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ABSTRACT

Annual, monthly, and daily analyses of stable isotopes in precipitation are commonlymadeworldwide, yet only

a few studies have explored the variations occurring on short time scales within individual precipitation events,

particularly at midlatitude locations. This study examines hydrogen isotope data from sequential, intra-event

samples from16precipitation events during different seasons and a range of synoptic conditions over an 18-month

period in Birmingham, United Kingdom. Precipitation events were observed simultaneously using a vertically

pointing micro rain radar (MRR), which, for the first time at a midlatitude location, allowed high-resolution

examination of themicrophysical characteristics (e.g., rain rate, fall velocity, and drop size distributions) that may

influence the local isotopic composition of rainwater. The range in the hydrogen isotope ratio (dD,whereD refers

to deuterium) in 242 samples during 16 events was from287.0& to19.2&, while the largest variation observed in

a single event was 55.4&. In contrast to previous work, the results indicate that some midlatitude precipitation

events do indeed show significant intra-event trends that are strongly influenced by precipitation processes and

parameters such as rain rate, melting-level height, and droplet sizes. Inverse relationships between rain rate and

isotopic composition are observed, representing an example of a local type of ‘‘amount effect,’’ a still poorly

understood process occurring at different scales. For these particular events, the mean d value may therefore not

provide all the relevant information. This work has significance for the testing and development of isotope-

enabled cloud-resolving models and land surface models at higher resolutions, and it provides improved insights

into a range of environmental processes that are influenced by subsampled precipitation events.

1. Introduction

Stable isotope ratios of rainwater are controlled by

the origin of the water vapor, evaporation process at

the source region, the rain-out history of the air mass,
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atmospheric transport patterns, conditions leading to

rain development, and phase and compositional changes

that occur as the raindrops fall through and below the

cloud (Celle-Jeanton et al. 2004; Fig. 1). The isotopic

composition thus offers constraints on changes in the

microphysical characteristics of the precipitating sys-

tem, and there is a growing appreciation that patterns of

behavior on shorter time scales offer new insights into the

responsiblemechanisms (Treble et al. 2005; Fairchild and

Baker 2012). This has relevance for a range of environ-

mental processes, particularly in situations where events

may be subsampled. For example, there is relevance to

understanding the isotopic composition of vadose and

groundwater in zones that are recharged only by parts of

precipitation events (Poage and Chamberlain 2001). It is

also of interest to hydrometeorologists for cloud physics

(e.g., Jouzel 1986), atmospheric water vapor transport

(e.g., Risi et al. 2008a), and modeling microphysical and

atmospheric processes, particularly GCMs and regional-

scale land surface models, which increasingly have been

isotope enabled to better understandmodel performance

as well as to model and predict atmospheric isotopic

FIG. 1. Schematic diagrams showing the various influences on precipitation isotopic composition and fractionation processes at different

scales, with theoretical dD values based on available literature. (a) Regional–synoptic [based on Hoefs (1997) and Coplen et al. (2000)]

airmass type. (b)Mesoscale [based onGedzelman and Lawrence (1990) and redrawn from Sodemann (2006), with changes] (i) stratiform/

frontal and (ii) convective (graphs below schematics show isotope variability through event). (c) Microphysical [based on Miyake et al.

(1968) and Sodemann (2006)]: 1) entrainment of air; 2) dissipation of dry air with isotopically depleted moisture at top of cloud;

3) formation of depleted ice crystals at low temperatures and diffusion of isotopic vapor to solid ice particles; 4) phase change; 5) kinetic

isotope effects during snow formation; 6) removal of precipitation at cloud base; 7) equilibrium of droplets and vapor, dependent on drop

sizes and RH; 8) isotopic exchange; 9) re-evaporation in layers of low RH (enrichment of rainfall at surface and depleted water vapor fed

back into condensation process); 10) fast advective upward transport; and 11) below-cloud factors (T, RH, DSD, and R variability).

Graphs below the schematic show decreasing isotope ratios and corresponding T, RH, DSD, and R trends.
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composition (Risi et al. 2012, 2013; Guglielmo et al.

2013). Furthermore, in contrast to tropical rainfall, the

multiscale influences on the isotopic composition of

midlatitude precipitation do not lend themselves well to

univariate regression analysis because different processes

can dominate the isotope signature at different spatio-

temporal scales; for example, the air mass may have

an opposing influence compared to within-event and life

cycle effects (Berkelhammer et al. 2012; Sturm et al.

2010). This has resulted in difficulties in calibrating iso-

topic records. Studies of individual events therefore

provide the most detailed information for partitioning

controls and building up an understanding of variability.

Isotopic fractionation occurs during phase trans-

formations when changes in the relative abundance of

isotopes due to their differences in mass arise. There are

two categories of isotope effects: equilibrium (e.g., con-

densation within clouds) and kinetic or nonequilibrium

fractionation (e.g., evaporation, isotopic exchange with

surrounding vapor, and re-evaporation of falling drops;

Dansgaard 1964; Miyake et al. 1968). These fractionation

processes influence the isotopic composition of pre-

cipitation, which is expressed as delta value d (permil;&),

the parts per thousand difference from a standard:

d5 1000

�
Rsample

Rstandard

2 1

�
.

Isotopic composition of atmospheric water is initially

controlled by ocean isotopic composition, sea surface

temperature Tair, relative humidity (RH) of the atmo-

sphere, and wind regime. Vapor found near the earth’s

surface is a mixture of newly evaporated surface water

and lighter vapor from above that has been involved in

fractionation/precipitation processes (Dansgaard 1964;

Smith 1992; Lai et al. 2006; Strong et al. 2007). Con-

densation causes the isotopic depletion of the water

vapor since heavy water molecules, 1H2HO and H2
18O

[where 2H can also be written as deuterium (D)], are

converted preferentially into water droplets or ice

crystals (which are therefore isotopically heavy). The

aforementioned meteorological signals on precipitation

isotopes are buffered by the effects of re-evaporation,

isotope exchange between falling raindrops and water

vapor, and equilibration with the surrounding vapor

(Celle-Jeanton et al. 2004). Precipitation therefore has

heavier dDand d18O values (henceforth denoted dwhen

referring to both isotopes) when it reaches the ground

compared to when it was formed within the cloud

(Gedzelman and Lawrence 1990). Thus, evaporation

and isotopic exchange processes are very important

processes involved as the raindrop falls below the cloud

base (Lee and Fung 2008).

There are numerous environmental parameters (ef-

fects) that covary with the composition of precipitation:

temperature, latitude, season, continentality, altitude,

and precipitation amount (Dansgaard 1964; Yurtsever

and Gat 1981; Rozanski et al. 1993). The first five of these

effects are essentially all related to progressive fraction-

ation during the cooling of an air mass and progressive

removal of the condensate and are well understood,

whereas the ‘‘amount effect’’ is polygenetic (Fairchild and

Baker 2012); it is seen on different time scales and may

have different origins. As a result, the underlying physical

processes are still poorly understood and quantified (Risi

et al. 2008a). The amount effect describes the negative

correlation between the amount of precipitation at the

surface and the proportion of heavy isotopes, which is

physically related to low equilibration due to high below-

cloud relative humidity and large droplets, decreased time

for equilibration due to downdrafts, and the recycling of

precipitation (Lawrence et al. 1982; Sodemann 2006). This

effect has been observed and documented at monthly,

intraseasonal, and annual time scales by numerous studies

(e.g., Dansgaard 1964; Lee and Fung 2008; Risi et al.

2008a; Baldini et al. 2008, 2010; Field 2010; Kurita 2013)

but has also been observed at shorter time scales in tropical

rainfall (e.g., Risi et al. 2008a). Although a negative cor-

relation between rainfall amount and d exists, it has been

noted that precipitation intensity does not correlate as

well with d when explored at short time scales [e.g., daily

means (Risi et al. 2008a; Kurita et al. 2009) and event

means (Vimeux et al. 2005; Kurita et al. 2009)] or for

continental stations (Dansgaard 1964). However, this re-

lationship has not been explored in detail at subevent time

scales to date.

Values of d also vary with rain-bearing systems, which

influence rainfall quantity, moisture source, storm trajec-

tory, and rain-out history (Crawford et al. 2013; Figs. 1a,b).

For example, isotope ratios have been found to be higher

in convective than stratiform clouds (Gedzelman and

Lawrence 1990) and are more sensitive to short periods of

rapidly changing rainfall intensities in convective events

(Barras and Simmonds 2009). The highest d18O values are

found in warm sectors, while the lowest values are found in

the coldest air, in deep clouds, resulting from progressive

depletion of heavy isotopes by fractionation during conden-

sation.Cyclones are associatedwith low d values (Dansgaard

1964) because of the isotopic distillation efficiency of such

systems since water condenses at a high altitude and

therefore has a low isotopic value (Treble et al. 2005; Risi

et al. 2008a). The more developed and intense cyclones

have the lowest d values, with rainfall having an increas-

ingly lower d value closer to the center of a low-pressure

system (Lawrence et al. 1982; Gedzelman and Lawrence

1990).
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In additional to the aforementioned global, regional,

and mesoscale influences, there are numerous finescale,

local, andmicrophysical processes occurring both within

and below the cloud (Fig. 1c). These also influence the

final composition of precipitation at the surface. These

processes are rarely taken into consideration when an-

alyzing data at longer time scales but are very important

when interpreting event-based data. Furthermore, the

degree of equilibration and re-evaporation is controlled

by the height of the cloud base and melting level, the

relative humidity of the atmosphere beneath the cloud

(and thus re-evaporation), and the size of the raindrops—

which in turn is related to rain rate R (and therefore, the

amount effect).

Although annual, monthly, and daily analyses of stable

isotopes in precipitation are commonly made world-

wide, only a few studies have looked at the smaller, in-

dividual precipitation event scales in which isotope

ratios can vary significantly over a short period of time.

For example, earlier analyses of single rainfall events

have revealed within-storm variations of 10&–12& for

d18O (Rindsberger et al. 1990), while other work con-

ducted at shorter (e.g., 30min) time resolutions have

found variations in dD of between 7& [southeast Aus-

tralia (Barras and Simmonds 2009)] and 58& [California

(Coplen et al. 2008)] or more. For example, a recent

higher-resolution study [Cairns, Australia (Munksgaard

et al. 2012)] found variations of up to 95&within a single

4-h period, despite the general meteorological condi-

tions remaining stable.

Analyses of isotopic variations within individual

rainfall events allow assessment of the gradual or abrupt

changes in the microphysical, local, meteorological,

and synoptic parameters influencing rain formation

(Celle-Jeanton et al. 2004). Past studies have reported

that the isotopic value of rainwater can vary significantly

throughout individual precipitation events. Intra-storm

samples therefore reveal a link between the isotopic

signature and storm type, track, structure, and evolution

(Gedzelman and Lawrence 1990; Smith 1992; Gat et al.

2001), yet there are other competing factors including

rainfall intensity, changes in air mass, altitude at which

rain is produced, the type of precipitation, conditions

below cloud, and processes such as evaporation and

condensation.

A number of specific isotopic trends have previously

been identified and reported in the literature (Table 1).

Decreasing trends (e.g., Gedzelman and Lawrence 1990;

Taupin and Gallaire 1998; Celle-Jeanton et al. 2004;

Coplen et al. 2008; Pfahl et al. 2012) occur when the d

value of rainfall events is observed to decrease with

time, particularly for cold fronts. Indeed, Coplen et al.

(2008) documented a large decrease of 51& for dD over

a period of just 1 h for an extratropical cyclone. Such

trends have been attributed to the decreasing impact of

isotopic exchange and local increases in cloud-top heights

occurring within a dynamic system (Gedzelman and

Lawrence 1990; Coplen et al. 2008). These trends often

reach a stationary value toward the end of the event, and

when this is observed it is referred to as an L-shaped trend

(Adar et al. 1991), or a stationary trend if the isotope values

are relatively continuous throughout the event. Adar et al.

(1991) attributed theL-shaped trend to intense rain showers,

where rainwater becomes gradually more depleted in

heavy isotopes. Others, for example, Celle-Jeanton et al.

(2004), postulated that the constant values are due to the

steady state in the condensation–rain-out process at-

tained by convection, while Miyake et al. (1968) attrib-

uted it to the constant and unchanging height at which

the rain was formed for one particular event. Increasing

trends have also been identified (e.g., Miyake et al. 1968;

Gedzelman and Lawrence 1990; Taupin and Gallaire

1998; Celle-Jeanton et al. 2004), suggesting that heavier

isotope content in precipitation can increase with

time, particularly rainfall associated with a warm front

(Miyake et al. 1968). Gedzelman and Lawrence (1990)

also observed a brief increase in d18O in one storm

when the deepest clouds moved away prior to a break

in the precipitation.

It is also possible that the trends identified above are

observed at various stages throughout an event (e.g.,

Munksgaard et al. 2012). For example, V-shaped trends

(a decreasing then increasing trend) have been identi-

fied in a number of studies (e.g., Levin et al. 1980;

Rindsberger et al. 1990; Celle-Jeanton et al. 2004). In

these events, the rain initially has a heavy isotope con-

tent that has been suggested to be caused by production

in low-altitude clouds that are subject to evaporation

during descent (Dansgaard 1964). This rainfall-production

altitude increases because of the ascent of warm, humid

air rising over a cold front in the case of frontal pre-

cipitation or because of convection and inflowof new air in

the case of convective precipitation. This causes a decrease

in both heavy isotope content and in-cloud air tempera-

ture, which reflects the progressive adiabatic condensa-

tion of vapor obeying the Rayleigh process (Gonfiantini

et al. 2001), with maximum depletion reached at the

highest rain intensity, which usually corresponds to

maximum cooling at the passage of a cold front or when

a convection cell reaches top height. Several explanations

have been put forward for the increase in heavy isotope

content of the rainwater toward the end of one event, for

example (Celle-Jeanton et al. 2004), exchange between

the falling drops and the vapor near the ground, in-

fusion of new air masses with lower effective rain-out

moving behind the front, residual precipitation formed
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at a lower elevation, and lower-intensity precipitation

at the end of an event. In addition, two V-shaped trends,

or a W-shaped trend, have also been observed within

an event during which there is a successive passage of

fronts (e.g., Taupin andGallaire 1998; Rindsberger et al.

1990).

Therefore, despite similar-source air masses, events

can have very different isotopic compositions and intra-

event trends can be somewhat variable, indicating

microphysical, local, meteorological, and synoptic

signatures. However, the precise controlling mecha-

nisms are still less well known or often speculative;

therefore, our current understanding of how individual

precipitation events translate into a mean value and the

influence of transport variability is still uncertain

(Helsen et al. 2005). The competing effects of the vari-

ous factors (e.g., rainfall intensity, changes in air mass,

altitude at which rain is produced, the type of pre-

cipitation, conditions below cloud, and processes such as

evaporation and condensation) upon isotopic composi-

tion means that it has been difficult to differentiate be-

tween those primarily influencing the isotopic content of

precipitation on an event scale. However, these pa-

rameters may have a large impact on studies utilizing

TABLE 1. Examples of within-event trends identified in the literature (in order of publication).

Reference

Isotopic trend(s)

identified Location

Type of

events

Range of isotope

values observed Events

Munksgaard

et al. (2012)

d Various Cairnes, Australia Convective,

stratiform

d18O: from 12.6& to

219.6&; dD: from

113& to 2140&

9 over 15 days

in 8-month

period

Risi et al. (2008b) d W shaped Niamey, Niger

(Sahelian region)

Squall line

systems

d18O: from ;21&
to 28&

4

Barras and

Simmonds

(2009)

d Weak R

relationship

Southeast Australia Mixed frontal,

convective,

stratiform

d18O: from ;0&
to 212&

6

d Decreasing
d Increasing
d V shaped
d No distinct/

variable
d Stationary

Coplen et al. (2008)

[Yoshimura

et al. (2010)

modeled the

same event]

Various trends

within the event:

California coast Extratropical

cyclone

dD: from 222&
to 280&

1 over 2 days,

separated into

6 zones of

distinct isotopic

behavior

d Decreasing
d Increasing
d V shaped

Celle-Jeanton

et al. (2004)

d Decreasing Avignon, France Convective,

stratiform

d18O: from ;21&
to 222&

12 over 2 years
d Increasing
d L shaped
d V shaped

Taupin and

Gallaire (1998)

d Increasing Niamey, Niger

(Sahelian region)

Convective d18O: from ;0&
to 26&

5
d Decreasing
d W shaped

Adar et al. (1991) d L shaped Israel — — —
d V shaped

Rindsberger

et al. (1990)

d W shaped Israel Various d18O: from ;11&
to 212&

Several over

2 years

Gedzelman and

Lawrence (1990)

d Increasing North Carolina Extratropical

cyclones

d18O: from ;12&
to 224&

2
d Decreasing

Miyake et al.

(1968)

d R relationship Four different

locations in and

around Tokyo

Stratiform,

convective,

snow showers

d18O: from ;22&
to 218&

10
d Increasing
d Stationary
d Decreasing
d No distinct/

variable
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stable water isotope records. Hence, understanding

small-scale variability for individual precipitation events

could be important if it reveals phenomena that are

hidden by longer-term averaging, in the same way as

previous research revealed processes hidden in monthly

aggregated precipitation (e.g., Treble et al. 2005). A

small number of studies have attempted this, yet few

have used additional techniques in an attempt to in-

terpret these within-event trends in isotopic variability.

This paper examines the intra-event trends in stable

isotopes throughout a number of rainfall events using

meteorological data and a vertically pointing micro rain

radar (MRR) to explore these variations in more detail.

MRRs are a relatively newmethod of measuring rainfall

parameters at a specific location, providing microphys-

ical information onR, drop size distributions (DSD), fall

speed, and height of the melting layer [bright band

(BB)]; the impact of these phenomena on isotopic

composition have yet to be explored in detail. These

measurements allow analysis of the variations in mete-

orological variables over very small temporal and ver-

tical spatial scales. The main aim of this paper is to

examine the extent to which hydrogen isotope ratios

vary within individual events at a midlatitude location

and to attempt to explain the reasons behind these

variations.

2. Methodology

a. Sequential rainwater samples

Consecutive samples from 16 precipitation events

were collected from an exposed location at the Uni-

versity of Birmingham (528280N, 18560W; 132m above

mean sea level; Fig. 2) between the beginning of April

2005 and October 2006. Samples were collected for

a range of rainfall events, reflecting varying seasons,

synoptic situations, and meteorological conditions. Ini-

tially (during the 2005 sampling campaign), a manual,

amount-based sampling protocol was adopted, whereby

a sterile, wide-mouthed bespoke Pyrex rain collector

was used, from which 1-mL samples were collected and

the time recorded. During the 2006 sampling campaign,

however, a low-cost, semiautomated sequential precip-

itation collector was constructed, which involved using

a 0.2-mm-resolution tipping-bucket rain gauge, which

was modified to sequentially collect 10-mL samples for

each tip of the internal bucket (Fig. 3). The sampling

apparatus was exposed to the atmosphere just prior to

the onset of precipitation and samples were collected as

soon as the precipitation event ceased. Because humidity

was close to 100% during the period that the sampling

tube was open to the atmosphere (i.e., during the pre-

cipitation), evaporation will have been minimized. The

samples were transferred to high-density polyethylene

screw-top bottles, which were sealed immediately after

sampling to prevent evaporation and stored at 48C prior

to isotope analyses.

b. Hydrogen isotope analysis

All samples were analyzed for hydrogen isotopes

(D/H; dD). Analysis was carried out on a GV In-

struments IsoPrime continuous-flow mass spectrometer

at the University of Birmingham, using a EuroVector

Elemental Analyzer preparation line. Approximately

0.3mL of water was injected where reduction to

FIG. 2. Map of the location of Birmingham within the United

Kingdom and the location of the sampling site within Birmingham.

FIG. 3. Annotated photograph of low-cost bespoke automatic

sampler.
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hydrogen took place at 10508C over a chromium metal

catalyst (Morrison et al. 2001). Each sample was re-

peated twice. Prior to the sample, two pulses of refer-

ence H2 were injected to carry out a correction for H3
1.

Internal precision is 0.4&, with external precision ap-

proximately 1&. ‘‘Raw’’ reported values for the samples

are corrected for instrumental drift through the run.

Subsequently, standardization was carried out by cali-

bration against laboratory and International Atomic

EnergyAgency (IAEA) reference standards. Values are

expressed using the d convention, relative to the stan-

dard [Vienna Standard Mean Ocean Water

(VSMOW)].

c. Micro rain radars

Vertically pointing MRRs (Fig. 4) are small, portable,

and easy to operate, and they provide a novel method of

measuring rainfall that allows a more precise rain rate to

be determined (Diederich et al. 2004;Muller et al. 2010).

MRRs are frequency modulated continuous wave

(FMCW) Doppler radars operating at 24GHz; the fre-

quency deviation (Doppler frequency) between the

transmitted and the received signal is a measure of

the falling velocity of the rain drops. They measure

the backscatter of radiation from precipitation-sized

particles in 30 range bins that, in this study, allow

measurements between the surface and 3000m. In-

formation on a number of microphysical parameters are

generated every 60 s, including the fall velocity, DSD

(drop sizes between 0.1 and 4.5mm), liquid water con-

tent (LWC), and R. MRRs allow the processes influ-

encing isotopic variability to be assessed, such as

identification of the melting layer (bright band) and

exploration of the amount effect on within-event iso-

topic variability, since they provide high-temporal-

resolution data over a range of vertical heights. MRRs

provide high-temporal-resolution information on the

characteristics of the precipitation every 100m from

the ground up to 3000m but were only available during

the 2006 campaign. During the 2005 campaign, rainfall

data were obtained from a local tipping-bucket rain

gauge.

d. Other supporting data

Following themethodology ofMuller et al. (2008), the

Hybrid Single-Particle Lagrangian Integrated Trajec-

tory model, version 4 (HYSPLIT4; Draxler and Rolph

2003), was used to calculate backward trajectories from

Birmingham at 6-hourly intervals up to a period of

5 days at 500, 1000, and 1500m above ground level.

These back trajectories were used as supporting in-

formation for assessing source areas and airmass type,

important factors influencing the isotopic composition

of precipitation in midlatitude locations. A range of in

situ meteorological data from the university’s weather

station adjacent to the sampling site and archived syn-

optic charts (from www.wetterzentrale.de) were also

used to assist with analyses and interpretation of within-

event trends.

3. Results and discussion

a. Event averages

Table 2 summarizes the overall conditions and mean

isotope values from the individual events. When ex-

ploring the event-averaged data, there were no obvious,

consistent, or significant relationships with rain rate,

airmass type (little variability evident in back trajecto-

ries), wind direction, or precipitation type. It is expected

that this is because of competing local, finescale, or mi-

crophysical factors that are having a greater influence on

the resulting mean isotopic composition than larger-

scale factors. This is explored in detail in the subsequent

sections.

b. Intra-event trends

The dD of samples from a small number of precipita-

tion events remains fairly consistent throughout, varying

by as little as 3.9&, indicating that either larger-scale

FIG. 4. Photograph of a vertically pointing MRR.
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processes were dominating or that local conditions were

fairly stable. However, for themajority of events, the dD

value from within-event samples varied significantly, by

as much as 55.4& (in one event lasting just over 2 h).

Even in one extreme convective event (12 June 2006)

that lasted less than 20min, dD varied by as much as

18.9& (Table 2). For these particular events, the knowl-

edge of small temporal variations in isotopic composition

is likely to be most significant since mean dD values only

provide limited information about the precipitation

event. Birmingham is a midlatitude, inland city that ex-

periences a range of air masses, so a larger range of dD

values may be expected (e.g., Munksgaard et al. 2012).

Nevertheless, given the predominant influence of mari-

time air masses, this large range is perhaps unexpected

within a single rainfall event, especially for events where

the source air mass remains stable. Thus, more localized

or microphysical fractionation processes are likely to be

operating.

As discussed below, a number of the sampled events

display distinct, fluctuating isotopic trends throughout;

Fig. 5 shows schematic diagrams of the various intra-

event trends identified, summarizing the main features

and associated phenomenon as well as the below-cloud,

local conditions (e.g., air temperature Tair, RH, and

DSD) that play a significant part in the resulting intra-

event isotopic composition of the precipitation.

The event on 26 April 2005 (Fig. 6) displayed an in-

creasing trend at the beginning of the event prior to the

break in precipitation (rising from 226& to 220&),

followed by two small V-shaped trends (corresponding to

light isotope peaks of 54.4& at 1355 UTC and 249.7%

at 1405 UTC, separated by a slight increase to243.7&),

that is, a W-trend is evident (Celle-Jeanton et al. 2004;

Rindsberger et al. 1990). There appears to be a re-

lationship with R throughout this event as low R occurs

at the start of the event, corresponding to isotopically

heavy samples, and an increase in R is observed to cor-

respond with isotopically light samples toward the sec-

ond part of the event; however, because of the lack of

high-resolution MRR data, it is difficult to be certain

about the strength of the relationship, particularly dur-

ing the peak of the rainfall (during this time,R appeared

to be stationary, but this is because of the coarse reso-

lution of the rain gauge, which did not capture the high-

intensity rainfall).

The Tair and RH data were only available at ground

level; therefore, a complete understanding of conditions

throughout the atmosphere cannot be fully deduced.

Variability in these data, however, can provide some

insights. Ground-level RH varied by 6% throughout the

event, though this does not appear to explain much of

the isotopic trend observed (i.e., lower RH may imply

a higher evaporation), while Tair only varied ,18C
throughout the event, so it is unlikely to have played

a significant role, though it does display the expected

positive relationship with dD. The variability is there-

fore likely to be linked to a range of controlling factors.

For example, the isotopic enrichment occurring during

the initial stages may be a result of equilibration with

low-level vapor or rainfall production in warmer, low-

level clouds or at the base of a cloud with a low con-

densation rate (though cloud base cannot be estimated

from theMRR in this case). Indeed, since the first part of

the sampling campaign collected rainfall from the end of

the first frontal system rather than that initial rainfall

(which was not captured) as the event was associated

with a fragmented occluded front, the isotopic behavior

may be explained by the residual precipitation forming

at a lower elevation at the end of a front, which, as

observed, is of lower intensity as the front dissipates

(Celle-Jeanton et al. 2004), thus resulting in more en-

riched samples, albeit more depleted than the rain at the

start of the event.

The second part of the event displayed two V-shaped

trends (Celle-Jeanton et al. 2004; Levin et al. 1980), that

is, a W trend (Rindsberger et al. 1990), of stable isotope

compositions. It is likely that the altitude at which rain

was produced increased throughout the event because

of the frontal lifting of warm, humid air over the oc-

cluded front. Both heavy isotope content and ground-

level Tair gradually decrease, reflecting the progressive

adiabatic condensation of vapor obeying the Rayleigh

process, with the maximum fractionation reached at

the highest rain intensity—during the middle of the

event—which usually corresponds to maximum cooling

at the passage of a front (Gonfiantini et al. 2001). As

air becomes increasingly saturated throughout an event,

heavy isotope enrichment due to diffusion with sur-

rounding vapor is reduced with time, resulting in lighter

isotope signatures; however, the ground-level RH data

do not reflect this for this event, suggesting rain intensity

may have played a greater role. Slight enrichment in 2H

was observed during the final stages, which is likely to

have been due to decreasing rainfall intensity (R–dD

relationships are discussed further in section 3c).

The event on 5 July 2005 (Fig. 6) also displayed dis-

tinctive features. Rainwater was isotopically depleted in
2H at the beginning, and d values then increased for

a time while the air was less saturated and precipitation

intensity was low (and thus potentially more susceptible

to evaporative exchange). Toward the end of the event,

as the front progressed, the precipitation became more

intense and the air saturated (increase in RH), the iso-

tope values became lighter (Fig. 6). Since the MRRs

were not available during the early 2005 sampling,
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FIG. 5. Schematic diagram showing local (a) surface d trends over time, (b) R–d relationship, (c) Tair–d relationship,

and (d) RH–d relationship.
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however, rain intensity can only be postulated based on

a local, coarse-resolution rain gauge data.

Increasing trends were evident within several events

(Table 2), and two are discussed here (Fig. 7). First, on

29 September 2006 (Fig. 7), there was an initial period of

high-intensity convective rainfall and high fall velocity

during vertical descent that was associated with light dD

values (minimum value252.8&) at the beginning of the

event. Moist convection, acting primarily in the vertical

dimension, is triggered by adiabatic, diabatic, or oro-

graphic processes in conditionally unstable air (Sodemann

2006). Rapid updrafts cause fast condensation and pre-

cipitation formation resulting in intense showers with large

droplets. The lightest values during this event could

therefore be associated with rainfall formed in deep clouds

in the coldest parts of the system (Gedzelman and

Lawrence 1990). However, it must be noted that the iso-

topic signature of convective precipitation is not as well

understood as that of stratiformprecipitation because of its

complex nature; large drop sizes, higher intensities, and

rapid transport in down drafts can, in fact, counteract

equilibration (Sodemann 2006).

The precipitation event that was sampled on the

morning of 5 October 2006 (Fig. 7) was associated with

a warm front and occlusion and also displayed a steadily

increasing isotopic trend, with the exception of the ini-

tial sample, which had a slightly elevated dD value,

possibly due to evaporation in an initially less-saturated

atmosphere. A large range of dD was observed, from

very low values of287& near the beginning to231.6&
at the end of the event. However, evaporation cannot

explain this overall increase since RH varied only

slightly within the event and increased overall; Tair did,

however, increase by 1.58C throughout the event,

though this is unlikely to explain all increases in dD

observed. When the MRR data for this event are ex-

plored, a low-lying BB is evident within the observation

range of the MRR. The BB—or melting layer—is the

region in the atmosphere where frozen particles melt

into rain and produce a stronger radar reflection than

the regions of frozen particles above and rain below;

BBs are seen in MRR data as enhanced reflectivities in

the vertical dimension and where fall velocity increases

as frozen particles melt into rain droplets (melting

layer). Figure 7c shows a sodargram of fall velocity

during this event; although R was fairly low throughout

this event, fall velocities during vertical descent of the

droplets were quite high—something that could not be

observed without the use of an MRR. The plot also

shows that this melting layer increased in height

throughout the event, resulting in an increase in the

relaxation distance, which would have allowed more

time for the droplets to equilibrate with the surrounding

vapor, particularly important for larger droplets. There-

fore, more enrichment of heavy isotopes via evaporation

is likely to have occurred via these microphysical

FIG. 6. Events showing W-shaped trends: (a) time series plots of R (derived from tipping-bucket rain gauge;

mmh21) and dD; (b) time series ofTair andRH for (left) 26Apr and (right) 5 Jul 2005. (Note thatmax observedRwas

limited by the resolution of the rain gauge used during this sampling campaign and does not indicate that the rainfall

was stationary.)
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processes (this is explored further in section 3d). At

a warm front, warm and moist air flows upward over

colder, denser air masses. Large-scale condensation and

fractionation occurs in these regions, and as a result,

water vapor becomes increasingly depleted in heavy

isotopes as it is lifted to higher, colder air. As this occurs,

there is a gradual increase in the isotopic signature of

surface precipitation toward the surface of a warm front

due to the increasing rate of condensation altitudes

(Gedzelman and Lawrence 1990). Dansgaard (1964)

noted that the height of the front above the ground aswell

as the melting layer is important to the resulting isotopic

composition of precipitation. Furthermore, Celle-Jeanton

et al. (2004) proposed explanations for the increase in

dD toward the end of an event, including residual pre-

cipitation forming at a lower elevation, lower rainfall in-

tensity at the end of an event as the front dissipates,

exchange processes, and inputs of new air masses. How-

ever, these explanations do not fully explain the reasons

behind the increasing trend seen in the first event on 5

October 2006, since the precipitation clearly did not form

at a lower elevation during the final stages and no change

in air mass was evident during this event.

In contrast, decreasing isotopic trends (Fig. 8) were

also observed. The event on 22 July 2005 (Fig. 8) was

highly convective, with thunder and lightning noted;

positive isotopic values—as seen at the beginning of this

event—are often related to the proximity to source of

the moisture, which for convective events can be more

localized (Kurita 2013).High fall velocitieswere observed,

particularly from approximately 1510 UTC onward,

possibly indicating some evidence of a relationship with

R because of the associated depletion in heavy isotopes.

However, there was an overall decreasing trend in dD,

with very heavy, positive isotope values at the beginning

of the event. Therefore, bothTair andRHappear to have

had an impact on dD throughout the event; warmer Tair

(228C) and lower RH (73%) at the start of the event may

have resulted inmore evaporation in the undersaturated

air compared to the end of the event (Tair is 178C, RH is

94%). Indeed, re-evaporation has the greatest impact

during the initial stages of precipitation when the water

vapor content of the air is lower; the effect reduces as

relative humidity reaches saturation and isotopic equi-

librium is established between vapor and rainwater

(Celle-Jeanton et al. 2004). Re-evaporation generally

FIG. 7. Events showing increasing trends: (a) time series plots of minute-averaged R (mmh21) and dD, (b) time series of Tair and RH, (c)

plot of fall velocity (m s22) with height for (left) 29 Sep and (right) 5 Oct 2006. (Melting layer annotated where visible.)
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increases the dD value of raindrops and decreases the

dD value of the water vapor. Furthermore, for events

showing a gradually decreasing and stabilizing trend

(i.e., L-shaped trend), isotopic equilibrium between

droplets and vapor is likely to have been reached (e.g.,

Adar et al. 1991; Celle-Jeanton et al. 2004; Barras and

Simmonds 2009). This may explain the isotopic com-

position of the precipitation at the end of this event.

Another event displaying decreasing values, albeit

a smaller range in values (10.4&), was sampled on 9

October 2006 (Fig. 8). No clear overall relationship be-

tween R/vertical fall velocity and isotopic composition

can be seen in this event (with the exception of the two

samples collected during the peak rainfall intensity, but

small sample size limits interpretation), and RH and

Tair also showed some relationship with dD; however,

variability was much smaller throughout this event. It is

therefore likely that a stronger forcing was affecting the

isotope values during this event, possibly because of the

movement of the cold front, changes to the air mass, or

in-cloud processes. Although analysis of the back tra-

jectories during this event does not indicate a significant

change in air mass, the small decrease in values may be

a result of the passage of the cold front. A cold front

often begins with a fluctuating isotopic signature, which

then moves toward an increasingly depleted isotopic

signature (Gedzelman and Lawrence 1990). Further-

more, convection associated with a cold front can lead to

the occurrence of precipitation episodes with very low d

values, which may have contributed to the decrease in

isotopic composition during the peak of the rainfall.

c. Rain-rate relationships

As previously highlighted, the amount effect is seen

on different time scales, but broadly describes the in-

verse relationship between precipitation amount and

the proportion of heavy isotopes. Since rainfall amount

and R are inherently related, the relationship between

R and isotope ratio was examined in order to explore

a local rain intensity effect. Initially, the overall dD–R

relationship was assessed for all individual samples

grouped together. However, no significant relationship

was found because of the nonlinear and variable re-

lationship betweenR and isotopic composition, as well as

other competing controls on the isotopic composition

(e.g., life cycle stage, airmass type, rain-out history,

FIG. 8. Events showing decreasing trends: (a) time series plots of minute-averaged R (mmh21) and dD, (b) time series of Tair and RH,

(c) plot of fall velocity (m s22) with height for (left) 22 Jul and (right) 9 Oct 2006. (Melting layer annotated where visible.)
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and storm type) that occur for individual precipitation

events.

However, exploring individual events in detail using

MRR (and rain gauge) data has highlighted that short,

subevent precipitation intensity variability can indeed

have a strong influence on isotope ratios, with some

events displaying a clear nonlinear, inverse relationship

between dD and R (Fig. 5b). Events showing clear re-

lationships between R and dD are shown in Fig. 9. On 6

October 2006, a cold-front event (with convective ele-

ments) lasting several hours was sampled. There is

a significant nonlinear relationship with precipitation

intensity throughout this event, particularly visible

during the sharp peaks in rainfall. Initially, enriched

values during the low-intensity precipitation are likely to

be due to evaporation in a less-saturated atmosphere;

variations in RH and Tair can therefore help explain

some of the isotope variability but not the observed

rapid fall in dD. The peaks seen in the MRR data

showing fall speed with height clearly correspond to

major dips in dD, supporting the notion that higher fall

speeds result in depleted rainwater at the surface, ex-

pected to be linked to less time for evaporative exchange

between the droplets and the surrounding vapor.

Another highly convective event on 12 June 2006

(Fig. 9) displayed a V-shaped trend with a large range of

isotope values (39.5&). This event also demonstrates

the impact that increasing rainfall intensity—even over

short time periods—can have on isotope ratios. Al-

though low initial RH may have contributed to evapo-

rative enrichment during the initial stage of the event, it

cannot fully explain the variability throughout the event.

An unusually low melting-level height in the middle of

this event may have also contributed to the isotopic

content of precipitation, suggesting that the depleted

ground-level rainwater values are more similar to cloud

droplets at cloud base at the peak of this event because

of the short relaxation distance. The 11 October 2006

convective event (Fig. 9) also displayed a V-shaped

trend; the isotopic ratio for this particular event appears

to be dependent upon ground-levelR and fall speedwith

height, while RH and Tair appear to have no overall

influence, and although melting layer height decreased

toward the end, it also does not appear to have had

a major effect on dD.

Intense precipitation contains larger droplets with

a lower surface area–volume ratio that fall more rapidly,

therefore having less time to evaporate. Bolin (1958)

FIG. 9. Events showing rain-rate relationships: (a) time series plots of minute-averaged R (mmh21) and dD; (b) time series of Tair and

RH; (c) plot of fall velocity (m s22) with height for (left) 6 Oct, (middle) 12 Jun, and (right) 11 Oct 2006. (Melting layer annotated where

visible.)
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FIG. 10. Plots showing DSD with height for (top) initial, (middle) middle, and (bottom) final

stages of the V-shaped convective event on 12 Jun 2006.
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suggested that only strong showers greater than

10mmh21 will represent the composition of pre-

cipitation at the cloud base up to 1000m above the

ground. For the 6 October and 12 June 2006 events, R

reached intensities above the 10mmh21 threshold

(Bolin 1958); thus, these samples may provide some

indication of cloud-base isotopic composition (e.g., from

215& to225& on 6October and from222& to229&
on 12 June).

Large drop sizes, higher intensities, and rapid down-

drafts from upper levels can therefore result in episodes

of isotopically lighter precipitation during convective

storms. Figure 10 shows the vertical DSD for the initial,

middle, and final stages of the 12 June 2006 event

(Fig. 9), which can be used to explore the changes that

occurred within the event and as the precipitation fell

through the atmosphere. There were a greater number

of larger droplets in the upper levels (;3000m) com-

pared to near-ground-level precipitation during the light

rainfall at the start of the event, providing some evi-

dence for breakup but for mostly evaporation—because

of the overall decrease in volume—during descent.

During the most intense and isotopically lightest rain-

fall, there was a shift in the DSD; there was a greater

proportion of larger droplets near the ground, as

smaller- and medium-sized droplets from above co-

alesced during descent (Mason and Ramanadham 1954)

and/or as larger droplets fell more rapidly to the ground.

Evaporation has less of an effect on these larger drop-

lets, which will therefore have an isotopic composition

more similar to that within the cloud. Although large

droplets only represent a small proportion of the overall

droplets, these larger droplets play an important role in

governing the isotopic composition of rainwater at

ground level during intense rainfall (Gat et al. 2001;

Bolin 1958; Friedman et al. 1962; Houze 1993). Fur-

thermore, melting level was particularly low during this

time. During the final stage of the event, the number

of overall droplets—especially the smaller droplets—

decreases toward ground level (Fig. 10), indicating that

some evaporation may have occurred; however, there is

also a decrease, followed by an increase in larger drop-

lets between the upper levels and ground level, possibly

indicating initial evaporation or breakup, followed by

coalescence of smaller droplets at lower levels. The role

of DSD and melting layer heights are investigated in

more detail below.

d. Relaxation heights and DSD

Data on DSD and melting layer height can be used to

explore the local rain intensity effect in more detail. As

discussed, at R , 10mmh21, rainwater collected at

ground level will essentially be amodified version of that

found in the cloud (Bolin 1958). Depending upon the

height of the melting level, R and thus the DSD, a pro-

portion of the rain droplets will equilibrate below the

melting level. The ‘‘relaxation height’’ or ‘‘relaxation

time’’ (Gat et al. 2001) is the height needed, or time

required, to achieve 1/e of the final equilibrium state,

which for raindrops is dependent upon droplet size.

Table 3 shows the theoretical relaxation time and dis-

tance for the exchange process between falling water

droplets and the ambient air moisture (Gat et al. 2001;

Bolin 1958; Friedman et al. 1962; Houze 1993).

The event on 5October 2006 can be explored in detail,

since themelting layer height varied within the event but

stayed within the view of the MRR for the duration

(Fig. 7c) and provided a relatively large number of

samples. If a free-falling velocity (at 108C) is assumed,

during the initial stages of the event—based on the work

by Gat et al. (2001) and Bolin (1958) (and using the

equations in Table 3)—only droplets with diameter less

than approximately 1mm would achieve 1/e of the final

equilibrium state with a relaxation height of approxi-

mately 1600m (estimated using the BB height); while at

the end of the event, this would be achieved by all

droplets up to approximately 1.25-mm diameter (over

the relaxation distance of approximately 2500m).

Therefore, an increase in relaxation distance of nearly

1 km may have contributed to the change in isotopic

ratio from the lowest value near the beginning of the

event (if the first slightly higher value is assumed to be

a consequence of high initial evaporation of descending

raindrops in the unsaturated atmosphere) from287.0&
to the final value of 231.6&—a change of 55.4&, or

approximately 10.055&m21 below the melting layer.

However, the number and volume of droplets above

the relaxation height–droplet size threshold must be

TABLE 3. Relaxation time and distance for the exchange process between falling water droplets and the ambient air moisture. [Using

equations derived from Gat et al. (2001) (after Bolin 1958; Friedman et al. 1962; Houze 1993).]

Drop radius (cm) x Relaxation distance (m) y Relaxation time (s) y Terminal velocity (m s21)

0.01 5.1 7.1 1

0.05 370 92.5 2

0.10 1600 246 3.5

Equation y 5 172 014x2 2 1201.3x y 5 13 118x2 1 1152.8x
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taken into account as this could help provide insights into

the cloud-level isotopic composition. For example, during

the initial stages, up to 10% of the droplets (by volume)

were calculated to lie outside this theoretical critical size

threshold (1mm), compared to just over 0.1% during the

end stages of the event (1.25-mm critical size threshold);

therefore, a larger volume of droplets retained the in-

cloud isotopic composition during the initial stages of the

event because of larger droplets and low melting-level

height (thus, shorter relaxation distance).

To fully verify such a hypothesis, further observations

would be required. Indeed, if simultaneous samples of

cloud water and rainwater isotopic composition were

collected in future work, along with MRR observations

over an extended height range (e.g., up to 6000m) and

more detailed meteorological information, the develop-

ment of a model for estimating the vertical variation in

rainwater isotopes from ground to cloud level, based on

ground-level rainwater composition (in addition to other

fractionation processes), could be explored and poten-

tially used to estimate the final equilibrium state.

Nevertheless, the current work does support previous

findings. For example, Srivastava et al. (2012) conducted

measurements of DSD and stable isotopes in rainwater

collected at short intervals (,1 h) in Gadanki, India.

The results indicated that evaporation of rain drops at

cloud base was insignificant, but a significant negative

correlation was observed between d18O and droplet size

when isotopic variability was large during the rain event

(.2&), indicating that isotopic fractionation by con-

densation is stronger in rainfall with larger droplets that

retain the within-cloud composition (particularly asso-

ciated with convective rainfall) while less modified

(heavier) values occur in rainfall with smaller droplets

(larger surface-to-volume ratio). This work and the re-

sults presented here suggest that considering DSD could

indeed help to improve microphysical models.

Here we show evidence of an amount effect occurring

at short time scales (inverse relationship between R and

dD; Fig. 8b), made visible and explained using data from

the MRR. The depletion of heavy isotopes with in-

creasing amounts of rainfall within individual events can

be explained by the preferential isotopic exchange of

smaller droplets, which are higher in low-intensity

rainfall and drizzle, with near-surface moisture. There-

fore, highly fractionated values in intense precipitation

are physically related to low rainwater equilibration due

to large droplets. In addition, larger raindrops are more

depleted in heavy isotopes than smaller ones because of

smaller raindrops being formed at an earlier stage in

a lower part of the cloud with higher delta values; such

drops leave the cloud while the rest remain ascending,

growing to larger sizes and becoming isotopically lighter

(Miyake et al. 1968). The effect of evaporation on

smaller rain drops is also more significant. Different size

raindrops represent equilibration with lower or higher

levels in the cloud (Gat et al. 2001). As the raindrop falls

beneath the cloud, where the air is unsaturated, evapo-

ration occurs, resulting in further enrichment in heavy

isotopes. The degree of this enrichment is a function of

drop size and therefore rainfall intensity—isotopic

equilibration is more complete for less intense rain.

4. Conclusions and recommendations

In contrast to previous studies of controls on water sta-

ble isotopic composition focusing on synoptic–seasonal

time scales, here we focused on single events at a mid-

latitude site. The use of MRR provided an opportunity to

thoroughly observe any relationship between stable iso-

topes and R. We observed a finescale, intra-event amount

effect, or local rain intensity effect, occurring within

a number of the sample precipitation events.

Despite similar-source air masses, different events can

have very different isotopic compositions and isotopic

trends. Intra-event trends are linked to local, micro-

physical, mesoscale, regional, and synoptic signatures

(Figs. 1, 5); air mass, rain intensity, rain production al-

titude, type of precipitation (convective or stratiform),

precipitation life cycle and rain-out history, large-scale

dynamics, and processes and conditions within the

cloud (e.g., drop size, melting layer height, and cloud-

base/-top height) and below the cloud (e.g., drop size,

temperature, and saturation of the air) all contribute to

isotopic fractionation and therefore have an impact on

the final isotopic composition of precipitation at any

time. The local rain intensity does appear to have an

important impact on the changing isotopic composition

of rainwater within certain events, while for others there

is no apparent relationship.

A full, predictive understanding of the causes of

variability requires a combination of more numerous

observational campaigns and modeling studies [e.g.,

Isotope-Incorporated Global Spectral Model (IsoGSM;

Yoshimura et al. 2008); amount effect model (Lee and

Fung 2008); Community Atmosphere Model, version 3

(CAM3; Barras and Simmonds 2009); Consortium for

Small-Scale Modelling Isotope model (COSMOiso; Pfahl

et al. 2012); 2D column models (Rozanski and Sonntag

1982; Gedzelman and Arnold 1994); and mesoscale

convective system model (Kurita 2013)]. This paper has

focused on observational data of a type that would be

needed to initialize or validate high-temporal- and high-

spatial-resolutionmodels. Intra-event sampling campaigns

should ideally occur both at ground level and up to cloud

level [e.g., using unmanned aerial vehicles (UAVs),
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weather balloons to collect data, and cloud water sam-

ples at various heights] and at various geographical lo-

cations and during the same storm/frontal event (e.g.,

Coplen et al. 2008), with samples analyzed for both d18O

and dD (to assess kinetic evaporation). These data

should be linked to geophysical data fromMRRs, radar,

and upper-level soundings to provide a more complete

picture of conditions throughout the atmosphere, as well

as data and models exploring the larger-scale dynamics

and the history of the precipitating system. Technolog-

ical development in isotopic analysis would now also

permit real-time, semicontinuous analyses.

Nevertheless, this study and others (e.g., Celle-Jeanton

et al. 2004), have shown how even low-cost measurement

techniques can be used to explore intra-event variations.

By utilizing an MRR to provide insights into short-term

precipitation characteristics, it has highlighted that intra-

event isotopic variations in midlatitude rainfall should

not be ignored or underestimated, particularly in a

changing climate that is expected to result in more ex-

treme precipitation regimes (Allen et al. 2012). Indeed,

with inevitable advances in technology, a better un-

derstanding of intra-event trends will undoubtedly be

achieved in the near future, with potential scientific ap-

plications in hydrometeorology (e.g., evaluating GCMs

and regional-scale models and predicting intra-event

isotopic trends) and hydrology (e.g., understanding va-

dose and groundwater isotopic composition), as well

other fields that could benefit from a more detailed un-

derstanding of rainwater isotope variability. There may

even be beneficial paleoclimate applications if such in-

formation can be utilized in conjunction with work ex-

ploring ancient raindrop sizes (e.g., Som et al. 2012).
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