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ABSTRACT
Stable isotope compositions of hydrogen (δ2H) and oxygen (δ18O) for short-term precipitation samples (n = 436)
collected at Calgary, Alberta, Canada, between January 1997 and December 2001 were determined. Linear regression
between δ2H and δ18O values of snow and large amount rain samples (≥4 mm) yielded correlation equations δ2H =
7.72 × δ18O + 5.02 and δ2H = 7.50 × δ18O + 0.27, respectively. In contrast, correlation equations between δ2H and
δ18O values for small amount rain samples (<4 mm) resulted in progressively lower slope and intercept values with
decreasing precipitation. Correlations of isotope data with parameters such as local temperature, relative humidity, and
precipitation amount provided evidence that small amount rain samples undergo secondary evaporation accompanied
by mass dependent isotope fractionation during their descent from the cloud base to the ground. Hence, the isotope
compositions of precipitation at Calgary, and likely also at other locations in the North American Great Plains region, are
influenced by below-cloud secondary effects. Since about one-third of the precipitation events in the 5-yr observation
period were rain samples accumulating less than 4 mm, below-cloud secondary effects resulted in a slight decrease of
slope and intercept values of the local meteoric water line (δ2H = 7.43 × δ18O – 2.79) calculated using amount-weighted
monthly average δ2H and δ18O values compared to equations based on isotope data for snow and large amount rain
events only. The correlation equation (δ2H = 7.11 × δ18O – 11.60) calculated using δ2H and δ18O values of individual
samples (non-amount weighted) yielded the lowest slope and intercept values caused by the significant influence of
small amount rain samples.

1. Introduction

Isotope studies conducted throughout the last 50 yr have re-
vealed that stable isotope compositions of hydrogen and oxygen
in precipitation provide important information about moisture
sources and atmospheric circulation patterns (e.g. Dansgaard,
1964; Friedman et al., 1964; Merlivat and Jouzel, 1979;
Yurtsever and Gat, 1981; Rozanski et al., 1993; Gat, 1996;
Hoffman et al., 2000; Bowen and Wilkinson, 2002; Peng et al.,
2005). Furthermore, seasonal variations in stable isotope com-
positions of precipitation are of tremendous importance consti-
tuting the input function for hydrological studies using environ-
mental isotopes (e.g. Salati et al., 1979; Schotterer et al., 1993;
Kendall and Coplen, 2001). Realizing this enormous potential
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for studying the hydrological cycle using stable isotope com-
positions, the International Atomic Energy Agency (IAEA) and
the World Meteorological Organization (WMO) established the
Global Network of Isotopes in Precipitation (GNIP) in 1961.
In this network, the isotope compositions of precipitation from
currently 379 active worldwide stations were reported based on
amount-weighted monthly average δ2H and δ18O values (e.g.
Rozanski et al., 1993; Gourcy et al., 2005).

Spatial and temporal variations in stable isotope abun-
dance ratios of hydrogen (2H1H16O/1H2

16O) and oxygen
(1H2

18O/1H2
16O) are attributed to equilibrium exchange and ki-

netic isotope fractionation effects during moisture transfer from
the surface oceans to the atmosphere, as described by the Craig
and Gordon model (Craig and Gordon, 1965) and subsequent
modifications, and by Rayleigh-type processes during progres-
sive rainout of water vapour from air masses as they move to-
wards lower temperature regions. Dansgaard (1964) described
a series of relationships among the stable isotope abundance
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ratios of hydrogen and oxygen in precipitation with parameters
such as latitude, altitude, distance from the coast (continental-
ity), and surface air temperature. During the last four decades,
these relationships have been more thoroughly documented (lat-
itude: e.g. Lorius and Merlivat, 1977; altitude: e.g. Rozanski and
Sonntag, 1982; continentality: e.g. Friedman et al., 1992; sea-
sonality: e.g. Smith et al., 1992, Peng et al., 2004). It is now well
established that the evolution of the stable isotope compositions
of an isolated moist air mass leaving its oceanic moisture source
region and travelling towards continental or higher latitude re-
gions characterized by lower temperatures can be described by
a Rayleigh-type fractionation equation.

Although Rayleigh fractionation describes many aspects of
the evolution of the isotopic composition of precipitation at the
cloud base, it does not always adequately describe the variations
of δ2H and δ18O values of precipitation collected at the ground
(Araguas-Araguas et al., 2000; Gat, 2000). For instance, this
model does not account for below-cloud secondary processes.
Partial evaporation of raindrops during their descent through the
under-saturated atmosphere beneath the cloud base (secondary
evaporation) accompanied by mass dependent isotope fractiona-
tion may have a significant influence on the δ2H and δ18O values
of both precipitation and water vapour in the atmosphere, espe-
cially in areas with arid or semi-arid climate. During this pro-
cess, the light isotopes 1H and 16O are preferentially evaporated,
causing an enrichment of the heavy isotopes 2H and 18O in the
remaining raindrops. This results in increasing δ2H and δ18O val-
ues and, as a result of kinetic isotope effects, in a decrease in the
slope and intercept of linear correlation lines between δ2H and
δ18O values. It is not well documented to which extent this effect
influences the isotopic composition of precipitation in Northern
America. Kendall and Coplen (2001) suggested that correlations
between δ2H and δ18O values of river water yielding slopes of
less than 6 may be caused by precipitation significantly affected
by secondary evaporation in semi-arid regions of the western
USA. The same authors note that there is a lack of isotopic data
for short-term precipitation samples in the literature that makes
it difficult to test their hypothesis. However, understanding the
influence of secondary evaporation effects between cloud base
and ground on the isotopic composition of precipitation particu-
larly in semi-arid regions is of enormous importance for the field
of isotope hydrology in these regions.

For a 10-yr observation period (1992–2001), Peng et al. (2004)
reported a significant discrepancy between local meteoric water
lines calculated for Calgary (Alberta, Canada) based on amount-
weighted monthly average δ2H and δ18O values (δ2H = 7.68
δ18O – 0.21, r2 = 0.96, n = 104) and that based on data for
individual precipitation samples (δ2H = 7.10 × δ18O – 13.64,
r2 = 0.95, n = 839). This could not be explained by a sim-
ple Rayleigh-type isotope fractionation. It was speculated that
below-cloud secondary effects were responsible for the observed
discrepancy (Peng et al., 2004). Therefore, the objective of this
study was to better characterize the influence of below-cloud

secondary effects on the stable isotope composition of local pre-
cipitation under the semi-arid climate conditions of Calgary, Al-
berta, Canada.

2. Study area and sampling procedures

Calgary (51.01◦N, 114.01◦W, 1049 m asl) is located on the east-
ern side of the Canadian Cordillera in southern Alberta, Canada.
This area is characterized by a dry continental climate with long
cold winters and short warm summers. Moist and unstable mar-
itime air masses originating at the Pacific Ocean are the source
of most precipitation at Calgary (Peng et al., 2004). The aver-
age annual precipitation at Calgary is 401 mm with circa 70%
occurring between May and August. The average annual air tem-
perature is circa +1◦C with monthly averages varying between
–19.5 ◦C in February and +17.7 ◦C in July, respectively (Envi-
ronment Canada, 1960–2001).

For this study, short-term precipitation (rain, sleet and snow)
samples were collected twice daily at the Weather Station of
the University of Calgary (Alberta, Canada) from January 1997
to December 2001. One sample was collected from 08:00 to
15:00 and the second either from 15:00 to 08:00 of the next day
or from 15:00 on Friday to 08:00 on Monday of the following
week. The samplers were either a MSC (Meteorological Service
of Canada) Rain Gauge or a Nipher Gauge for snow. The pre-
cipitation amount and δ2H and δ18O values were determined for
each sample.

3. Methods

Determination of hydrogen isotope abundance ratios was per-
formed using H2 generated by reduction of water over hot zinc
metal at 490 ◦C (Coleman et al., 1982) or by chromium reduction
(Gehre et al., 1996). Isotope analysis was carried out with a dual
inlet isotope ratio mass spectrometer. Oxygen isotope abundance
ratios measurements were performed on CO2 equilibrated with
water samples at 25 ◦C (Epstein and Mayeda, 1953) using dual
inlet isotope ratio mass spectrometry.

The conventional delta notation is used to express the sta-
ble isotope ratios of hydrogen and oxygen in the precipitation
samples:

δ(‰) = Rsample − Rstandard

Rstandard
× 1000, (1)

where Rsample and Rstandard represent the 2H/1H or 18O/16O abun-
dance ratios in sample and standards, respectively. The stan-
dard for both hydrogen and oxygen isotope measurements is
V-SMOW established and distributed by the International
Atomic Energy Agency (IAEA) in Vienna, Austria. Normaliza-
tion of δ2H and δ18O measurements was achieved by using the
IAEA reference materials V-SMOW, GISP and SLAP, so that
the δ2H value of SLAP is −428‰ and its δ18O value is −55.5‰
(Coplen, 1996). The uncertainty of the measurement was deter-
mined by repeated analysis of international reference materials
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and lab internal standards (n = 10). The analytical uncertainty
of δ2H measurements was better than ±1.5‰, whereas that of
δ18O measurements was better than ±0.2‰.

Air temperature and relative humidity 1 m above ground were
measured at the Weather Station of the University of Calgary at
1-min intervals. Average air temperature (T) and average relative
humidity (h) values during each sample collection period for the
respective precipitation events were calculated as follows:

T =

m∑

i=1
Ti

m
, (2)

h =

m∑

i=1
hi

m
, (3)

where m is the total number of minutes of each sample-collection
period. Ti and hi are the air temperature and relative humidity
values measured each minute, respectively.

4. Results

Table 1 summarizes number of precipitation events, precipitation
amounts, and slope and intercept values for linear correlation
equations between δ2H and δ18O values. Data are subdivided into
different categories. In the 5-yr observation period, the average
annual precipitation amount accumulated during 436 individual
precipitation events was 364 mm yr–1. Whereas 43.6% of the
samples (n = 190) fell as snow, the average accumulation as
snowfall totalled only 78 mm per annum or 21% of the annual
precipitation. The remainder (286 mm yr–1 represented by 246
sampling events) fell as rain. Of the 246 rain samples, 75 (30% of
all rain samples) accumulated less than 1 mm, 77 samples (31%)
were characterized by accumulations between 1 and 4 mm, with
the remaining 94 samples (38%) accumulating more than 4 mm
of precipitation.

Table 1. Number of samples, total precipitation amounts, and
δ2H–δ18O correlation parameters for snow and rain (different amount
ranges) collected at Calgary between January 1997 and December
2001

Samples Number of Total δ2H–δ18O
samples amount Slope intercept r2

(mm) ‰

Total Samples 436 1820.7 7.11 −11.60 0.96
Snow 190 391.6 7.72 5.02 0.94
Rain 246 1429.1 6.76 −15.71 0.90

0–1 mm 75 23.1 6.44 −25.53 0.98
1–2 mm 38 53.3 6.72 −18.32 0.97
2–3 mm 20 52.6 7.33 −6.70 0.94
3–4 mm 19 67.8 7.47 −3.70 0.91
4–60 mm 94 1232.3 7.50 0.27 0.89

Between 1997 and 2001, the local meteoricwater line for pre-
cipitation in Calgary based on amount-weighted monthly aver-
age δ2H and δ18O values was:

δ2H = 7.43 × δ18O − 2.79 (r 2= 0.97, n= 56). (4)

The correlation equation based on δ2H and δ18O values of indi-
vidual precipitation samples yielded the following, significantly
different equation:

δ2H = 7.11 × δ18O − 11.60 (r 2= 0.96, n= 436). (5)

To reveal the causes for the discrepancy between eqs. (4) and
(5), correlation equations were calculated separately for snow
and rain samples based on the δ2H and δ18O values of the in-
dividual precipitation samples (Table 1). Snow samples were
governed by the equation: δ2H = 7.72 × δ18O + 5.02 (r2 =
0.94, n = 190) displaying higher slope and intercept values than
eq. (4). In contrast, the equation for rain samples was δ2H =
6.76 × δ18O – 15.71 (r2 = 0.90, n = 246), having lower slope
and intercept values than eq. (5). Further subdivision of the rain
samples revealed that the slope and intercept values of the cor-
relation equations between δ2H and δ18O values of individual
rain events were dependent upon precipitation amount (Table 1).
Linear correlation of δ2H and δ18O values for rain events accu-
mulating ≥4 mm resulted in slope and intercept values similar
to those of snow samples and those of eq. (4): δ2H = 7.50 ×
δ18O + 0.27 (r2 = 0.89, n = 94). With decreasing precipitation
amounts, the slopes of the correlation equations decreased from
7.5 (3–4 mm) to 6.4 (<1 mm) with a simultaneous decrease of
the intercept to values as low as −25.5‰. This indicates that
the discrepancy between eqs. (4) and (5) is related to the isotope
composition of small amount rain samples.

We further investigated whether the decreasing slope and in-
tercept values of the δ2H–δ18O correlation with decreasing rain
amounts had any relationship to temperature and/or relative hu-
midity at the collection site. Table 2 summarizes mean δ2H and
δ18O values and slopes and intercept values for linear correlation
equations for δ2H and δ18O values of individual rain samples in
four different amount categories collected at different ground
temperature ranges. In all precipitation amount categories, the
highest δ2H and δ18O values were observed at the highest tem-
peratures (>10 ◦C) and the lowest values were observed at the
lowest temperatures (<5◦C) displaying the well-known ‘temper-
ature effect’ (e.g. Dansgaard, 1964). However, within each of the
four amount range categories, the slope and intercept values of
the δ2H and δ18O correlation equations were not significantly dif-
ferent for different temperatures (see mean values and standard
deviations in Table 2).

The influence of relative humidity on the slope and intercept
values of the correlation equations for δ2H and δ18O values of
individual precipitation samples is shown in Fig. 1. Correlation
equations for δ2H and δ18O values of snow and rain samples,
the latter subdivided in different amount and temperature cate-
gories, were calculated for different ranges of relative humidity.
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Table 2. Isotope compositions of rain samples collected at Calgary between 1997 and 2001. The
data are placed into four categories based on precipitation amounts and further subdivided in
three temperature ranges

Amount Temperature Number δ2H δ18O δ2H–δ18O

ranges ranges of samples Slope Intercept
(mm) (◦C) ‰ ‰ ‰

0–1 T<5 21 −127.0 −15.9 6.58 −23.21
5<T<10 25 −118.3 −14.9 6.35 −23.97

T>10 29 −105.1 −12.4 6.47 −24.34

Mean 6.47 −23.84
SD 0.12 0.58

1–2 T<5 12 −126.3 −16.4 6.48 −23.20
5<T<10 11 −116.6 −15.0 6.44 −23.67

T>10 15 −110.3 −13.1 6.74 −23.52

Mean 6.55 −23.46
SD 0.16 0.24

2–4 T<5 7 −142.3 −17.5 6.85 0.37
5<T<10 15 −120.3 −15.0 7.44 0.10

T>10 17 −106.6 −13.1 7.31 −2.73

Mean 7.20 −0.75
SD 0.31 1.71

4–60 T<5 31 −110.5 −13.1 7.36 0.18
5<T<10 32 −101.7 −12.0 7.55 2.11

T>10 31 −99.4 −11.2 7.47 0.25

Mean 7.46 0.85
SD 0.10 1.09

Fig. 1. Slope and intercept values for
δ2H–δ18O correlation equations versus
relative humidity values for snow (a and b)
and rain samples (c and d) collected between
1997 and 2001 at Calgary.

For snow samples, the slope and intercept values of the regres-
sion line were nearly constant at 7.72 ± 0.12 and 5.20 ± 0.19‰,
respectively, independent of the relative humidity measured at
the ground level (Figs 1a and b). For rain samples, it was ob-
served that the relative humidity was usually less than 75% dur-
ing small-amount events (<4 mm), and higher, typically >88%,
during large-amount rain events (≥4 mm) (Fig. 1c and d). This

indicates that heavy showers or continuous rain events lead to a
gradual saturation of the air column below the cloud base from
which the precipitation originates. For rain samples collected
at relative humidities >88%, δ2H–δ18O correlations yielded a
slope of 7.5 and an intercept value of 0.27‰ (Fig. 1c and d),
similar to values observed for snow samples. For rain samples
collected at relative humidities between 35 and 75%, the slope of
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Fig. 2. d-excess values versus relative humidities for snow (a) and rain
samples (b) collected between 1997 and 2001 at Calgary.

the δ2H–δ18O correlation was 6.7 ± 0.1 and the intercept value
was −20.5 ± 1.5‰ (Figs 1c and d). At relative humidities of
less than 35%, the δ2H–δ18O regression line displayed the low-
est slope, 5.3 (Fig. 1c), and the lowest intercept value, −35.1‰
(Fig. 1d).

Deuterium-excess, defined by Dansgaard (1964) as d =
δ2H–8 × δ18O, is a measurement of the deviation of a set of
data points from a line with slope 8 in the δ2H–δ18O diagram.
Snow samples collected between 1997 and 2001 at Calgary were
characterized by a d-excess value of 4.9 ± 0.1‰ independent of
relative humidity (Fig. 2a). In contrast, rain samples collected at
different relative humidities at the ground level displayed signif-
icant differences in d-excess values. Large amount rain samples
collected at humidities >88% had a d-excess value of 5.2 ±
1.1‰ (Fig. 2b), similar to that of snow samples. In contrast, rain
samples collected at humidities of less than 75% displayed sig-
nificantly lower d-excess values ranging from +1.1 to −2.7‰
(Fig. 2b).

5. Discussion

The data indicate that slope, intercept and d-excess values de-
rived from linear correlations of δ2H–δ18O values of snow and
large amount (>4 mm) rain samples collected at Calgary are
significantly different from those derived for small amount rain
samples (Fig. 3). The slope and intercept values for the correla-
tion equation for snow samples were 7.72 ± 0.12 and +5.0 ±
0.2‰, respectively, and the d-excess value was 4.9‰ indepen-
dent of temperature and relative humidity at the collection site.
According to Moser and Stichler (1980), snow may be sub-
ject to sublimation during its descent from the cloud base to
the ground, but this process does not significantly alter the iso-

Fig. 3. Slope and intercept values for linear regressions of δ2H and
δ18O values for snow and rain events (subdivided in different amount
categories) collected between 1997 and 2001 at Calgary.

tope composition of the snow. Hence snow, during its descent
towards the ground, retains its isotopic characteristics (δ2H,
δ18O and d-excess) obtained during condensation in the cloud
( = condensate sample).

In contrast, slope, intercept and d-excess values derived from
linear correlations of δ2H–δ18O values for rain samples were
characterized by significant variations dependent upon precipita-
tion amount and relative humidity at the collection site. For large
amount rain samples (>4 mm), slope (7.5), intercept (0.3‰) and
d-excess values (5.2‰) derived from δ2H to δ18O correlations
were similar or only slightly lower compared to those for snow
samples. However, the slope and intercept values of the correla-
tion equations progressively decreased for rain samples accumu-
lating less than 4 mm (Fig. 3). This suggests that small amount
rain events at Calgary are affected by below-cloud secondary
effects including partial evaporation of raindrops beneath the
cloud base, often termed secondary evaporation. This process
is accompanied by equilibrium and kinetic isotope fractionation
effects (Dansgaard, 1964) during which the light isotopes 1H and
16O are relatively enriched in the vapour phase. Consequently,
the heavy isotopes 2H and 18O are preferentially retained in the
falling raindrops as they descend towards the Earth’s surface
(Miyake et al., 1968; Steward, 1975; Yapp, 1982; Jouzel, 1986).
This results in increasing δ2H and δ18O values of the rain samples
collected on the ground. In addition, the kinetic isotope effect
during secondary evaporation is expected to cause a decrease of

Tellus 59 (2007), 4



BELOW-CLOUD EFFECTS ON ISOTOPE COMPOSITION OF CALGARY PRECIPITATION 703

the slope of the δ2H–δ18O correlation for the falling raindrops
(e.g. Dansgaard, 1964; Steward, 1975). This effect becomes in-
creasingly apparent as the ratio of water evaporated versus water
remaining increases (reservoir effect), and hence is most appar-
ent for smallest amount rain samples (Fig. 3).

We also note that secondary evaporation between cloud base
and ground decreases d-excess values. The d-excess for snow
samples and large amount rain samples (>4 mm) that are not
significantly impacted by secondary evaporation effects was ap-
proximately 5‰, whereas small amount rain samples affected by
secondary evaporation were characterized by d-excess values of
less than 1‰ (Fig. 2b). Low relative humidity in the atmosphere
enhances secondary evaporation of rain drops during their de-
scent from cloud-base to ground. This resulted in lower d-excess
values for small-amount rain samples (−1.1 ± 1.3‰) compared
to those of in-cloud condensates, constituting one of several fac-
tors that can alter d-excess values.

During the 5-yr observation period (1997–2001), 89.2%
(325 mm yr–1) of the precipitation fell in the form of snow or
large-amount (≥4 mm) rain samples in 284 individual precipi-
tation events. These samples are hardly influenced by secondary
evaporation between cloud base and ground. The remaining 152
samples were collected during small amount rain events accu-
mulating less than 4 mm during the respective sampling periods.
These samples appeared to be influenced by secondary evapo-
ration in the semi-arid climate of Calgary. The small amount
rain samples influence the calculated local meteoric water line
based on amount-weighted monthly average values by lower-
ing the slope and the intercept value somewhat (δ2H = 7.43 ×
δ18O – 2.79) compared to values derived by using snow and
large amount rain samples only (δ2H = 7.66 × δ18O + 4.22).
For amount-weighted monthly mean values, the deviations are
rather small since small amount rain samples (<4 mm) contribute
only 10.8% (39 mm yr–1) of the annual precipitation. However,
small amount rain samples (<4 mm) constituted 34.8% of all
precipitation events during the observation period from 1997 to
2001. These samples are influenced by secondary evaporation
resulting in significantly lower slope and intercept values for lo-
cal meteoric water lines calculated based on δ2H and δ18O values
of individual samples (see eq. 5: δ2H = 7.11 × δ18O – 11.60). We
suggest that the difference between slope and intercept values
derived from δ2H to δ18O correlations calculated using amount-
weighted average values and values for individual samples can
be used as an indicator for the extent of below-cloud secondary
evaporation affecting rain events.

6. Conclusions

Close examination of the isotope composition of short-term pre-
cipitation samples collected at Calgary (Alberta, Canada) be-
tween 1997 and 2001 revealed that there is secondary evapora-
tion in the semi-arid climate of Calgary. According to Peng et al.
(2004), the local meteoric water line (LMWL) for Calgary based

on 10-yr observation period is:

δ2H = 7.68 × δ18O − 0.21 (6)

This study revealed that the slope of the δ2H–δ18O correla-
tion equations for snow samples (7.72 ± 0.13) and large-amount
rain samples (7.50 ± 0.08) was close to that of the LMWL.
These samples showed no significant effect of secondary evap-
oration between cloud base and ground, and hence reflect the
isotope compositions of in-cloud condensates. In contrast, lin-
ear correlation of δ2H and δ18O values for small-amount rain
samples revealed increasingly lower slope and intercept values
with decreasing rain amount and decreasing relative humidity.
This suggests that equilibrium and kinetic isotope fractionation
during secondary evaporation between cloud base and ground
significantly alters the isotopic composition of small-amount
rain samples at Calgary. As previously reported by Jacob and
Sonntag (1991), the isotope composition of small amount rain
samples collected at ground level may not necessarily represent
that of the condensate at cloud base. Based on our observations
at Calgary, we speculate that small-amount precipitation events
in the semi-arid continental regions of the North American Great
Plains are affected by secondary evaporation of raindrops dur-
ing descent from the cloud base to the ground particularly at low
relative humidities in the atmosphere.

Although 35% of all precipitation events at Calgary were in-
fluenced by the amount effect during the 5-yr observation pe-
riod, these events contributed only 11% of the total precipita-
tion volume. Therefore, the influence of secondary evaporation
between cloud base and ground on slope and intercept values
of the local meteoric water line calculated based on amount-
weighted monthly mean δ2H and δ18O values (slope 7.43) is
relatively small compared to those calculated for condensate
samples (slope 7.66). Moreover, secondary evaporation between
cloud base and ground influences the isotopic composition of
small-amount precipitation events predominantly in the summer
months, when runoff and groundwater recharge are typically
low. Therefore, we submit that slope values of less than 7 for
δ2H–δ18O correlations for surface waters (Kendall and Coplen,
2001; Ferguson et al., 2007) or groundwaters (Fritz et al., 1987;
Rock and Mayer, 2007) in western North America indicate post-
rainfall evaporation in the soils or water bodies of the respective
watersheds.
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