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Key points 

 The influences of subtropical Atlantic Ocean moisture on southern Africa

precipitation are non-negligible, especially during droughts.

 Precipitation isotopes can identify drought mechanisms e.g., synoptic-scale (El Niño)

versus mesoscale drought.

 Precipitation δ
18

O, δ
2
H and δ

17
O are independent of precipitation type (stratiform vs.

convective) in the study area.
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Abstract 

Southern African climate is characterised by large precipitation variability and model 

precipitation estimates can vary by 70% during summer. This may be partly attributed to 

underestimation and lack of knowledge of the exact influence of the Atlantic Ocean on 

precipitation over the region. The current study models trajectories of precipitation events 

sampled from Windhoek (2012-2016), coupled with isotopes (δ
18

O, δ
2
H, δ

17
O, d and δ'

17
O-

δ'
18

O) to determine key local drivers of isotope compositions as well as infer source 

evaporative conditions. Multiple linear regression analyses suggest that key drivers of isotope 

compositions (relative humidity, precipitation amount and air temperature) account for 47-

53% of δ
18

O, δ
2
H and δ

17
O variability. Surprisingly, precipitation δ

18
O, δ

2
H and δ

17
O were 

independent of precipitation type (stratiform vs. convective) and this may be attributed to 

greater modification of stratiform compared to convective raindrops, leading to convergence 

of isotopes from these precipitation types. Trajectory analyses showed that 78% and 21% of 

precipitation events during the period originated from the Indian and South Atlantic Oceans, 

respectively. Although precipitation from the Atlantic Ocean was significantly enriched 

compared to that from the Indian Ocean (p < 0.05); d was similar, suggesting significant local 

modification (up to 55 % of d variability). Therefore, d may not be a conservative tracer of 

evaporation conditions at the source, at least for Windhoek. δ'
17

O-δ'
18

O appeared a better 

alternative to d, consistent with trajectory analyses and appeared to differentiate El Niño from 

non El Niño droughts. Thus δ'
17

O-δ'
18

O could be a novel tool to identify drought 

mechanisms.  
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1 Introduction 

The climate of southern Africa, defined as the land area bound by the region 15°S–35°S; 

12.5°E–42.5°E, is complex and involves the interaction of several factors that alternate in 

importance [Allan et al., 2003; Reason and Rouault, 2002; Richard et al., 2000]. 

Traditionally, Atlantic influences on southern African precipitation have been downplayed 

and this could be attributed to data paucity, lack of awareness of the complexities of the 

atmosphere-ocean coupling and associated tropical-extratropical interactions as well as 

perceptions that Atlantic influences were secondary to those from the Indian or Pacific 

Oceans (ENSO) [Reason et al., 2006]. Therefore, precipitation over southern Africa has been 

associated with sea surface temperatures (SST) from the Indian Ocean [D'Abreton and 

Lindesay, 1993; Reason and Mulenga, 1999]. However, there is growing consensus that the 

South Atlantic Ocean may play a significant role on climate in the region, although the exact 

influences are unknown [Reason et al., 2006]. Given this uncertainty in moisture origins, it is 

not surprising that model estimates of precipitation over the region vary depending on a 

model‟s representation of the Angola Low, a regional circulation feature which can account 

for as much as 60% of the inter-model variability [Munday and Washington, 2017]. The 

ability to capture this ocean-atmospheric circulation feature might drive the disagreement 

between models. Therefore, despite the tight coupling between precipitation and society in 

southern Africa [Conway et al., 2015], our knowledge of precipitation patterns and their 

climate controls for the region are limited [Reason et al., 2006].  

Stable isotopes of hydrogen and oxygen (δ
2
H and δ

18
O) are unique environmental 

tracers that can be used to understand dynamics and processes in hydrology, geology, 

ecology and climate research [Gat, 1996; Stumpp et al., 2014; Zhao et al., 2012]. However, 

relatively few studies across Africa have applied stable isotopes of precipitation to climate 

research. Although global isoscapes reproduce reasonably well the global distribution of 

mean annual isotope contents of modern precipitation [Risi et al., 2010; Werner et al., 2011], 

they do not explain observed seasonal or inter-annual variations at a regional or local scale 

[Field, 2010; Lee et al., 2007; Risi et al., 2010; Schmidt et al., 2005; Vuille et al., 2003] and 

do not down-scale well in data scarce regions [Kaseke et al., 2016; Terzer et al., 2013]. 

Furthermore, multi-scale influences on the isotopic composition of precipitation do not 

conform well to univariate regression analysis in mid-latitude and subtropical locations [Alley 

and Cuffey, 2001; Fricke and O'Neil, 1999; Sturm et al., 2010]. However, event-scale studies 

capture day-to-day synoptic variation that may be lost or diluted in monthly samples [Liu et 

al., 2010; Noone and Simmonds, 2002]. Therefore, event-scale comparisons with aggregated 

data may help define underlying uncertainties in relationships between the isotopic 

composition of precipitation and climate variables [Soderberg et al., 2013].  

The moisture that eventually becomes precipitation is derived primarily from the 

oceans and/or evapotranspiration from the terrestrial surface [Sjostrom and Welker, 2009]. 

Therefore, traditional approaches have suggested air-mass history may influence the isotopic 

composition of precipitation [Dansgaard, 1964]. In addition to δ
2
H and δ

18
O, d-excess 

defined as d = δ
2
H – 8 x δ

18
O [Dansgaard, 1964] has been used to determine evaporative 

conditions [Merlivat and Jouzel, 1979]. However, recent work suggests d may not be a true 

conservative tracer of evaporation conditions [Lai and Ehleringer, 2011; Welp et al., 2012; 

Zhao et al., 2014]. Until recently, it was assumed that δ
17

O in precipitation did not carry any 

additional information to that of δ
18

O [Angert et al., 2004]. However, recent work indicates 

that δ
17

O-δ
18

O is independent of temperature and can be used to differentiate fractionation 

processes [Angert et al., 2004; Kaseke et al., 2017]. Therefore, δ
17

O-excess (
17

Δ), 
17

Δ = δ'
17

O 

– 0.528 x δ'
18

O, could be a conservative tracer of humidity changes at the vapor source origin 
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and complement δ
18

O, δ
2
H and d [Angert et al., 2004; Barkan and Luz, 2007, Tian et al., 

2018]. In addition, air mass trajectories have been used to explain precipitation isotope 

variations in North America [Burnett et al., 2004; Sinclair et al., 2011; Sjostrom and Welker, 

2009], Europe [Baldini et al., 2010; Gat and Carmi, 1970], Asia [Fudeyasu et al., 2011; Liu 

et al., 2011], Australia [Barras and Simmonds, 2009; Barras and Simmonds, 2008] and 

Africa [Lewis et al., 2010; Soderberg et al., 2013]. However, despite the complexities of 

southern African climate, we are not aware of any studies that have investigated the influence 

of atmospheric trajectories on southern African precipitation isotope compositions. We are 

also not aware of any studies that have reported δ
17

O values in precipitation for the region. 

Using a four-year (2012-2016) precipitation dataset, the objectives of this study were thus to 

determine storm-to-storm isotopic variability and composition (δ
18

O, δ
2
H δ

17
O) of 

precipitation in Windhoek (Namibia), identify the local controls of precipitation isotopes, 

apply trajectory analysis to determine vapor source origins and δ'
17

O-δ'
18

O relationships to 

infer evaporation conditions at the source region. The observation period covered three 

drought years of which two occurred during the 2014-2016 El Niño Southern Oscillation 

(ENSO) event. This provided the opportunity to test whether novel δ'
17

O-δ'
18

O techniques 

could be used to differentiate different types of droughts. We are not aware of any isotope 

studies that have done this, although a few have focused exclusively on isotope compositions 

and variability during ENSO events [Sánchez‐Murillo et al., 2017].  

 

[Figure 1 here] 

 

2 Materials and Methods 

2.1 Site description and sample collection  

Namibia is located on the south-western tip of the African continent and the study site 

(22.6137° S and 17.09753° E, elevation 1720 m a.s.l) is located in the capital, Windhoek (3 

133km
2
) (Fig. 1a). According to the Köppen Climate classification system, Windhoek is a hot 

semi-arid climate (BSh) characterised by hot wet summers and cool dry winters. Based on 

data from the Southern Africa Science Service Centre for Climate Change and Adaptive 

Land-use [SASSCAL] Windhoek weather station (22.5706° S and 17.0957° E, elevation 1722 

m a.s.l), 2012-2016 had the following monthly meteorological characteristics: temperature 

range (-0.2–36.3°C), average temperature (20.7°C), relative humidity (RH) range (0.4-

99.6%) and average RH (29.5%) (Fig. 1b and Fig. 1c). Because precipitation is highly 

seasonal and precipitation events are concentrated between October and April [Lu et al., 

2016; Sturm et al., 2009]), our analyses were based on the hydrologic year (October to 

September). Windhoek has not experienced any significant changes in precipitation intensity, 

frequency or total amount between 1998 and 2015 [Lu et al., 2016], and because the current 

study falls within this timeframe, results should be comparable to this relatively long-term 

study.  

 

 

A total of 109 discrete precipitation events were sampled during the observation 

period (Dataset S1). These precipitation events were matched based on the date of sampling 

to the SASSCAL weather data which showed 138 events during this period. This total 

excluded 42 precipitation events recorded by the SASSCAL weather station because there 
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were less than 0.2 mm per day and may have resulted in either insufficient sample for 

analyses or were localised events that did not occur at the sampling site. When possible, 

samples were collected immediately after the event or the next morning from a manual rain 

gauge and transferred into 15 ml Qorpak clear French square bottles with black phenolic 

polycone lined caps. The bottles were labelled with the appropriate site name, date and 

amount and stored at 5°C at the University of Namibia (UNAM) Windhoek campus. Samples 

were stored for about 6 months and either shipped or retrieved during field campaigns and 

transported to Indiana University-Purdue University Indianapolis (IUPUI) Ecohydrology lab 

for isotope analysis.  

 

2.2 Isotope analysis 

Isotope analysis was performed using the Triple Water Vapor Analyzer coupled to the Water 

Vapor Isotope Standard Source (WVISS) (Los Gatos Research Inc., Mountain View, CA, 

USA) with a reported precision of 0.2‰ δ
18

O, 0.8‰ δ
2
H and 0.4‰ δ

17
O similar to those 

reported elsewhere [Tian, 2016; Wang et al., 2009]. Data was reported in δ notation relative 

to VSMOW-SLAP scale as 

    
       

      
       ,   (1) 

where Rsample and RVSMOW are the molar ratios of heavy to light isotopes  (
2
H/H, 

18
O/

16
O or 

17
O/

16
O) of the sample and international standard – Vienna Standard Mean Ocean Water (V-

SMOW). However, it has been demonstrated that when dealing with high precision ratios in 

multiple systems a modified δ is preferred [Hulston and Thode, 1965; Luz and Barkan, 2005; 

Miller, 2002] hereafter designated as δ' and defined as 

                
       

      
 ,   (2) 

where *O  is either 
17

O or 
18

O.  

We computed mean annual isotopic composition as arithmetic and weighted means, adapted 

from Kazmierz Rozanski and Gonftanttni [1993]:  

                          
          

                 

       

         

   (3)  

where ppt (Event) is the event precipitation amount and ppt (Annual Total) is the annual total 

precipitation amount as defined by the hydrologic year. 

 

2.3 Local meteoric water Lines (LMWLs) 

Multiple statistical methods have been proposed to calculate the LMWL [Crawford et al., 

2014]. These methods include the unweighted and precipitation weighted versions of the 

ordinary least squares (OLSR), reduced major axis (RMA) and major axis (MA) regression 

models. However, because each method has its merits, we present all versions generated from 

the Local Meteoric Water Line Freeware programme [Crawford et al., 2014], based on event 

samples (Table S1). A long term LMWL (2012-2016) was calculated and used as a reference 

for the site for comparisons to annual LMWLs from the same period. For statistical 

comparisons, the unweighted OLSR LMWL (annual and inter-annual) was adopted to 
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perform the analysis of covariance (ANCOVA). Similarly, annual δ'17
O-δ'18

O lines were 

calculated based on the unweighted OLSR to complement interpretation of the δ
18

O-δ
2
H 

LMWLs.  

 

2.4 Precipitation classification: stratiform vs. convective 

Tropical Rainfall Measuring Mission (TRMM) 2A25 V7 and Global Precipitation 

Measurement (GPM) 2AKu band satellite data products covering the study area during 2012-

2016 were downloaded and analysed. Because the sampling site was located roughly in the 

centre of Windhoek, the sampling site was taken as the centre of a 0.5° x 0.5° square centroid 

(3025 km
2
) for data retrieval. The level 2 data products of TRMM and GPM have a temporal 

resolution of 16 orbits a day and a total of 24 satellite products showed precipitation over the 

area that corresponded to the Windhoek SASSCAL weather station. Data from both TRMM 

and GPM classify precipitation into three types: stratiform, convective and other. However, 

the third precipitation type „other‟ was not encountered during our analyses and according to 

Aggarwal et al. [2016], it exists at higher levels and may not contribute significantly to 

precipitation near the surface. Therefore, for the purposes of this study we excluded the third 

classification. Average conditional precipitation rates were calculated for each event based on 

conditional stratiform and convective precipitation rates over the area. The stratiform fraction 

was defined as the ratio of stratiform rainfall to total conditional precipitation rates. 

Therefore, stratiform fraction as applied to this paper translates to 0% stratiform = 100% 

convective except during non-precipitation days and vice-versa.  

 

2.5 Trajectory analyses 

Analysis of discrete precipitation events permits the use of back trajectory models to 

determine source origins and inference of source evaporation conditions that may influence 

the isotopic composition of precipitation when coupled with secondary parameters such as d. 

We assumed similar meteorological conditions between the site and the National Botanic 

Research Institute Windhoek (NBRI), located 5 km away. This enabled the use of hourly 

meteorological data from the SASSCAL weather station located at the NBRI. Using this 

approach, 99 of the 109 precipitation events (91%) at the site were consistent with NBRI 

data, sampling dates and general volumes, providing an approximation of local 

meteorological conditions. The associated meteorological data and event times were then 

used to calculate the approximate cloud base height of each individual storm based on the 

lifted condensation level (LCL) [Lawrence, 2005; Romps, 2017]:  

          
        

 
            ,     (4) 

where LCL is the cloud base height in metres, T is absolute temperature, RH is relative 

humidity ranging between 0 and 1 and z is the height where RH and T were measured.  

Using LCL to determine the parcels origin height (n = 99), ten-day air mass back-

trajectories were computed using the Hybrid Single-Particle Lagrangian Integrated Trajectory 

(HYSPLIT) model [Stein et al., 2015] and meteorological data from the Global Data 

Assimilation System (GDAS1). Because LCL ranged between 83 and 2154 m above ground 

level, no trajectories were disqualified for reaching the top of the atmosphere. Global 

estimates for mean atmospheric moisture residence times range from 4 – 9 days [Läderach 

and Sodemann, 2016; Trenberth, 1998], while Miralles et al. [2016] estimates an optimal 6 
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day residence time for the Kalahari ecoregion. The average time for each trajectory from land 

intersection to Windhoek was about 140 hrs (~6 days), thus trajectory cluster analysis time 

was set at 140 hrs at six hour intervals. The total spatial variance (TSV) for this process was 

30%, indicating there was no forcing and misclassification of cluster trajectories [Stein et al., 

2015]. Trajectory analyses in this study were used primarily to provide the spatial history of 

an air parcel.   

 

2.6 Statistical analyses  

Statistical analyses were performed in PAST 3 [Hammer, 2001] with parametric methods for 

normally distributed data and non-parametric methods for non-normally distributed data. 

Multiple linear regression analyses were performed in XLSTAT 2017 v 4, while trajectory 

cluster analysis was performed in HYSPLIT [Stein et al., 2015]. All data pertaining to this 

study is provided as Dataset S1.  

 

3 Results and discussion 

3.1 Precipitation anomalies 

Three of the four years under observation received below normal precipitation amounts and 

were classified as meteorological droughts, with the exception of 2013-2014 (Fig. 2 and 

Table S2). Based on the Oceanic Niño Index (ONI) [CPC, 2016], two of the three drought 

years (2014-2015 and 2015-2016) occurred during weak and strong El Niño years, 

respectively (Fig. S1). Given the well documented effects of ENSO on southern African 

precipitation (i.e., decrease in precipitation amount) [Allan et al., 2003; Nicholson and 

Entekhabi, 1986; Reason and Rouault, 2002], the 2014-2015 and 2015-2016 meteorological 

droughts could be El Niño related. However, the 2012-2013 meteorological drought occurred 

during an El Niño neutral year suggesting that the cause of this drought was different from 

that of the 2014-2016 droughts (Fig. 2, Table S2 and Fig. S1). Precipitation was highly 

seasonal over the sampling period with 89.4 – 99.5% of annual precipitation occurring during 

the rainy season, Oct-Apr (Table S3). About 55% of the annual precipitation in Windhoek 

occurs between Feb-Apr (late summer), with peak rainfall amounts and largest inter-annual 

variability occurring in February [Lu et al., 2016]. However, according to the data presented 

here, with the exception of 2013-2014, less than 50% of annual precipitation occurred during 

late summer, suggesting droughts resulted in precipitation distribution anomalies over the 

area (Table S3). Consequently, peak rainfall amounts differed among the years: March for 

2012-2013, February for 2013-2014 and January for 2014-2015 and 2015-2016. Interestingly, 

most precipitation during 2012-2013 occurred during late summer while for 2014-2015 and 

2015-2016 this occurred during early summer (Oct-Jan) (Table S3). This difference in 

precipitation distribution among the drought years also suggests that the causes of these 

droughts, 2012-2013 and 2014-2016, were different with the 2012-2013 drought being the 

most severe (Figure 2 and Table S2).  

 

[Figure 2 here] 

 

3.2 Precipitation isotope (δ
18

O, δ
2
H and δ

17
O) variations 



 

 
© 2018 American Geophysical Union. All rights reserved. 

The long-term “2012-2016” weighted precipitation isotope compositions from this study 

(Table 1) were comparable to those from Kazmierz Rozanski and Gonftanttni [1993] (δ
18

O -

5.0‰) and the Online Isotopes in Precipitation Calculator (OIPC) (δ
18

O -5.2‰ and δ
2
H -

27.0‰) [Bowen and Revenaugh, 2003; Bowen, 2017]. Similarly, the unweighted precipitation 

isotope compositions were comparable to those extracted from the Namibia precipitation 

isoscape (δ
18

O -2.9‰ and δ
2
H -12.6‰) [Kaseke et al., 2016] and Kazmierz Rozanski and 

Gonftanttni [1993] (δ
18

O -2.7‰) (Table 1). Therefore, the precipitation isotope results 

presented in this study are consistent with long term data presented elsewhere, thus 

comparisons of event scale with aggregated data may help define underlying uncertainties 

between isotopic compositions and climatic variables at longer time scales [Soderberg et al., 

2013].  

Storm-to-storm isotopic variability over the four year period, δ
18

O 25‰, δ
2
H 180‰ 

and δ
17

O 13‰, was similar to that reported elsewhere [Benson and Klieforth, 1989; Friedman 

et al., 2002; Liu et al., 2010] (Table 1). However, at annual scales storm-to-storm isotopic 

variation was lower for the meteorological drought years while those for the „normal year‟ 

2013-2014 were similar to the four year overall isotopic variability (Table 1). The 2013-2014 

precipitation was significantly depleted in δ
18

O, δ
2
H and δ

17
O (-5.97‰, -42.44‰, -3.14‰) 

compared to 2012-2013 (+0.94‰, +9.51‰, +0.48‰), 2014-2015 (-0.41‰, +1.73‰, -

0.33‰) and 2015-2016 (-1.13‰, -5.36‰, -0.61‰) (One-way ANOVA, p < 0.05; Tukey‟s 

post-hoc test, p < 0.05) (Table 1). This could be attributed to the „amount effect‟ [Dansgaard, 

1964], as both annual weighted and arithmetic mean precipitation isotope (δ
18

O, δ
2
H and 

δ
17

O) values were significantly inversely related to precipitation amount (p < 0.05, Fig. S2). 

One aspect of the „amount effect‟ that could be important is sub-cloud evaporation 

[Salamalikis et al., 2016]. In theory, drought conditions should enhance sub-cloud 

evaporation resulting in precipitation enrichment (δ
18

O, δ
2
H and δ

17
O), lower ranges and 

lower d compared to normal years (Table 1). However, d was similar among the years 

(Kruskal Wallis, p > 0.05) (Table 1) and also similar between the normal (+7.5‰) and 

drought years (+7.1‰) (Mann Whitney Pairwise test, p > 0.05), suggesting that the degree of 

sub-cloud evaporation during droughts and normal years at this semi-arid site may not differ 

significantly.  

Theoretically, longer travel times would allow for more equilibration time of 

raindrops with sub-cloud vapour (isotopic exchange) and sub-cloud evaporation resulting in 

higher δ
18

O, δ
2
H and δ

17
O values and lower d (Table 1). As expected, the median LCL for 

precipitation events during 2013-2014 (361 m) was significantly lower than that of the 

drought years (580 m) (Mann Whitney U, p < 0.005), indicating longer raindrop travel times 

from cloud base to the ground surface during droughts. To evaluate the degree of aridity 

effects between normal and drought years, d of drought and normal year precipitation events 

with LCL between 300 and 600 m (based on the median LCL) was evaluated. The d of 

drought year precipitation events (+10.2‰, range: -8.3‰ to +18.6‰) was significantly larger 

than for the normal year (+6.8‰, range: -5.2‰ to +15.4‰) (Mann Whitney Pairwise test, p < 

0.05), suggesting that some other mechanism maybe influencing d within this bin and this 

could be attributed to enhanced moisture recycling during droughts in the Kalahari ecoregion. 

Although the Kalahari ecoregion experiences a volumetric decrease in precipitation during 

droughts, it is accompanied by an increase in the recycling ratio (28% vs. 34% during wet 

and drought years), defined as the terrestrially derived precipitation divided by the total  

precipitation [Miralles et al., 2016]. In the Amazon Basin, evaporation (E) accounts for about 

40% of the evapotranspiration (ET) flux and the resultant precipitation is characterised by d > 

+10‰, suggesting a significant part was derived from evaporation [Gat and Matsui, 1991; 

Martinelli et al., 1996; Victoria et al., 1991]. This might explain the precipitation events with 



 

 
© 2018 American Geophysical Union. All rights reserved. 

d > +10‰ observed in this study (Table 1). Therefore, the larger d during drought years 

(+10.2‰) in the 300-600 m LCL bin suggests an increase in the evaporative flux due to 

moisture recycling, indicating drier conditions for the region compared to the normal year 

(+6.8‰), whose d was probably influenced more by sub-cloud evaporation.   

 

 [Table 1 here] 

 

3.3 Key local drivers of precipitation isotope compositions 

Precipitation isotopes are governed by several factors including but not limited to evaporation 

processes at the source, precipitation type and subsequent rain-out processes along the air 

mass-trajectory; however, correlations with local meteorological parameters suggest possible 

modification at the precipitation site [Coplen et al., 2015; Dansgaard, 1964; Fudeyasu et al., 

2011; Rindsberger et al., 1983; Salamalikis et al., 2016; Yurtsever, 1975]. The Windhoek 

precipitation isotope data at both event and monthly scales, exhibited significant relationships 

with local meteorological conditions (Table 2 and Table S4, respectively). Whereas event-

scale precipitation isotopes were related to more local meteorological parameters than 

monthly isotopes (6 parameters vs. 3 parameters), suggesting loss of information on 

individual events through data aggregation [Noone and Simmonds, 2002], these relationships 

were stronger at  monthly scale [Risi et al., 2008; Vimeux et al., 2005; Wu et al., 2015]. 

Therefore, event-scale comparisons with aggregated data will help define underlying 

uncertainties in relationships between isotopic composition of precipitation and climatic 

variables [Soderberg et al., 2013]. 

 

[Table 2 here] 

 

According to event-scale univariate analyses, the most significant local drivers of 

precipitation isotopes (δ
18

O, δ
2
H and δ

17
O) in decreasing order were RH, LCL, precipitation 

amount, surface temperature, average wind speed and air temperature (Table 2). Precipitation 

isotopes were inversely related to RH, which reflected the influence of sub-cloud evaporation 

on isotopic composition [Berkelhammer et al., 2012; Salamalikis et al., 2016] (Table 2). This 

result was consistent with the Namibia precipitation isoscape that identified RH as a key 

driver of precipitation isotopes across Namibia [Kaseke et al., 2016]. Precipitation isotopes 

were positively related to LCL and this could be attributed to the raindrop travel time 

between the cloud base and ground surface, the longer this was the more time available for 

raindrop isotopic equilibration with sub-cloud vapor and sub-cloud evaporation [Salamalikis 

et al., 2016; Sánchez-Murillo et al., 2016] (Table 2). Because LCL is a function of 

temperature and RH; RH and LCL are related (RH = -0.04(LCL) + 99.00, r = -0.999, r
2
 = 

0.998, p < 0.005), and this underlies the inverse relationship between d and LCL (Table 2). 

Precipitation isotopes were also inversely related to precipitation amount and this could be 

attributed to the “amount effect” [Dansgaard, 1964]. The „amount effect‟ suggests that light 

precipitation events are more prone to equilibration with enriched sub-cloud vapour and or 

experience sub-cloud evaporation and are thus more enriched than larger volume events. 

Larger precipitation events increase sub-cloud RH, reducing evaporation resulting in depleted 

isotope compositions compared to smaller events. This would result in positive relationships 

between d and precipitation amount and d and RH (Table 2). These results were thus 
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consistent with expected sub-cloud evaporation from low intensity precipitation events over 

Windhoek. Finally, precipitation isotopes (δ
18

O, δ
2
H and δ

17
O) showed weak but positive 

relationships with site air and surface temperature similar to Treble et al. [2005], which 

would enhance isotopic exchange with sub-cloud vapour as well as sub-cloud evaporation 

(Table 2). This was however, in contrast to Dansgaard [1964] who did not observe a 

temperature effect using monthly data for the site.  

At monthly time-scales, the significant drivers of local precipitation isotope 

composition in decreasing order were RH, precipitation amount and minimum temperature (p 

< 0.05) (Table S4), while d was significantly related to a single local parameter RH (Table 

S4). Similar to the findings of Dansgaard [1964], volume weighted monthly precipitation 

isotope compositions detected the “amount effect” indicating much stronger relationships 

than either the unweighted event or monthly samples but did not detect the “temperature 

effect” (Table 2, Table S4 and Table S5). This suggests loss of information through data 

aggregation, “temperature effect”, [Noone and Simmonds, 2002], while at the same time 

indicating that aridity is a major driver of precipitation isotope compositions at the site. 

Similarly, the weighted LMWL slope for this study 7.9±0.35 (n=29) was similar to that 

determined earlier 8±1.5 (n=14) [Dansgaard, 1964], indicating sub-cloud evaporation and 

consistent with the interpretations above and classification of the site as semi-arid (BSh).  

Because multi-scale influences on precipitation isotopes do not conform well to 

univariate regression analysis in mid-latitude and subtropical locations [Alley and Cuffey, 

2001; Fricke and O'Neil, 1999; Sturm et al., 2010], we applied multiple linear regression 

analysis (MLRA) at event scale (Table 3).  The best performing models for δ
18

O, δ
2
H and 

δ
17

O combined air temperature, precipitation amount and RH, accounting for 47-53% of 

isotope variability at the site (Table 3). However, the best performing model for d included 

precipitation amount, LCL and average wind speed and accounted for 55% of the variation 

(Table 3). These MLRA models explained more precipitation isotope variation at event-scale 

compared to univariate analyses giving credence to the view that precipitation isotopes at 

mid-latitude and subtropical locations do not lend well to univariate analysis (Table 2 and 

Table 3). At the same time, these MLRA models suggest significant local modification of the 

precipitation isotope composition such that d cannot be considered a conservative 

environmental tracer of evaporation conditions at the source, at least for this semi-arid site 

[Lai and Ehleringer, 2011; Welp et al., 2012; Zhao et al., 2014] (Table 3). However, it is 

important to acknowledge that no analyses of source conditions was performed in this study. 

The most influential local parameter on precipitation isotope compositions over Windhoek 

according to the MLRA models was RH, suggesting isotopic exchange and sub-cloud 

evaporation associated with cloud base to ground surface travel time enhanced by air 

temperature as the physical mechanism accounting for 47-53% of δ
18

O, δ
2
H and δ

17
O 

variability.  However, for d, LCL was the most influential parameter suggesting cloud base to 

ground surface travel time and associated sub-cloud evaporation with windy conditions as the 

driving physical mechanism (Table 2 and Table 3). 

[Table 3 here] 

 

The unaccounted precipitation isotope (δ
18

O, δ
2
H and δ

17
O) variability from the 

MLRA models could be related to several factors including but not limited to precipitation 

type, rain-out processes and source evaporation conditions [Aggarwal et al., 2016; Coplen et 

al., 2015; Crawford et al., 2013; Dansgaard, 1964; Fudeyasu et al., 2011; Jouzel et al., 

2013]. Recently, stratiform and convective precipitation have been associated with depleted 
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and enriched isotopic compositions, respectively [Aggarwal et al., 2016; Coplen et al., 2015; 

Fudeyasu et al., 2011; Kurita, 2013]. However, no significant relationships were observed 

between δ
18

O, δ
2
H, δ

17
O and stratiform fraction at our study site, suggesting isotopic 

composition was independent of precipitation type (Table S6). This was supported by the 

significant inverse relationship between d and stratiform fraction (Fig. 3a), suggesting 

stratiform precipitation was more susceptible to sub-cloud evaporation than convective 

precipitation. Stratiform precipitation consists of small raindrops (~1 mm in diameter) which 

may partially evaporate or grow by accretion and  coalescence depending on prevailing 

conditions: subsidence or uplift, respectively [Houze Jr, 2014]. Convective precipitation on 

the other hand consists of larger rain drops (> 2 mm in diameter) that do not experience much 

evaporation or growth [Houze Jr, 2014; Schumacher and Houze Jr, 2003; Steiner and Smith, 

1998]. Therefore, an increase in stratiform fraction would diminish raindrop size, increase 

travel time from cloud base to ground surface, decrease average precipitation rate facilitating 

sub-cloud evaporation and isotopic exchange with below cloud vapor. Models estimate a 30-

80% reduction in raindrop size due to sub-cloud evaporation in arid environments, resulting 

from a combination of high temperatures and low RH [Wang et al., 2016]. At the same time, 

the weighted precipitation rate decreased with an increase in stratiform fraction (Fig. 3b), 

consistent with the predictions above enhancing equilibration with ambient vapour as well as 

enhancing sub-cloud evaporation. This would result in lower d, and higher δ
18

O, δ
2
H and 

δ
17

O values for stratiform compared to convective precipitation which is less susceptible to 

sub-cloud evaporation [Houze Jr, 2014; Schumacher and Houze Jr, 2003; Steiner and Smith, 

1998], although this was only significant for d (Table S7).  

Applying MLRA to d, the best performing model was d = 4.0 - (0.12 * stratiform 

fraction) + (0.56 * amount) (AIC 82.9, R
2
 0.61, RMSE 5.3, p < 0.05), with precipitation 

amount being the most influential parameter. These results suggest that sub-cloud 

evaporation resulted in enrichment of 
18

O, 
2
H and 

17
O in stratiform precipitation to the extent 

that it was more enriched or similar to convective precipitation at the site (Table S7). This 

would explain the observed δ
18

O, δ
2
H and δ

17
O independence of precipitation type and rate 

observed at the site (Table S6). This contradicts the suggestion that the relationship between 

precipitation isotopes and intensity may be more visible at event scale [Dansgaard, 1964]. 

This result could be related to the fact that precipitation type and intensity are related (Fig. 3), 

thus where both types occur the influence of sub-cloud evaporation on the isotopic 

composition of the different precipitation types is not equal (Table S7). Therefore, the effect 

of precipitation intensity will likely be best observed when each precipitation type is 

considered separately or d is used instead (Table S6). However, given the data reduction 

already incurred in differentiating precipitation type, such an analysis is not possible for this 

study. These results, therefore suggest that precipitation isotopes are independent of 

precipitation type at least at this site and possibly other dryland environments. However, it is 

important to acknowledge the complexity associated with these calculations, notably 

estimation of stratiform fraction is greater when shallow rain is significant and amounts are 

low [Funk et al., 2013; Schumacher and Houze Jr, 2003], while isotope data at a sampling 

point could be biased towards stratiform precipitation (point vs raster data) [Aggarwal et al., 

2016]. Nonetheless, these calculations provide general trends of precipitation isotopes and 

precipitation type in a semi-arid environment.  

 

[Figure 3 here] 
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3.4 HYSPLIT air mass back trajectories, cluster analysis and δ'
17

O-δ'
18

O slopes 

Ten day HYSPLIT [Stein et al., 2015] back-trajectory analyses suggest that 

Windhoek (2012-2016) precipitation originated from both the Indian and Atlantic Oceans 

(Fig. 4). However, the 140 hr trajectory cluster analysis grouped the sources into four clusters 

(Fig. 4), but no significant differences were detected among the precipitation clusters in δ
18

O, 

δ
2
H, δ

17
O and d. This suggests precipitation isotopes underwent extensive modification at the 

precipitation site (47-53%) making them indistinguishable (Table 3). The results highlight the 

inappropriateness of d as a conservative tracer of evaporation conditions at the source region, 

as 55% of d variability was related to local meteorological conditions at the precipitation site 

(Table 3). However, 
17

Δ and δ'
17

O-δ'
18

O could be used as conservative tracers of humidity 

changes at the vapour source independent of temperature and thus complement d 

interpretations [Angert et al., 2004; Barkan and Luz, 2007; Li et al., 2015]. δ'
17

O-δ'
18

O slopes 

of 0.529±0.001 indicate a dominance of equilibrium fractionation processes, suggesting high 

RH conditions at the evaporation source [Luz and Barkan, 2005]. Therefore the δ'
17

O-δ'
18

O 

slope of cluster 1 (0.529±0.003) suggests high RH conditions over the subtropical Indian 

Ocean evaporation source (Fig. 4 and Fig. 5). However, δ'
17

O-δ'
18

O slopes of 0.506-0.5185 

indicate a dominance of kinetic fractionation processes suggesting non-steady state 

conditions with low RH at the evaporation source [Angert et al., 2004; Barkan and Luz, 

2007]. Thus the δ'
17

O-δ'
18

O slopes of clusters 2 (0.502±0.007) and 3 (0.507±0.019) suggest 

low RH conditions over the South Atlantic during evaporation (Fig. 4 and Fig. 5). The δ'
17

O-

δ'
18

O slope for cluster 4 (0.520±0.004) suggests non-steady state evaporative conditions at 

more than 50% RH [Li et al., 2015]. It is important to note that these trajectories only indicate 

geographic origins of moisture and do not take in account any additional moisture picked 

during transport to the site. We acknowledge that there seems to be an association between 

trajectory distance  and δ'
17

O-δ'
18

O, suggesting an influence of ET on δ'
17

O-δ'
18

O [Landais et 

al., 2006; Li et al., 2017] (Fig. 4). However, given that moisture recycling is estimated at 28-

34% [Miralles et al., 2016], how and to what extent ET would influence precipitation δ'
17

O-

δ'
18

O in the region is uncertain [Landais et al., 2006; Li et al., 2017] and beyond the scope of 

the current study.   

 

[Figure 4 here] 

 

[Figure 5 here] 

 

The origins of cluster 1 were consistent with the position of the Subtropical Indian 

Ocean dipole (SIOD) [Reason, 2001] while cluster 4 origins were consistent with  the 

position of the tropical Indian Ocean dipole (IOD) (Fig. 4). Sea surface temperatures (SST) 

around the origins of cluster 1 range from 23-26°C while those around cluster 4 origins range 

from 24-28°C (Oct-Apr) [Rao et al., 1989]. Warmer SSTs would result in greater evaporation 

and result in higher RH over the tropical oceans (30°N-30°S) [Shie et al., 2006]. However, 

the δ'
17

O-δ'
18

O slope of cluster 4 (0.520) was smaller than that of cluster 1 (0.529) despite 

higher SST around cluster 4 origins. This suggests non-steady state conditions around cluster 

4, resulting in lower RH than expected from the SST compared to cluster 1 origins. Summer 

precipitation in southern Africa has been associated with the tropical western Indian Ocean 

with the subtropical southwest Indian Ocean thought to be a substantial source of moisture 

for the region [D'Abreton and Lindesay, 1993; Reason and Mulenga, 1999]. However, the 
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trajectory analyses results suggest that the subtropical Indian Ocean may contribute more 

moisture over the western parts of southern Africa or at least Windhoek (2012-2016) than the 

tropical Indian Ocean (Fig. 4).  

The third potential source of moisture associated with summer precipitation over 

southern Africa is often regarded as the tropical South Atlantic Ocean [Fauchereau et al., 

2003; Hermes and Reason, 2005], although exact influences are unknown [Reason et al., 

2006]. However, our results suggest that clusters 2 and 3 originated from a region over the 

subtropical South Atlantic Ocean (Fig. 4). It is known that West African precipitation is 

influenced by a South Atlantic Ocean dipole (SAOD), defined as: north east pole, NEP 

(10°E–20°W, 0°S–15°S) and south west pole, SWP (10°W–40°W, 25°S–40°S) [Nnamchi 

and Li, 2011; Nnamchi et al., 2011]. However, simulations of this SAO also suggest a smaller 

south-east pole (SEP) in phase with the NEP [Nnamchi et al., 2011], consistent with the 

origins of clusters 2 and 3, defined as SEP 0°E-15°E and 30°-45°S (Fig. S4). However, 

because Nnamchi and Li [2011] focussed on SAOD influences on precipitation variability in 

West Africa, no attention was paid to possible influences on precipitation variability in 

southern Africa. Given that the results presented here and the simulations by Nnamchi et al. 

[2011] converge over the same region, suggests this SEP could be an extension of the SAOD 

or a secondary  subtropical SAOD defined as SEP and SWP and may influence precipitation 

variability in southern Africa, at least over Windhoek (Fig. S4). However, Reason and 

Jagadheesha [2005] and Harris et al. [2010] also suggest the existence of a subtropical South 

Atlantic Ocean dipole influencing precipitation over the Southwestern Cape region of South 

Africa, although the location of the dipole is shifted slightly to the left of that proposed in 

Figure S4. Therefore, the existence of a subtropical South Atlantic Ocean dipole is a distinct 

possibility although exact locations may be debatable and outside the scope of this study. 

This is in contrast to studies that have often exclusively associated precipitation anomalies 

over western parts of central and southern Africa to the tropical South Atlantic Ocean, 

Benguela Niño and the South Atlantic Ocean Dipole (SAOD) [Hermes and Reason, 2005; 

Nnamchi and Li, 2011; Reason and Smart, 2015; Rouault, 2003].  

Applying a simple classification based on oceanic origins of precipitation events over 

Windhoek (2012-2016), precipitation events were grouped into two: Indian Ocean (clusters 1 

and 4) and subtropical Atlantic Ocean (clusters 2 and 3) (Fig. 4 and Fig. 6). The resulting 

δ'
17

O-δ'
18

O slope for precipitation from the subtropical Atlantic Ocean (0.506±0.009) was 

consistent with dominance of kinetic fractionation processes (0.506-0.5185), suggesting 

evaporation under non-steady state conditions at low RH [Angert et al., 2004; Barkan and 

Luz, 2007; Li et al., 2015] (Fig. 6a). The δ'
17

O-δ'
18

O slope for precipitation from the Indian 

Ocean (0.525±0.002) was close to the 0.5265 slope which indicates evaporation occurred at 

high RH (~85%) [Li et al., 2015] (Fig. 6b). According to Araguás-Araguás et al. [2000], high 

RH (~80%), warm temperatures (25°C) and low wind velocities result in d values of about 

+10‰. Therefore, the δ'
17

O-δ'
18

O results were consistent with SST and RH conditions for the 

Indian Ocean [Araguás-Araguás et al., 2000; Rao et al., 1989]. However, precipitation d 

from the Indian (+7.7‰) and subtropical Atlantic Oceans (+5.5‰) were significantly smaller 

than the GMWL (+10‰) (Kruskal-Wallis, p < 0.05; Mann-Whitney post-hoc test, p < 0.05). 

There were no significant differences between precipitation d from the Indian and subtropical 

Atlantic Oceans (Kruskal-Wallis, p > 0.05) nor between their respective LMWLs (One-way 

ANCOVA, p > 0.05) (Fig. 6c and Fig. 6d). These results suggest precipitation isotopes 

collected in Windhoek underwent significant modification by local meteorological 

conditions, consistent with earlier conclusions (Table 2 and Table 3). These local 

modifications, resulted in similar LMWLs (Fig. 6c and Fig. 6d) and may have altered 

precipitation d by as much as 55% such that its use as a conservative tracer of evaporation 
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conditions at the source may be questionable, at least for this semi-arid environment (Table 

3).  

 

[Figure 6 here] 

 

Precipitation from the subtropical Atlantic Ocean was significantly enriched in δ
18

O 

(+0.8‰), δ
2
H (+12.7‰) and δ

17
O (+0.5‰) than from the Indian Ocean δ

18
O (-2.0‰), δ

2
H (-

9.9‰) and δ
17

O (-0.9‰) (Kruskal-Wallis, p < 0.05). Because the Atlantic Ocean (~266 km) 

is located closer to Windhoek than the Indian Ocean (~1904 km) (Fig. 1 and Fig. 4), the 

observed precipitation enrichment in δ
18

O, δ
2
H and δ

17
O from events originating from the 

subtropical Atlantic Ocean could be reflecting the „continental effect‟ [Dansgaard, 1964]. In 

addition, the isotope compositions of precipitation originating from the subtropical Atlantic 

Ocean presented here were generally more enriched in δ
18

O and δ
2
H compared to those 

reported for Cape Town [Harris et al., 2010]. This could be attributed to the influence of sub-

cloud evaporation at Windhoek as noted by Dansgaard [1964].  

The Indian Ocean trajectories were the dominant source of Windhoek precipitation 

during 2012-2016, accounting for 68-92% of annual precipitation events and 51-94% of the 

annual precipitation amount (Table 4). These results were consistent with studies that have 

concluded that the Indian Ocean was the primary source of moisture for precipitation over 

southern Africa [D'Abreton and Lindesay, 1993; Reason and Mulenga, 1999; Reason and 

Smart, 2015]. On the other hand, the results also indicate that the South Atlantic Ocean 

trajectories contributed a substantial amount of precipitation to Windhoek during this period; 

24-32% of annual precipitation events and 10-49% of annual precipitation amount during 

drought years and 6-8% during non-drought years (Table 4). Therefore, more research is 

needed to understand the influence and effects of the sub-tropical South Atlantic Ocean on 

precipitation in Windhoek, Namibia and southern Africa. It is important to acknowledge that 

the temporal isotopic variability for this subtropical semi-arid site (Table 1) is similar to that 

of tropical sites e.g., Puerto Rico with different moisture sources [Sánchez-Murillo et al., 

2016], suggesting some other pan-tropical mechanism may influence precipitation isotope 

compositions in addition to those described by [Dansgaard, 1964]. Aggarwal et al. [2016] 

suggests that this mechanism could be the precipitation type, however, the results presented 

here contradicted this, suggesting that if such a pan-tropical mechanism exists, it requires 

further investigations.    

 

[Table 4 here] 

 

3.5 Annual and inter-annual local meteoric water lines (LMWL) 

Figure 7 displays the different LMWLs generated for the site based on 2012-2016 event-scale 

data from the Local Meteoric Water Line Freeware programme [Crawford et al., 2014]. 

Crawford et al. [2014] notes that the calculation of LMWLs using different methods on the 

same data can result in wildly different LMWLs, complicating interpretation. However, for 

this particular site LMWLs based on the unweighted methods were similar while those based 

on the weighted versions were similar while both showed the same trends. The weighted 

LMWLs had larger slopes and intercepts than the unweighted LMWLs (Fig. 7). However, 
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these LMWLs were similar to those calculated for Windhoek based on GNIP data, y = 

7.1013x + 8.0159 (OLSR) and y = 7.30x + 9.3594 (PWLSR) [Crawford et al., 2014], except 

for the lower intercepts. The slope of the OLSR 2012-2016 LMWL (7.05) was significantly 

smaller than the global meteoric water line (GMWL) (8) (ANCOVA, p < 0.05) while GMWL 

d (+10‰) was significantly larger than that of the 2012-2016 Windhoek LMWL (+7.1‰) 

(Kruskal-Wallis, p < 0.05) (Fig. 6). Local meteoric water lines with slopes < 8  are 

characteristic of arid and semi-arid environments [Araguás-Araguás et al., 2000], consistent 

with the classification of Windhoek as a hot semi-arid climate (BSh). Arid and semi-arid 

environments also suggest secondary processes such as sub-cloud evaporation [Ehhalt et al., 

1963; Stewart, 1975], consistent with the low d observed at the site (Table 1).  

 

[Figure 7 here] 

 

Whereas the 2012-2016 Windhoek LMWLs gave an overview of the general climate 

characteristics, they did not reflect annual variability e.g., wet vs. dry years (Fig. 8 and Table 

S1). There was no significant difference between the OLSR 2012-2016 LMWL (7.05) and 

2013-2014 LMWL (7.36) slopes, suggesting „normal‟ precipitation amounts for the site 

during 2013-2014 (ANCOVA, p > 0.05) (Fig. 8b). However, the slopes of the OLSR 

LMWLs for 2012-2013 (6.57), 2014-2015 (6.42) and 2015-2016 (6.53) were significantly 

smaller than that of the 2012-2016 LMWL (7.05) (ANCOVA, p < 0.05) (Fig. 8). The 

deviation of these annual LMWL slopes below the 2012-2016 LMWL reference suggest 

below „normal‟ precipitation during these periods at the site, consistent with the 

meteorological droughts observed (Fig. 2 and Table S2). These results suggest that 

meteorological droughts caused abnormally dry conditions beyond the normal arid or semi-

arid conditions at the site. This would have resulted in enhanced or intense sub-cloud 

evaporation, significantly lowering annual LMWLs than the 2012-2016 LMWL (Fig. 8). 

Therefore the annual LMLs for 2012-2013, 2014-2015 and 2015-2016 were consistent with 

the cumulative precipitation totals which indicated meteorological drought conditions during 

these years (Fig. 2 and Table S2).  

 

[Figure 8 here] 

 

3.6 Drought differentiation using δ'
17

O-δ'
18

O relationship 

There were no significant differences in precipitation d among the years 2012-2013 

(+3.64‰), 2013-2014 (+7.33‰), 2014-2015 (+9.00‰), and 2015-2016 (+7.62‰) nor with 

the 2012-2016 LMWL (+7.13) (Kruskal-Wallis, p > 0.05). This suggests that the 

precipitation isotopes were significantly altered by the local environmental parameters such 

that d was not a conservative tracer of evaporation conditions at the source. At the same time, 

there were no significant differences between LMWLs generated from precipitation events 

from the Indian Ocean (y = 7.14±0.13x + 2.11±0.97; r
2
 = 0.98, p < 0.05) and those from the 

subtropical Atlantic Ocean (y = 6.78±0.35x + 4.78±1.2; r
2
 = 0.95, p < 0.05) (One-way 

ANCOVA, p > 0.05), suggesting that origins of precipitation had no effect on isotopic 

composition at the site. The δ'
17

O-δ'
18

O slopes for 2012-2013 and 2013-2014 were similar 

(Fig. 9a and Fig. 9b), suggesting high RH (~85%) evaporation conditions [Araguás-Araguás 

et al., 2000; Li et al., 2015] conducive for mass transport of moisture to the precipitation site 
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(Fig. 1). While Windhoek received normal to above normal precipitation during 2013-2014 

consistent with expectations of an El Niño neutral year, 2012-2013 was a drought (Fig. 2 and 

Fig. S1). However, the eastern and parts of central southern Africa (e.g., Mozambique, 

Zimbabwe, Botswana) experienced above normal precipitation and violent storms during 

2012-2013 [Moyo and Nangombe, 2015] while the western parts including Namibia 

experienced droughts. This suggests Windhoek should have received normal to above normal 

precipitation during 2012-2013 but mesoscale (western southern Africa) conditions may have 

caused the drought. On the other hand, 2014-2015 and 2015-2016 δ'
17

O-δ'
18

O slopes were 

similar (Fig. 9c and Fig. 9d) and suggested low RH (~50%) non-steady state evaporation 

conditions at the sources [Li et al., 2015], conditions that would have resulted in less  

moisture transported to the precipitation site (Fig. 1). The 2014-2015 and 2015-2016 δ'
17

O-

δ'
18

O slopes thus possibly reflected El Niño (Fig. S1), a synoptic system associated with 

droughts in the region [Hoell et al., 2016]. Because 2012-2013 was ENSO neutral while the 

2014-2016 droughts were probably El Niño related, δ'
17

O-δ'
18

O could be reflecting 

differences in the causes of these droughts; mesoscale vs. synoptic scale respectively (Fig. 9). 

These results were consistent with the increase (decrease) in recycled E/ET (T/ET) during 

2014-2016 due to consecutive droughts that affected the entire region compared to the 2012-

2013 drought which only affected the western parts of Southern Africa (Table S4).  

Interestingly, the origins of clusters 1 and 4 (Indian Ocean) were consistent with modelled 

source areas of precipitation deficits during droughts in the Kalahari ecoregion while clusters 

2 and 3 (Atlantic Ocean) are not affected during droughts  [Miralles et al., 2016] (Fig. 4). 

This decrease in Indian Ocean contributions to precipitation could account for the percentage 

increase in South Atlantic Ocean contributions during droughts observed at Windhoek (Table 

4).   

 

[Figure 9 here] 

 

Because the correlation between δ
18

O and δ
2
H is controlled by underlying physical 

properties, it has been argued that PWRMA and PWMA are more appropriate approaches 

than OLSR, especially the former [Crawford et al., 2014]. According to the PWRMA and 

PWMA LMWLs, the meteorological drought severity increased in the following order 2014-

2015, 2015-2016 and 2012-2013 (Table S1). However, this was in contrast to the 

precipitation totals which suggest drought severity increased in the following order 2015-

2016, 2014-2015 and 2012-2013 (Fig. 2 and Table S2). Given the relationship between El 

Niño and droughts in the region [Allan et al., 2003; Nicholson and Entekhabi, 1986; Reason 

and Rouault, 2002], the 2015-2016 drought was expected to be more severe than the 2014-

2015 based on El Niño strength (Fig. S1). However, recent work suggests that precipitation 

response to drought in the region is related to ENSO  and SIOD phase relationships [Hoell et 

al., 2016]. A positive SIOD is characterized by warm waters on the south west Indian Ocean 

and cool tropical waters in the central and eastern Indian Ocean while a negative SIOD is 

reversed [Behera and Yamagata, 2001; Hoell et al., 2016; Reason, 2002]. The warm waters 

of a positive SIOD increase evaporation and the moist air is advected over southern Africa 

[Behera and Yamagata, 2001; Reason, 2001]. When ENSO and SIOD are in phase(++), El 

Niño induced droughts are moderate but when ENSO and SIOD are antiphase (+-), El Niño 

induced droughts are severe [Hoell et al., 2016]. During early summer 2014-2015, El Niño 

and SIOD were antiphase (Fig. S1 and Fig. S3) and this may have enhanced the precipitation 

response to El Niño, less precipitation than expected (Fig. 2 and Table S2). On the other 

hand, 2015-2016 experienced a stronger ENSO (+) but was in phase with the SIOD (+) (Fig. 
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S1 and Fig. S3) mitigating the precipitation response to El Niño, more precipitation than 

expected (Fig. 2 and Table S2).  

Neither univariate analyses nor MLRA showed any significant relationships between 

precipitation amount, ONI and the SIOD as measured by the South Western Indian Ocean 

(SWIO) index (http://stateoftheocean.osmc.noaa.gov/sur/ind/swio.php) [OOPC, 2016] (p > 

0.05). This could be because ENSO is a result of complex interactions between several 

climate systems, thus the multivariate ENSO index (MEI) 

(https://www.esrl.noaa.gov/psd/enso/mei/table.html) [NOAA, 2016] was substituted for ONI. 

MEI is considered the most representative ENSO index integrating multiple meteorological 

parameters measured over the Pacific Ocean [Mazzarella et al., 2013]. Multiple linear 

regression analyses showed a significant relationship (p < 0.05) between precipitation 

amount, MEI and SWIO accounting for 17.4% of precipitation variability observed in 

Windhoek (2012-2016) (Table 5). These results suggest precipitation amount over the site 

may have been partly related to the interaction of the SIOD and ENSO nodes, consistent with 

[Hoell et al., 2016] (Fig. 2, Fig. S1 and Fig. S3). We did not perform a similar analysis for the 

South Atlantic Ocean (SAO) because the north-eastern pole of the current SAO dipole 

indices are based on the north-eastern parts of the South Atlantic 

(http://stateoftheocean.osmc.noaa.gov/sur/atl/sat.php) [Nnamchi et al., 2011; OOPC, 2017] 

versus the south eastern parts identified in this study (Fig. S4). Therefore the current South 

Atlantic Ocean Dipole (SAOD) Index does not represent the region of interest and is thus 

inappropriate for this study (Fig. S4). Furthermore, there is little research related to the 

influence of the subtropical Atlantic on precipitation across southern Africa.  

 

[Table 5 here] 

 

4 Conclusions 

Precipitation isotopes sampled from Windhoek over the period 2012-2016 suggest significant 

modification by local meteorological parameters, accounting for 47-53% of the isotope 

variability. The most influential local meteorological parameters at both event and monthly 

scales indicated substantial sub-cloud evaporation at the site, consistent with the semi-arid 

classification of the site and the meteorological droughts that occurred during this period. At 

the same time, sub-cloud evaporation may have resulted in significant modification of 

stratiform precipitation such that it was indistinguishable from convective precipitation using 

individual isotopes, resulting in isotopic compositions (δ
18

O, δ
2
H and δ

17
O) that were 

independent of precipitation type. This suggests that precipitation δ
18

O, δ
2
H and δ

17
O in arid 

and semi-arid environments could be independent of precipitation type, at least for 

Windhoek. However, it is still possible to differentiate stratiform precipitation from 

convection precipitation based on d. Trajectory analyses suggested that precipitation events 

experienced at the site could be broadly classified into two groups: Indian and subtropical 

South Atlantic Ocean sourced. Contrary to popular perception, these results suggest that the 

subtropical South Atlantic Ocean generates a non-negligible amount of precipitation events 

over Windhoek. Therefore the influence of the subtropical South Atlantic Ocean on southern 

African precipitation and climate could currently be underestimated. At the same time, δ'
17

O-

δ'
18

O in conjunction with HYSPLIT back trajectories identified four precipitation source 

clusters. Two of these cluster sources were consistent with the positions of the Indian Ocean 

dipole and the subtropical Indian Ocean dipole while the remaining clusters had similar 

origins in the subtropical South Atlantic Ocean, consistent with simulations of a possible 

http://stateoftheocean.osmc.noaa.gov/sur/ind/swio.php
https://www.esrl.noaa.gov/psd/enso/mei/table.html
http://stateoftheocean.osmc.noaa.gov/sur/atl/sat.php
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dipole in the subtropical South Atlantic Ocean [Nnamchi et al., 2011]. If such a dipole exists, 

this could influence precipitation over southern Africa and understanding it would improve 

forecasting efforts over the region or at least Windhoek and parts of South Africa. δ'
17

O-δ'
18

O 

appeared a much better tracer of environmental conditions at the evaporation site than d 

which was significantly influenced by meteorological conditions at the precipitation site. At 

the same time, δ'
17

O-δ'
18

O appeared to reflect differences between El Niño and non-El Niño 

related droughts, suggesting δ'
17

O-δ'
18

O could be a novel tool to differentiate drought causes; 

synoptic vs. mesoscale, respectively. Finally, the temporal isotope variability exhibited by 

this semi-arid site to tropical sites suggests pan-tropical mechanisms may be controlling 

precipitation isotope compositions but the nature of this mechanism we believe is still 

elusive.      
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Table 1. Annual weighted and arithmetic mean isotope (δ
18

O, δ
2
H and δ

17
O) compositions of Windhoek precipitation (2012-2016) based on the 

hydrologic year, Oct-Sept.  

  Mean δ
18

O‰ Mean δ
2
H‰ Mean δ

17
O‰ Mean d‰ 

Period n Arith. WA Range Arith. WA  Range Arith. WA Range Arith. Range 

2012-2013 26 +0.94 -1.83 -9.74 - +7.36 +9.51 -7.55 -60.11 - +57.36 +0.48 -0.96 -5.36 - +4.03 +2.0 -18.9 - +18.6 

2013-2014 37 -5.97 -9.03 -15.84 - +8.30 -42.44 -63.99 -122.19 - +51.98 -3.14 -4.76 -8.24 - +4.12 +5.3 -17.3 - +15.4 

2014-2015 19 -0.41 -3.19 -9.80 - +9.31 +1.73 -15.48 -71.10 - +56.00 -0.33 -1.76 -5.38 - +4.69 +5.0 -36.2 - +19.8 

2015-2016 27 -1.13 -2.83 -12.39 - +7.92 -5.36 -14.39 -85.29 - +48.21 -0.61 -1.46 -6.43 - +4.10 +3.6 -32.3 - +14.9 

2012-2016 109 -2.15 -5.17 -15.84 - +9.31 -13.16 -33.00 -122.19 - +57.36 -1.16 -2.73 -8.24 - +4.69 +4.0 -36.2 - +19.8 

 

Note: Arith. is arithmetic mean and WA is weighted average.
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Table 2. Significant relationships between event precipitation isotopes (δ
18

O, δ
2
H, δ

17
O and 

d) and local meteorological data from the National Botanic Research Institute (NBRI), 

Windhoek 2012-2016. 

 Regression equation r R
2
 p-value 

δ
18

O y = -0.24 * (relative humidity) + 15.12 -0.63 0.39 ** 

y = 0.01 * (lifted condensation level) - 8.79 0.61 0.37 ** 

y =-0.25* (precipitation amount) - 0.03  -0.42 0.18 ** 

y = 0.39 * (surface temperature) - 13.47 0.29 0.08 ** 

y = 1.11* (wind speed) - 6.37 0.24 0.06 * 

y =0.56 * (air temperature) - 13.27 0.24 0.06 * 

δ
2
H y = -1.56 * (relative humidity) + 98.22 -0.56 0.31 ** 

y = 0.06 * (lifted condensation level) – 55.44 0.54 0.29 ** 

y = -1.69 * (precipitation amount) + 1.23 -0.39 0.15 ** 

y =8.62(wind speed) - 45.29 0.26 0.07 * 

y = 2.47(surface temperature) - 83.02 0.25 0.06 * 

δ
17

O y =-0.13(relative humidity) + 7.86  -0.62 0.39 ** 

y = 0.005 (lifted condensation level) - 3.71 0.61 0.37 ** 

y = -0.13(precipitation amount) - 0.06 -0.42 0.18 ** 

y = 0.21(surface temperature) - 7.06 0.29 0.08 ** 

y =0.58(wind speed) - 3.37 0.24 0.06 * 

y =0.29(air temperature) - 6.94 0.24 0.06 * 

d y = -0.21 (lifted condensation level) + 14.89 -0.68 0.47 ** 

y = 0.40(relative humidity) - 22.71 0.68 0.47 ** 

y = -1.78(air temperature) + 38.97 -0.50 0.28 ** 

y = 0.34(precipitation amount) + 1.49 0.40 0.16 ** 

y = -0.73(surface temperature) +24.76  -0.37 0.14 ** 

Note: * denotes significance at p < 0.05 and ** denotes significance at p < 0.005. 
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Table 3. Best performing multiple linear regression models between event precipitation 

isotopes and local meteorological data from the National Botanic Research Institute (NBRI), 

Windhoek 2012-2016. Only meteorological conditions with significant relationships from 

Table 2 were used. 

 Multiple linear regression equation AIC RSME R
2
 p-value 

δ
18

O y = 43.26 - (1.03*air temp) - (0.01*amt) - (0.34*RH) 300.9 4.5 0.53 < 0.05 

δ
2
H y = 334.28 - (8.62*air temp) - (0.70*amt) - (2.45*RH) 704.2 34.4 0.47 < 0.05 

δ
17

O y = 22.67 - (0.54*air temp) - (0.06*amt) - (0.18*RH) 174.0 2.4 0.53 < 0.05 

d y = 8.39 + (0.13*amt) - (0.02 * LCL) + (1.68 

*winspd) 

364.9 6.2 0.55 < 0.05 

Note: air temp is air temperature (°C), RH is relative humidity (%), amt is precipitation 

amount, LCL is lifted condensation level and winspd is wind speed (ms
-1

). 

 

 

 

Table 4. Annual and total contribution of events and precipitation from the Indian and South 

Atlantic Ocean over Windhoek 2012-2016. 

 2012 – 2013* 2013 - 2014† 2014 – 2015* 2015 – 2016* 2012 - 2016 

 Indian Atlantic Indian Atlantic Indian Atlantic Indian Atlantic Indian Atlantic 

% frq 71 29 92 8 76 24 68 32 79 21 

% ppt 67 33 94 6 90 10 51 49 79 21 

Note: frq (frequency), ppt (precipitation amount), * drought year and † non-drought year. 

 

 

 

Table 5. Multivariate analysis of Windhoek precipitation as influenced by El Niño Southern 

Oscillation (ENSO) and the South Western Indian Ocean (SWIO) Index nodes (2012-2016). 

 Multiple linear regression equation AIC RSME R
2
 p-value 

ppt (mm)  y = 27.61 - (15.32* MEI) + (37.07*SWIO)  337.3 32.6 0.17 < 0.05 

Note: ppt is monthly precipitation amount 
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Figure 1. a) Map showing regional mean annual precipitation 

(http://www.worldclim.org/bioclim), location of the study site and Namibia (insert), b) 

monthly temperature and c) monthly relative humidity for Windhoek (2012-2016). Median 

represented by dark line in box, while box represents 1
st
 and 3

rd
 quartile range. Whiskers 

indicate the maximum and minimum values per month.    

  

http://www.worldclim.org/bioclim
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Figure 2. Annual cumulative precipitation totals measured from the site for Windhoek 2012-

2016 (Oct-Sept) compared to long-term average „normal‟ precipitation from the Namibia 

Meteorological Services. 
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Figure 3. Variation of a) d-excess as a function of stratiform fraction and b) weighted 

conditional precipitation rate as a function of stratiform fraction, for rain events observed 

over Windhoek, 2012-2016 (n = 24).    
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Figure 4. Ten day (240 hr) atmospheric back trajectories of precipitation events received at 

Windhoek during the 2012-2016 period (n = 99). The associated mean trajectory clusters 

were based on ~six day (140 hrs) trajectories, which equate to the approximate travel time  to 

Windhoek after intersecting land and atmospheric residence times for the region [Miralles et 

al., 2016]. 
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Figure 5. The four trajectory clusters of Windhoek precipitation during 2012-2016 as defined 

by the δ'
17

O-δ'
18

O relationships. 
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Figure 6. Isotope relationships of combined trajectory clusters based on ocean source for 

Windhoek precipitation 2012-2016; a) subtropical Atlantic Ocean δ'
17

O-δ'
18

O, b) Indian 

Ocean δ'
17

O-δ'
18

O, c) subtropical Atlantic Ocean δ
2
H-δ

18
O and d) Indian Ocean δ

2
H-δ

18
O.   
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Figure 7. Event scale local meteoric water lines for Windhoek (2012-2016) calculated using 

[Crawford et al., 2014] with the GMWL as a reference. Ordinary least square regression 

(OLSR), reduced major axis regression (RMA), major axis regression (MA) with 

precipitation weighted (PW) versions. 
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Figure 8. Annual unweighted local meteoric water lines (LMWLs) for Windhoek (2012-

2016) based on the rainfall year (Oct-Sep): a) 2012-2013, b) 2013-2014, c) 2014-2015 and d) 

2015-2016. The GMWL and unweighted LMWL(2012-2016) were included as references.   
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Figure 9. Plots showing the annual δ'
17

O-δ'
18

O of Windhoek precipitation over 4 years: a) 

2012-2015, b) 2012-2013, c) 2013-2014 and d) 2014-2015.  

 




