominantly originating from the warm sector. Near
the surface, the cold front has already progressed beyond the measurement location, and more depleted
water vapor from the cold sector is measured. Orographic lifting or upper level troughs could lead to a similar
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variability in the vertical water vapor isotope profile (an example of the complex vertical structures of 6, from
a COSMO,,, simulation is shown in Figure S4).

1so

Previous studies, for which no measurements in water vapor were available, deduced 6, by assuming isotopic
equilibrium with measured precipitation values [Bowen and Revenaugh, 2003; Gibson et al., 2008; Jasechko
etal., 2013]. During our campaign, the difference between the average 6, weighted by the water vapor mixing
ratio (during rainy and dry periods) and §,,, weighted by the rain rate is —1.4%o for 6180, 1.4%o for 62H
and 12.8%o for d. The errors made with an equilibrium assumption would thus be negligible compared to
the measurement uncertainty for § but not for d (see section 2). Longer-term simultaneous precipitation and
water vapor measurements with high temporal resolution at different stations are needed to robustly quantify
the disequilibrium between the two phases as well as its possible seasonality and variability in space.

4. Comparison Between Isotope Measurements and COSMO,_, Simulations

4.1. Description of the COSMO,,, Simulations and Sensitivity Experiments

To quantitatively investigate the role of different isotopic fractionation processes, sensitivity studies have been
carried out with COSMO,, at a horizontal resolution of 7 km (see Steppeler et al. [2003] for details about the
limited-area model in general and Pfahl et al. [2012] for details about the water isotope implementation).
COSMO,, is run with the TERRA-ML soil-vegetation-atmosphere transfer scheme [Schrodin and Heise, 2001;
Grasselt et al., 2008], which is also used in operational weather forecasting with COSMO. The following settings

for (i) below-cloud evaporation (BC) and (ii) soil evaporation (SE) were used in these model experiments:

1. BCO: Isotope fractionation and equilibration during BC interaction is switched off in these simulations
(similar to Pfahl et al. [2012]). The isotope ratio of the evaporation flux from rain droplets is assumed to
be equal to the composition of the rain. The isotope ratio of the rain droplets is thus kept constant below
the cloud.

2. BC1: Simulation including BC interaction (see Pfahl et al. [2012], for details on parameterizations).

3.SEO: Simulation without fractionation during evapotranspiration, similar to most isotope-enabled
atmospheric general circulation models (GCM) [Hoffmann et al., 1998; Yoshimura et al., 2008]. The
evapotranspiration flux has the same isotope ratio as the soil moisture taken from the global model
(see below).

4. SE1: Simulation with fractionation during SE following Craig and Gordon [1965]; transpiration is assumed to
be nonfractionating; the soil water isotopes are taken from the global model.

Simulations have been performed for all combinations of BC and SE settings. The initial and boundary condi-
tions for all the nonisotopic model variables have been obtained from the European Centre for Medium-Range
Weather Forecasts (ECMWF) operational analysis data. For the considered period in July 2011 these data
are available every 6 h with a spectral resolution of T1279 (~20 km) and 91 vertical levels. For the isotope
variables, data from the global isotope-enabled general circulation model IsoGSM (T62, 17 vertical levels) are
used [Yoshimura et al., 2008]. These data were produced by nudging the IsoGSM model to global reanalysis
data [Yoshimura et al., 2008; Yoshimura and Kanamitsu, 2008]. The chosen domain for the simulations in this
study covers western continental Europe (see Figure 1).

In the following, we discuss COSMO;,, simulations of the cold front passage on 24 July for which the model
best represents the temporal evolution of the local rainfall at the point of measurement (Figure S5). The
simulation period is from 12UTC 23 July to 12UTC 25 July. Obviously a correct simulation of the isotopic
composition of near-surface vapor and precipitation depends strongly on the correct simulation of the
mesoscale weather pattern. Note that the simulated meteorological evolution is the same in all sensitivity
experiments, since the isotope parameterizations do not affect any other model components. Comparing the
results from the experiments thus provides a quantitative estimate of the dependency of isotope signals in
the model on important isotope parameterizations.

4.2. Comparison of Simulated and Measured Water Vapor Isotope Signals

Qualitatively, the role of the mesoscale weather system for the local-scale isotopic variability is evident from
a comparison of COSMO,,, results, featuring a more detailed representation of the regional dynamics, to
the global model (IsoGSM), which represents only the large-scale climatological context. The 6, values from
IsoGSM are higher (20-50%o for §2H and 3-7%o for 5!20) and show less variability than the measured sig-
nal (compare black and orange lines in Figures 3a and 3b). From IsoGSM, d, stays nearly constant between
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Figure 3. Comparison between measured (orange) and modeled (blue and green) (a-c) vapor and (d-f) precipitation
isotope signals for the cold front passage at 00UTC 24 July 2011. In Figures 3a-3c, the measured hourly water vapor
isotope signals are shown in orange with the shaded area indicating the measurement uncertainty range. The lowest
model level water vapor isotope signals are taken from the COSMO,,, simulations and interpolated bilinearly to the
point of isotope measurement. The shaded area for the water vapor isotope simulations represents the standard
deviation of the simulated isotope signals in a square of 56 km? around the isotope measurement station. In blue the
simulations without fractionation during SE (SE0) are shown, and in green the simulations with SE fractionation
following Craig and Gordon [1965] (SE1). Dashed lines show simulations without BC interaction (BC0), and solid lines
simulations with BC interaction (BC1). The lowest model level water vapor isotope signals from the GCM used as
boundary conditions (IsoGSM) [Yoshimura et al., 2008] are shown in black. Date ticks show hours in UTC.

12UTC 23 July and 12UTC 25 July at a value of 10%o, which corresponds to the global average signature of
meteoric water [Craig, 1961] (Figure 3c). The SEOBCO COSMO,, simulation (dark blue line in Figures 3a-3c)
shows slightly more variability than the global model, but is not in better agreement with the measurements,
indicating that a refined representation of the weather system dynamics alone does not lead to a better
representation of the water vapor isotope signal. Only by adding the microphysical processes related to BC
interaction and the fractionation effects during SE (SE1BC1, dark green line in Figures 3a-3c) is the COSMO,,
model able to more adequately represent the measured isotopic composition in the vapor. The correct ampli-
tude of the V-shaped decrease in §, during the cold front passage around 00UTC 24 July can only be obtained
if BC effects are included. The local interaction between rain droplets and vapor thus appear as an important
controlling factor for the V shape in the 6, signal pointing to an imprint of the falling rain on the ambient vapor.
The lower measured §, values after the cold front passage associated with the colder northern European air
mass are not adequately reproduced by the simulations, which may be due to a misrepresentation of the iso-
tope fractionation at the moisture origin or the influence of the (biased) IsoGSM boundary data. The local
maximum in d, around 0TUTC 24 July (discussed also in section 3.1) is only obtained in the BC1 simulations.
This indicates that this feature may also result from BC interaction with rainfall.

Continental moisture sources played a prominent role with > 85% continental evaporation contributing to
the water vapor arriving in Zurich during the passage of the cold front (computed using the moisture source
diagnostics from Sodemann et al. [2008] and applied to water vapor as described in Aemisegger et al. [2014]).
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This explains the strong impact that SE fractionation has on the near-surface water vapor isotope signal if it
is activated in the model. The generally lower 6, values seen in the measurements as well as the variability
in d, are much better reproduced in the SE1 simulations (Figures 3a-3c). Note that the better performance
of COSMO,, in simulating d, compared to the §, signals could result from the fact that even though the
soil moisture 6, values may be biased (too high), their ratio and thus also d,, is correct (here &~ 10%o). Other
possible explanations for the better agreement between simulation and observations for d, than for §, is an
underestimation of vertical mixing or of the rainout along the air parcel trajectory in COSMO,,.

On 24 and 25 July a daily cycle in d, with a minimum in the early morning hours and a maximum just before
noon can be seen in the measurements and the SE1 simulations (Figure 3c), which is probably due to a high
contribution of SE to the total evapotranspiration flux following precipitation in large parts of the continental
moisture source region.

4.3. Comparison of Simulated and Measured Precipitation Isotope Signals

Inall simulations, the temporal evolution of §, shows the V-shaped decrease as observed in the measurements
(see Figures 3d and 3e). The fact that for both §; and 6, the V-shaped decrease in the simulations and the
observations agree well shows that the temporal evolution of the air mass rain out is correctly represented
in the model. The V shape and absolute values of 6, agree best with the measurements when including BC
effects (solid lines in Figures 3d and 3e). Without BC effects, the BC enrichment of precipitation [Dansgaard,
1954; Strong et al., 2007] does not take place, and the &, values underestimate the observations by 20-40%o
in 65H and by 5-10%o in 5;80. Furthermore, the negative d, cannot be simulated without BC interaction,
confirming that on short time scales, d,, can be substantially influenced by local BC rainfall evaporation effects
as previously shown [e.g., Stewart, 1975; Barras and Simmonds, 2009]. To illustrate the impact of BC evaporation
on total precipitation an additional simulation was performed (RBC0) with the same setup as in SETBCO but
with BC evaporation switched off for the isotopes and rainfall. The temporal evolution of precipitation and
vapor isotopes remains nearly the same in the RBCO as in the SE1BCO experiment. However, the total amount
of rainfall in the RBCO simulation is increased by 74%. Even though the dynamical impact of BC evaporation
on the temporal evolution of the event needs to be investigated in more detail, it appears that precipitation
is considerably affected by BC processes both in terms of isotopic composition and precipitation amount
reaching the surface.

The impact of SE fractionation on precipitation isotopes is negligible (compare blue and green lines in
Figures 3d-3f). This may be partly due to the short simulation period. Indeed, the moisture at higher altitudes
may not yet be affected by the different SE fractionation parameterizations. Nevertheless, our results indicate
that BC interaction is an important process for isotopic variations in precipitation on short time scales. BC
interaction probably largely sets the absolute §;, values, whereas source effects and the transport dynamics
define the temporal evolution.

4.4. Comparison of Simulated and Measured Disequilibrium

As expected, the disequilibrium between vapor and precipitation (5, — dyeqp, Figure S6) is in best agreement
with the measurements in the BC1 simulations. However, the relative enrichment of precipitation compared
to near-surface vapor in the BC1 simulations is insufficient. This can be due to errors in the nonequilibrium
fractionation factors or to deficiencies in the representation of the vertical structure of the front leading to
errors in the vertical 6, or relative humidity profiles (the latter causing insufficient BC enrichment).

4.5. Nonlinear Feedbacks

The difference between the strength of the BC interaction for SE1 and SEO simulations illustrates the non-
linear feedbacks involved in these simulations. In the SEOBC1 simulation, the vapor is more depleted during
the cold front passage than in the SE1BC1 simulation (compare light blue and dark green lines in Figures 3a
and 3b). In the SEOBC1 simulation, the SE flux is equal to the soil moisture isotope composition. The signa-
ture of the fractionating SE flux in the case of the SE1BC1 simulation depends on both the soil moisture and
the ambient vapor isotope composition. Low near-surface 6, values imply a stronger isotope gradient toward
the soil moisture isotope signature, which can lead to relatively enriched SE. This interaction is absent in the
SEOBC1 simulation, which explains the lower §, values than in the SE1BC1 simulation during the frontal pas-
sage. For the case study presented here, the best model setup to reproduce the observations is to include
both fractionation effects during BC interaction (BC1) and SE (SE1).
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5. Conclusions

Simultaneous measurements of 5'0 and §2H in water vapor and liquid precipitation collected from frontal
passages with high temporal resolution contain information on microphysical exchange processes between
precipitation and water vapor below the clouds and the vertical structure of these midlatitude precipita-
tion systems. In the case study of a cold front passage presented here, our simulations clearly showed that
both BC interaction and isotopic fractionation effects resulting from SE must be included to obtain the best
representation of measured isotope signals. A better process understanding and representation of the
isotopic variability in regional and global isotope-enabled numerical models will provide insightful additional
information on relevant processes in the water cycle. Other nonisotope model parameterizations like the
strength of BC evaporation, which has been shown here to considerably impact the simulated rainfall amount
or the representation of continental evaporation can also profit from high-frequency isotope measurements,
since isotopes provide information that is not available in other traditional meteorological variables.
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