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This study investigated the isotopic composition of daily rainfall in Johannesburg from November 2016 to
October 2018. The moisture sources and trajectories for rainfall events of extreme isotopic signatures were
deduced using the Hybrid Single Particle Lagrangian Integrated Trajectory model (HYSPLIT). The results
from time series and regression analysis show temperature and amount effects, with low coefficient of
determination (R2) values of 0.21 and 0.12, respectively. The rainfall with amounts of <20 mm yielded a meteoric
water line (MWL) with a slope of +6.9 and deuterium excess (d-excess) of +11.9‰. Rainfall with amounts of ≥20
mm had slope and d-excess values of +8.2 and +18.6‰, respectively. The lower slope in rainfall of <20 mm
indicated the preferential occurrence of sub-cloud re-evaporation on light rainfall. Considering the lack of
re-evaporation in heavy rainfall (≥20 mm), its slope and d-excess were approximated to those of incoming
or in-cloud moisture prior to condensation. Therefore, a high d-excess of +18.6‰ in incoming moisture
indicates evaporation that mainly occurs under warm sea surface temperature and low relative humidity.
HYSPLIT shows that the moisture for the most depleted and the most enriched rainfall originates in the higher
latitudes but differs in trajectory. The moisture for the most depleted rainfall had long residence in the higher
latitudes following a semi-direct trajectory to Johannesburg, over the Atlantic and Indian Oceans. The most
enriched rainfall followed a curved anticlockwise trajectory with long residence in the lower latitudes over the
Indian Ocean. Circulation of saturated moisture over the warm Indian Ocean leads to a loss of light isotopes,
thereby enhancing enrichment in the moisture that moves further inland. HYSPLIT indicated the importance
of atmospheric conditions along the moisture trajectory on the signature of Johannesburg rainfall.

INTRODUCTION
Stable isotopes of water (δ18O and δ2H) have been widely used as tracers for the provenance of water
in various reservoirs, including groundwater (Sami, 1992; Harris et al., 1998; Abiye et al., 2011; Ayadi
et al., 2018; Leketa et al., 2018), soil water storage (Allison et al., 1983; Selaolo, 1998; Soderberg et al.,
2012; Isokangas et al., 2017), groundwater–surface water interaction (Herczeg et al., 1992; Abiye et
al., 2015) and vegetation (Evaristo and McDonnell, 2017; Shakhane et al., 2017). Moreover, various
water resource assessment studies that incorporate the use of stable isotopes in South(ern) Africa
have been documented in Abiye (2013).
In order to determine the provenance of water using stable isotopes, it is important to understand
the isotopic signature of precipitation and its variations (Gat, 2010; Guan et al., 2013), so that the
characteristic input signal that varies regionally and temporally can be provided for (Clark and
Fritz, 1997). The use of stable isotopes for groundwater recharge characterisation is based on the
comparison between groundwater signature (δ18O and δ2H) and that of precipitation (Clark and Fritz,
1997). The enrichment of groundwater often infers focused recharge occurring from a surface water
body or existence of hot springs, while a depleted groundwater often infers direct diffuse recharge
from rainfall (Sami, 1992; Healy, 2010). However, an extremely depleted groundwater sample
could also infer an exchange of oxygen between CO2 and groundwater in dolomite-rich aquifers
(Karolytė et al., 2017; Leketa et al., 2018; Leketa, 2019) rather than a recharge mechanism.
The regional and temporal variability in rainfall signature is influenced by the stable isotope effects,
which are a function of the climate (temperature, humidity and amount of rainfall, etc.) and physical
characteristics (elevation, distance from ocean, rainfall moisture sources, etc.). The stable isotope
effects include, among others, the altitude effect, continental effect, temperature effect and amount
effect (Dansgaard, 1964; Gat, 2001). Because of these climatic and physical characteristics, rainfall
samples in a location form a regression line (meteoric water line) with a distinct slope and Y-intercept
(deuterium excess) (Craig, 1961; Dansgaard, 1964; Clark and Fritz, 1997; Gat, 2001). As a result of
the uniqueness of slope and deuterium excess (d-excess), the climatic and physical conditions at the
rainfall location, in the atmosphere along the moisture trajectory and at the location of moisture
source, can be inferred (Fritz et al., 1987; Guan et al., 2013).
The d-excess in precipitation depends on the temperature and humidity conditions at the sea surface
during primary evaporation, humidity along the moisture trajectory and the occurrence of secondary
evaporation (re-evaporation) in the sub-cloud (Fritz et al., 1987; Clark and Fritz, 1997; Guan et al., 2013).
The d-excess of vapour at the sea surface is negatively correlated with relative humidity, while slightly
positively correlated with sea surface temperature (Clark and Fritz, 1997; Pfahl and Wernli, 2008).
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Figure 1. Location of the study area

Along the moisture trajectory from the ocean, any addition of
vapour that evaporated from continental reservoirs results in an
increase of d-excess in the resultant precipitation (Guan et al.,
2013). Additionally, the occurrence of sub-cloud re-evaporation
leads to a decrease in rainfall d-excess (Clark and Fritz, 1997),
while an exchange of moisture with vapour in the sub-cloud layers,
that have higher d-excess, may lead to an increase of d-excess in
the falling raindrop (Guan et al., 2013). The slope of the meteoric
water line (MWL) depends on the average temperature during
condensation and the occurrence of secondary evaporation
during rainout (Clark and Fritz, 1997; Guan et al., 2013). After
condensation, as rainfall passes through dry air, some water reevaporates causing enrichment of δ2H and δ18O, which leads
to a shift in the residual raindrop towards a slope less than +8
(Friedman et al., 1962; Gat, 2001).
Characterisation of stable isotopes in precipitation has been done
in different parts of the world. For example, Europe and North
America (Schoch-fischer et al., 1983; Fritz et al., 1987), Asia
(Araguás-Araguás et al., 1998; Kong et al., 2019) and Australia (Liu
et al., 2010). In South Africa, the Pretoria Local Meteoric Water
Line (δ2H = 6.7δ18O + 7.2‰) was constructed using monthly
rainfall samples (Fig. 1) (IAEA/WMO, 2018). Diamond and Harris
(1997) and Harris et al. (2010) studied the stable isotope effects
in precipitation in the west coast of South Africa. Durowoju et al.
(2019) specified the isotopic effects in rainfall of Thohoyandou
in Limpopo Province and generated the Thohoyandou Local
Meteoric Water Line (TLMWL) as δ2H = 7.56δ18O + 10.64‰
(n = 12). Leketa et al. (2018) determined the Johannesburg Local
Meteoric Water Line (JLMWL) using 3 years daily rainfall data
(δ2H=6.7δ18O + 10‰, n = 260 and R2 = 0.92) (Fig. 1). However,
stable isotope effects on daily rainfall in the central part of South
Africa, such as Johannesburg, are still poorly studied.
Due to the location of Johannesburg on the boundary of the
Upper Crocodile River Basin (UCRB) and the Vaal Catchment
(Fig. 1), assessment of stable isotopes in Johannesburg rainfall
is particularly important because rainfall is the source of direct
runoff and baseflow in the area. Therefore, the isotopic signature
of Johannesburg rainfall resembles the input isotopic signal for
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groundwater and surface water in these two catchments. Abiye
(2011) already emphasised the importance of rainfall for vertical
recharge through the fractured quartzite (Fig. 2) on the catchment
boundary. This was confirmed in Leketa et al. (2019), where the
long-term groundwater samples from a spring (Albert Farm
spring (AF); Fig. 1) that discharges from the fractured quartzite
were studied and found to resemble the isotopic signature of
rainfall, inferring the occurrence of recharge from rainfall,
possibly through the vertical fractures in quartzite (Fig. 2).
The aim of this study is, therefore, to characterise the stable isotopes
in the 2-year (November 2016 to October 2018) daily rainfall
collected in Johannesburg and to assess the conditions at the source
and along the moisture trajectory. Additionally, the Lagrangianbased air particle trajectory model is applied to infer the backward
trajectory of rainfall moisture. The results from this work shall
be useful to researchers interested in the use of stable isotopes
to assess the provenance of water and recharge mechanisms,
particularly for the Johannesburg area. This also improves the
understanding of spatial isotopic composition of South African
precipitation, adding onto work done on precipitation in other
parts of South Africa (Diamond and Harris, 1997; Harris et al.,
2010; IAEA/WMO, 2018; Durowoju et al., 2019).

Figure 2. The typical vertical fractures on the catchment boundary in
Johannesburg
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Description of study area
Johannesburg is a commercial hub of South Africa located at
about 26.2041°S and 28.0473°E, at the elevation of about 1 750 m
amsl (Fig. 1).
The general moisture circulation in Southern Africa mainly
consists of the sub-tropical semi-permanent anticyclones that are
located in the two adjacent oceans (Indian Ocean and Atlantic
Ocean), the Intertropical Convergence Zone (Tyson and PrestonWhyte, 2000), and the high latitudes towards the Antarctica
region (White and Peterson, 1996; Renwick, 2002; Blamey and
Reason, 2007). Precipitation in Johannesburg occurs mainly in
summer (October to April) in the form of convective rainfall,
with prevalence of cumulonimbus-induced thundershowers and
occasional frontal rainfall (DWAF, 2004; Dyson, 2009). The mean
annual rainfall for the period between 1997 and 2016 ranges
from 380 mm to 907 mm, as computed from the Johannesburg
Botanical Garden weather station (JHB Bot Tuin; Fig. 1), while
the mean annual temperature ranges between 15.2°C and 18.9°C
for the same period (source of data is South African Weather
Service, SAWS).

MATERIALS AND METHODS
Daily rainfall was sampled for stable isotope analysis at
Montgomery Park in Johannesburg, South Africa (Fig. 1),
between November 2016 and October 2018, using a graduated
conventional rain-gauge. The samples were collected and kept in a
10 mL glass bottle immediately after rainfall to avoid evaporation.
The rainfall amount was recorded from the rain-gauge. The daily
samples consisted of a composite of different rainfall events on
days where multiple events took place. In general, 88 rainfall
samples were collected and analysed for stable isotopes.
The analysis for δ18O and δ2H was done at the University of the
Witwatersrand using the Liquid Water Isotope Analyzer-model
45-EP. The instrument contains the laser analysis system, internal
computer, liquid auto-sampler, a small membrane vacuum pump,
and a room air intake line that passes air through a drierite
column for moisture removal. Sample preparation involved
pipetting 1 to 1.5 mL aliquot of a sample into a 2 mL glass vial,
which has a polytetrafluoroethylene (PTFE) septum cap. Using
a Hamilton microliter syringe, the instrument injected 0.75 µL
of sample through a PTFE septum into the auto-sampler. The
injection port of the auto-sampler was heated to 46°C to vaporize
the sample under vacuum conditions immediately after sample
injection. The vapour was then passed down the transfer line into
the pre-evacuated mirrored chamber for analysis. Five standards
were used in the analysis procedure where the laser machine
automatically calibrates itself and measures stable isotope values
for each water sample. The laser machine is capable of providing
accurate results with a precision of approximately ±1‰ for δ2H
and ±0.2‰ for δ18O in liquid water samples with up to 1 000 mg/L
of dissolved salt concentration.
The daily maximum and minimum air temperature data for
the Johannesburg Botanical Garden station (JHB Bot. Tuin)
were obtained from the SAWS. Using the daily stable isotope
signature and daily rainfall amount, the amount-weighted
monthly stable isotope signatures were determined, from
which annual amount-weighted signatures were subsequently
calculated. The monthly amount-weighted isotope signature
was determined by first calculating the fraction of daily rainfall
amount to the total rainfall for that month and multiplying the
fraction by the isotope signature (δ2H and δ18O) of rainfall for
that day to get the isotopic weight of daily rainfall. Secondly, the
daily isotopic weights were summed up for that month to obtain
the weighted monthly signature. Similarly, the weighted annual
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isotopic signatures were determined using the monthly rainfall
amount, the annual rainfall amount and the weighted monthly
isotopic signature. The estimated annual rainfall signature was
compared to the data from Online Isotopes in Precipitation
Calculator (OIPC) (Bowen, 2020). The OIPC webpage (http://
www.waterisotopes.org) uses an algorithm that was developed
by Bowen and Wilkinson (2002) and Bowen and Revenaugh
(2003) to calculate the average stable isotope signatures in
precipitation at any place using an input of latitude, longitude
and elevation.
The traces of temperature and amount effects in rainfall were
investigated using the time-series and the regression analysis for
the two years. The time-series analysis was done from a plot that
has temperature, rainfall amount and stable isotope signature on
the Y-axis and time on the X-axis to visualize the temperature
and amount effect on each day (Diamond and Harris, 1997).
Through regression analysis, the plots of stable isotopes versus
temperature and rainfall amount were constructed and the
regression lines established. The coefficient of determination (R2)
in the temperature plot was compared with that in the rainfall
amount plot to assess the predominant effect. In order to rule
out the null hypothesis, which suggests the non-existence of a
correlation, the probability value (p-value) was calculated for
each plot with a targeted significance level of 0.05 (Wang et al.,
2008). The slope and d-excess values for rainfall of different
amounts were determined to deduce the conditions at the
moisture source, along the moisture trajectory and in the subcloud.
The Hybrid Single Particle Lagrangian Integrated Trajectory
model (HYSPLIT; https://www.ready.noaa.gov/HYSPLIT.php)
was used to estimate the origin of moisture that gives rise to
rainfall in the Johannesburg region. Using the backward trajectory
to identify the origin of air masses is assumed to approximate the
moisture trajectory for the rainfall in the study area (Guan et al.,
2013). The backward trajectory was calculated for the last 120 h
(5 days) prior to the rainfall day for the rainfall samples with the
extreme isotopic signatures, i.e., the most depleted and the most
enriched in the 2-year period. The air parcels at the heights of 100,
500 and 1 000 m agl were analysed for the stable isotope sampler
position at 26.2041°S and 28.0473°E.

RESULTS AND DISCUSSION
Between November 2016 and October 2018, the stable isotope
signature of the rainfall ranged from −113.6‰ to +46.3‰ (δ2H)
and from −15.51‰ to +4.69‰ (δ18O), while the daily rainfall
samples ranged from 0.5 mm to 114 mm. Despite the high
variation, the signatures are within the range of −450‰ < δ2H
< +100‰ and −50‰ < δ18O < +50‰ provided by Gat (2001) for
global precipitation. Compared to Vienna Standard Mean Ocean
Water (VSMOW), 61% of the samples are more depleted in δ2H
and 82% in δ18O, while 39% of the samples are more enriched in
δ2H and 18% in δ18O. The d-excess of the rainfall samples ranges
between −9.7‰ and +22.3‰ with 58% of rainfall samples higher
than +10‰ and 42% lower than +10‰.
Table 1 shows a summary of the collected data consisting of the
monthly weighted isotopic signatures, the total amount of sampled
rainfall in each month, monthly average temperatures and the
amount-weighted annual isotopic signatures. Additionally, as
shown in Table 1, the weighted annual isotopic signatures for
the period 2016 to 2017 are −24.9‰ (δ2H) and −5.19‰ (δ18O);
as for 2017 to 2018, the signatures are −14.3‰ (δ2H) and −3.95
(δ18O). These annual signatures are comparable with the estimates
obtained from the OIPC, which gave annual values of −23‰
(δ2H) and −4.7‰ (δ18O) for Johannesburg precipitation.
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Table 1. Weighted monthly and annual isotopic signatures for the 2-year period
Month

Monthly total
rainfall (mm)

Average ambient
temperature (°C)

Number of
rainfall samples

Amount-weighted
monthly δ2H (‰)

Amount-weighted
monthly δ18O (‰)

d-excess
(‰)

Nov-2016

129

21

11

−6.0

−2.71

+12.20

Dec-2016

38

23

6

−8.5

−3.33

+13.78

Jan-2017

220

21

7

−42.8

−7.29

+6.09

Feb-2017

202

20

7

−40.0

−6.95

+6.61

Mar-2017

28

21

5

−7.3

−2.11

+6.83

Apr-2017

45

18

9

−10.8

−4.32

+18.11

May-2017

18

9

2

−43.4

−7.68

+8.06

Jul-2017

3

15

1

+18.1

+0.71

+13.30

Sep-2017

1

20

1

+46.2

+4.69

+14.79

Oct-2017

121

17

5

−0.1

−2.48

+16.51

Nov-2017

83

20

4

−5.0

−2.64

+12.69

Dec-2017

86

21

7

+0.1

−2.12

+14.29

Jan-2018

32

22

3

+1.9

−1.78

+13.76

Feb-2018

74

21

4

−14.9

−3.94

+11.54

Mar-2018

172

19

7

−38.1

−6.79

+7.39

Apr-2018

56

18

7

−21.2

−4.82

+11.06

May-2018

19

11

2

+5.7

−1.37

+14.94

Sep-2018

10

12

1

−0.8

−2.53

+16.16

Oct-2018

115

14

3

−1.5

−2.78

+17.17

Nov-2016 to
Oct 2017

803.5

-

54

(Annual weighted)
−24.9

(Annual weighted)
−5.19

+9.90

Nov-2017 to
Oct-2018

646

38

(Annual weighted)
−14.3

(Annual weighted)
−3.95

+12.19

Time-series analysis for temperature and amount effect
Figure 3 shows the daily time-series of rainfall amount, rainfall
isotope signature and air temperature for the period between
November 2016 and October 2018. The vertical arrows indicate
the corresponding daily rainfall, air temperature and isotopic
signature. The high amount of rainfall observed in arrows b, c,
and j correspond well with depletion in δ18O and δ2H. On the
other hand, the low rainfall shown by arrows g and h, corresponds
well with enrichment in the stable isotopes. Arrow f shows the
relationship with temperature in that the day of the lowest air
temperature also had rainfall with the most depleted stable
isotope signature. Arrows h, k, n and o show a combination of
temperature and amount effect.

hypothesis, while that of the monthly plot is 0.95, agreeing with
the null-hypothesis. Table 2 shows regression parameters from
Figs 4, 5 and 6.

Although it represented the highest temperature record, arrow
a does not show the highest enrichment in the year. This could
be attributed to contribution from amount effect and heavy
isotope rainout in the preceding rainfall events. Arrows d and e
clearly show an amount effect in that the temperature is constant
but there is a variation in δ18O and δ2H between the two. Low
rainfall at arrow d is more enriched compared to e of higher
rainfall amount. At m, both temperature and rainfall amount are
low, which possibly results in neutralising isotopic signature to
average values. This time-series analysis indicates the traces of
amount and temperature effects in the individual rainfall events
of Johannesburg.
Regression analysis for temperature effect
In order to further characterise the temperature effect observed
in the time-series analysis, Figs 4a and 4b display the plots of
δ18O versus daily air temperature and monthly air temperature,
respectively. Compared to the set significance level of 0.05, the
p-value for the daily plot is 0.002, which disqualifies the nullWater SA 46(3) 429–437 / Jul 2020
https://doi.org/10.17159/wsa/2020.v46.i3.8653

Figure 3. Time-series of stable isotopes in the rainfall that was sampled
at Montgomery Park, Johannesburg, between November 2016 and
October 2018
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Table 2. Summary of regression parameters of the plots

temperature and δ18O using data from the North Atlantic stations.
Gat (2001) also determined the regression line for the monthly air
temperature and δ18O (Eq. 4) using data from the European and
North Atlantic stations, which compared reasonably well with
Eq. 3 by Dansgaard (1964).

Linear regression

n

R2

p-value

slope

δ18O vs daily temp

88

0.21

0.002

+0.552

δ18O vs monthly temp

20

0.0006

0.95

+0.021

δ O vs daily rainfall

88

0.12

0.01

−0.097

δ2H vs daily rainfall

88

0.10

0.03

−0.067

δ O vs monthly rainfall

20

0.36

0.007

−0.03

δ O = (0.521 ± 0.014)Tm − (14.96 ± 0.21)‰

δ2H vs monthly rainfall

20

0.38

0.005

−0.2

where Ta and Tm are mean annual and mean monthly air
temperatures.

18

18

The more enriched samples in Fig. 4a match higher temperatures
and the more depleted portion corresponds to cold temperatures.
This is also observed for the most depleted rainfall in the period
(May 2017; Fig. 3) associated with the lowest temperature,
showing agreement with the temperature effect. On the other
hand, the monthly plot in Fig. 4b shows scattered points with no
clear coherence to the temperature effect. This is also confirmed
statistically by the R2, which has a higher value of 0.21 for the
daily plot compared to a lower value of 0.0006 in the monthly
plot. However, despite the poor correlation in the plots and
a high p-value in the monthly plot, the regression equations
(temperature-δ18O) have positive slopes. The positive slopes point
to an isotopic enrichment with an increase in temperature and
isotopic depletion with a decrease in temperature, indicating
traces of temperature effect.
The regression lines in Figs 4a and 4b are represented by Eq. 1
and Eq. 2, referred to as the Johannesburg air temperature-δ18O
relationships for the daily and monthly periods, respectively, over
the 2-year period of study.
		δ18O = 0.552Td − 14.1‰

(1)

		δ18O = 0.021Tm − 2.71‰

(2)

where Td is daily air temperature and Tm is monthly air
temperature.
The temperature–δ18O relationship was first observed by
Dansgaard (1964) who generated Eq. 3 for mean annual air

Figure 4. δ18O variation with daily air temperature (a) and average
monthly air temperatures (b) for 2 years
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		δ18O = 0.695Ta − 13.6‰
18

(3)
(4)

Comparing the Johannesburg monthly regression on Eq. 1 with
Eq. 4, the slope of the Johannesburg monthly plot (0.021) diverges
far below the range presented in Eq. 4, and the δ18O-intecept
(−2.71‰) is far above the range provided in Eq. 4. However,
the slope and δ18O-intecept obtained in the Johannesburg daily
plot (Eq. 1), 0.552 and −14.1‰, respectively, are very close to the
monthly ranges proposed by Gat (2001). The higher δ18O-intecept
value in the Johannesburg monthly plot could indicate that the
rainfall at 0°C air temperature is more enriched in Johannesburg
than in the Northern Hemisphere where Gat (2001) undertook
the study. This could reasonably be affiliated with the sub-tropical
climate in Johannesburg, which is characterised by warmer
annual air temperatures compared to the European and North
Atlantic stations.
Regression analysis for amount effect
In order to further characterise the amount effect that was
observed in the time-series analysis, Figs 5 and 6 show plots of
stable isotopes versus rainfall amount for daily and monthly data,
respectively, and presents the regression lines for stable isotopes
versus rainfall amount, where Rd is daily rainfall and Rm is monthly
rainfall. On Fig. 5, a poor correlation is observed with R2 values of
0.12 for δ18O and 0.10 for δ2H (Table 2). The p-values are given as
0.01 for δ18O and 0.03 for δ2H. The monthly data in Fig. 6 show the
R2 values of 0.36 for δ18O and 0.38 for δ2H, with p-values of 0.007
for δ18O and 0.005 for δ2H.

Figure 5. Stable isotopes (δ18O, δ2H) plotted against daily rainfall
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Despite the diversity and the lack of visual coherence to the
amount effect in the depleted portion of the plot and the low R2,
the negative slopes of the trend-lines indicate traces of the amount
effect. The negative slopes indicate that, generally, the increase in
rainfall amount relates to a depletion in heavy isotopes, while the
decrease in amount relates to enrichment in heavy isotopes.
The slope and d-excess of Johannesburg rainfall between
October 2016 and November 2018
Figure 7 shows the three MWLs established from selected
rainfall samples of different amounts over the 2-year period.
Regression A represents a MWL with all rainfall samples included
(δ2H = 7.2δ18O + 12.7‰), while B and C reflect rainfall events
that are ≥20 mm (δ2H = 8.2δ18O + 18.6‰) and <20 mm
(δ2H = 6.9δ18O + 11.9‰), respectively. The slope for the MWL
of rainfall <20 mm (C) is much lower than +8, showing signs of
sub-cloud re-evaporation of light rainfall (fractionation occurring
under non-equilibrium conditions). On the contrary, the slope
of +8.2 obtained for the MWL with rainfall ≥20 mm (B) is equal
to that of Craig (1961), indicating no sign of re-evaporation,
deducing that the interaction between the atmosphere and heavy
rainfall occurred under equilibrium conditions.

Figure 6. A plot of stable isotopes (δ18O, δ2H) versus monthly rainfall
amount

The p-values for the daily and monthly plots on Figs 5 and 6,
respectively, are below 0.05, indicating that there is a 95%
confidence in the relationship between isotopic signature and
rainfall amount. In both plots, the highly enriched rainfall is
generally of low amount, which indicates the amount effect in
both daily and monthly rainfall. On the other hand, there is a
high variation in the rainfall amount in the depleted portion of
the plots, indicating vague agreement with the amount effect. This
can also be observed in the daily plot by the most depleted rainfall
sample (May 2017; Fig. 3) in the 2-year period. Being the most
depleted, it is expected to have the highest amount of rainfall;
instead it falls within the lowest rainfall amount range of the plot.
The amount effect that is observed in the enriched part of the
plot could be a result of rainfall re-evaporation that occurs postcondensation, a condition that is most effective for light rainfall
(Clark and Fritz, 1997).

As shown in Fig. 7, the rainfall samples ≥20 mm gave a MWL
with the highest d-excess of +18.6‰, the MWL for samples
<20 mm gave a d-excess of +11.9‰, while the MWL of all
samples gave a value of +12.7‰. The lower d-excess in rainfall of
<20 mm as compared to the one of ≥20 mm indicates signs of
post-condensation sub-cloud re-evaporation, that preferentially
occurs on light rainfall. Considering that the heavy rainfall
(≥20 mm) is least susceptible to re-evaporation in the sub-cloud,
its slope and d-excess (+8.2 and +18.6‰) have been approximated
to those of incoming moisture or in-cloud conditions prior to
condensation. Therefore, the high d-excess of +18.6‰ of incoming
moisture indicates primary evaporation under warm sea surface
temperatures and low relative humidity, conditions that lead to an
increase in d-excess (Clark and Fritz, 1997; Pfahl and Wernli, 2008).
Consequently, the d-excess of +12.7‰ from regression A (all
rainfall samples), represents an average value, which is a result
of the conditions that favour increase in d-excess during primary
evaporation, and the conditions that favour a decrease in d-excess
during post-condensation re-evaporation. Additionally, the
d-excess values of individual rainfall samples in Johannesburg
ranges between −9.7‰ and +22.3‰, with an average of +11.1‰.

Figure 7. A plot showing the local meteoric water lines for rainfall of various amounts
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58% of the rainfall samples have d-excess higher than +10‰,
while 42% have d-excess lower than +10‰. The majority of the
samples are more depleted than VSMOW. 61% are depleted in
δ2H and 82% depleted in δ18O relative to VSMOW. As a result, the
observed high d-excess could also be due to the rainout of heavy
isotopes from the incoming inland-bound vapour and an addition
of vapour that evaporated from continental reservoirs, which lead
to depleted raindrops with high d-excess in Johannesburg.
The air particle inverse trajectory modelling for moisture
source identification
Figure 8 shows the trajectories over the period of 5 days for the
air above Johannesburg at 100, 500 and 1 000 m agl. Figure 8a
presents an air trajectory for the most depleted rainfall received
on 14 May 2017 and Fig. 8b shows the trajectory for the most
enriched rainfall received on 25 September 2017.
The trajectories in Fig. 8 show that both the most enriched and the
most depleted rainfall samples in Johannesburg originate in the
higher latitudes; however, the difference seems to be the residence
time of each in the high cooler latitudes versus the low warmer
latitudes. The air parcel for the rainfall on 14 May 2017 at the
elevation of 1 000 m agl, seems to have circulated or originated
at Antarctica prior to Day 1 (10 May 2017), meaning that it spent
a long period in the colder higher latitudes over the Atlantic and
Indian Oceans and only reached the coastline on the 5th day, which
is also the day on which condensation and precipitation occurred.
As for the rainfall of 25 September 2017, Fig. 8b shows that from
Day 1, the air parcel at 1 000 m agl was already circulating at lower
warmer latitudes along the coastline of South Africa and above
the Indian Ocean.
The cold air in the higher latitudes tends to have a high vapour
saturation due to its low moisture capacity, while the warm air in
the lower latitudes over the coastline with the Indian Ocean tends
to have a low vapour saturation due to its high capacity. As the
moisture from the high latitudes moves inland, the interaction with
the ambient warm air causes enrichment in the moisture that moves

further inland. This process is exacerbated by long-term residence,
hence the enriched rainfall on 25 September 2017 (Fig. 8b)
that was generated from moisture that had a residence time of 5
days in a warm environment. Conversely, the May 2017 rainfall
that only reached the coastline on Day 5, having a residence time
of less than a day in the warmer environment, is highly depleted.
The above analysis indicates the significance of relative humidity
of the atmosphere along the air trajectory in determining the
isotopic signature of rainfall.

CONCLUSIONS
The Johannesburg rainfall between November 2016 and October
2018 is characterised by a high stable isotope variability with values
ranging from −113.6‰ to +49.6‰ for δ2H and from −15.51‰
to +4.69‰ for δ18O. 61% of the samples are more depleted in
δ2H and 82% are more depleted in δ18O relative to VSMOW.
The time-series and the regression analysis indicate the traces of
amount and temperature effects in rainfall. Temperature effect
is more significant than amount effect as observed by a higher
R2 in the regression of stable isotopes versus air temperature. It
was deduced that rainfall sub-cloud re-evaporation preferentially
occurs on rainfall <20 mm, as observed by a MWL with a slope of
+6.9, which is less than the equilibrium value of +8. The rainfall
≥20 mm yielded a MWL with a slope of +8.2, indicating no signs
of sub-cloud re-evaporation post-condensation. The MWL for the
rainfall ≥20 mm had a higher d-excess value of +18.6‰ compared
to that <20 mm, which had a value of +11.9‰, while the d-excess
for a MWL with all rainfall samples was +12.7‰. Additionally,
the majority (58%) of rainfall samples have d-excess values higher
than 10‰. Since no sign of re-evaporation was observed on heavy
rainfall (≥20 mm), it is deduced that its slope and d-excess (slope
of +8.2 and d-excess of +18.6‰) resemble the incoming oceanic
moisture prior to condensation. Therefore, a high d-excess of
+18.6‰ indicates moisture that evaporated under warm sea
surface temperatures and low relative humidity. The HYSPLIT
air particle back-trajectory model indicated the significance
of the moisture trajectory on the isotopic signature of rainfall.

Figure 8. Moisture trajectories for the most enriched and the most depleted rainfall samples
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While both the most enriched and the most depleted rainfall seem
to originate in higher latitudes, their trajectories and residence
times in low latitudes seem to greatly differ. The moisture for the
most depleted rainfall spent a longer period at higher latitude over
the Atlantic and Indian Oceans and only reached the continent
on the last day, which is also the day of rainfall. On the contrary,
in the last 5 days prior to the day of rainfall, the moisture for the
enriched rainfall was already circulating in the lower latitudes
along the coastline of the Indian Ocean. It is inferred that
during the long-term circulation in the warmer environment,
the saturated parcel experienced a loss of light isotopes into the
less saturated ambient warm air, thereby enhancing enrichment
of moisture that moves further inland. The high stable isotope
variability in Johannesburg rainfall is deduced to be a result of
temperature and amount effects, which are also affected by
combinations of various moisture trajectories and their residence
times in the cold versus warm latitudes.
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