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Abstract: With the resurgence of water-isotope tracing applications for Integrated Water Resource
Management in developing countries, establishing a stable isotopic baseline is necessary. Developing
countries, including Malawi, continue to struggle with the generation of consistent and long-term
isotopic datasets due to non-existent or inadequate in-country water-isotope capacity. Malawi has
made significant advances in its quest to establish a stable isotopic baseline through the establishment
of the Malawi Network of Isotope in Precipitation. This study provides the first results for the
isotopic characterization of precipitation in Malawi with a view to reinforcing understanding of
the country’s hydrological cycle. Error-in-variables regression defined a Local Meteoric Water Line
as δ2H = 8.0 (±0.3) δ18O + 13.0 (±2.0) using stable isotopic records of 37 monthly samples from
5 stations between 2014 and 2019. Local precipitation (isotopic composition) is consistent with global
precipitation expectations, its condensation-forming process occurring under equilibrium conditions
and a higher intercept (d-excess) above the 10‰ for Global Meteoric Water Line, implying that air
moisture recycling significantly influences local precipitation. Wider variations observed in local
precipitation isotopic signatures are largely attributed to different moisture-bearing systems and di-
verse geographic factors across the country. Additional stations are recommended to improve spatial
coverage that, together with longer temporal records, may help understanding and resolving uncer-
tainties such as the altitude effect. This pioneering study is expected to facilitate Malawi’s ambition
to achieve integrated use and improved protection of its surface water and groundwater resources in
response to mounting climate change, growing population and land-development concerns.

Keywords: precipitation; Stable Isotope Baseline; Local Meteoric Water Line; Integrated Water
Resources Management; deuterium excess; Malawi

1. Introduction

Integrated Water Resource Management (IWRM) requires an understanding of the
provenance of the various water sources contributing to a resource that may enable their
protection. Establishing the stable-isotopic signature of these waters and mixed waters
subsequently occurring within water resources provides diagnostic insight into the physical
processes the water has been subjected to over time, the identification of possible water
sources and the improved understanding and conceptualization of the local or regional
hydrological cycle; all which underpin IWRM [1–5].

The diagnostic value of surface water and groundwater resource stable-isotope sig-
natures is predicated upon the characterization of isotopic signatures present in meteoric
(precipitation) inputs [6–9]. It is important to the national-scale implementation of IWRM
that countries establish stable-isotopic baseline signatures in local precipitation. In develop-
ing countries such as Malawi and across Sub-Saharan Africa (SSA), baseline development
and wider isotopic tool use have been hindered by poor socioeconomic conditions, little
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investment in the science and a lack of in-house isotope analytical facilities. Reliance to
date has been on samples collected and exported by researchers in developed countries
leading to sporadic isotope studies in Malawi [10–17].

Malawi has a complex land-locked hydrology. The north–south-oriented country
spans significant latitude from 9◦ S to 17◦ S. Its location at a southern extremity of the
East African Rift System (EARS) results in significant topographic variation, from c. 30 to
3000 m asl. Lake Malawi covers 23% of the surface area of the country and its setting within
the larger African Great Lakes region (incl. Malawi, Victoria and Tanganyika) results in
a predominant great-lake influence (a significant source of moisture) on its East African
regional climate [18]. It experiences a sub-tropical climate influenced by altitude, relief
and Lake Malawi. It is generally cool in plateau areas but hot in the rift valley, becoming
increasingly semi-arid from the north to the southern lowlands. Seasonal contrasts are
significant with distinct wet (November–April) and dry (May–October) seasons driven by
north-easterly winds (Mpoto) in the former and strong south-easterly winds (Mwera) in
the latter seasons. Topographically influenced mean temperatures range from 17 to 37 ◦C
in the hot–dry season. Precipitation is influenced by the migration of the Inter Tropical
Convergence Zone (ITCZ), Congo Air Boundary (CAB) and Tropical Cyclones [19]. Given
the above complexities, spatial–seasonal characterization of variations in precipitation
stable-isotope signature across Malawi is vital to assess the expected depletion of heavier
isotopes from increased latitude, closeness to the continental interior and increased altitude
due to temperature variations and ‘rainout’ effects [18]. To date, Malawi has relied upon
stable isotopic data records from Global Network of Isotopes in Precipitation (GNIP)
stations located outside the country [10–17]. Malawi represents a gap in SSA’s regularly
monitored network.

The country is vulnerable to several ‘global issues’. Although there are substantial
surface water resources within Lake Malawi and its Shire River outflow, these only provide
pipeline supplies to its urban centers. Most of Malawi’s population is the rural poor,
in common with around half a billion people in SSA [20], almost exclusively reliant on
groundwater [21]. Such supplies are affected by functionality concerns, a global issue, with
many of Malawi’s circa 120,000 water points vulnerable to ‘asset stranding’, driving the
consideration of IWRM alternatives [22,23]. Malawi’s water resources are also vulnerable
to a host of development pressures, including irrigated agriculture, urbanization, rapidly
increasing population (c. 3% annually), increasing (hydroelectric) energy needs and de-
forestation; each disturbing hydrological systems and disrupting the sensitive balances
between runoff and recharge [24–29]. Malawi has a significant vulnerability to climate
change and associated intensification of drought and flood events. Although influence
is already probable, evidenced by a series of climatic perturbations in SSA [30–32] and
in Malawi [30,33–35], the priority remains to establish current baselines (including stable
isotopes) to benchmark further change. Finally, as a landlocked country neighboring
Mozambique, Tanzania and Zambia, and its main Shire River draining into the Zambezi
River also influencing Angola, Botswana, Namibia and Zimbabwe, Malawi has significant
transboundary aquifer and surface water obligations [36].

Malawi is one of the world’s most physically vulnerable places to repercussions result-
ing from climate change [37,38]. The country has recorded climatic evidence of significant
temperature variability and increased intensity and frequency of occurrence of floods and
drought [29–35]. Climate-change-induced perturbations in the Sub-Saharan precipitation
regime causing a rise in numerous severe weather incidents are also asserted [30–32].

Our research is an outcome of the partnership between the International Atomic
Energy Agency (IAEA) and Malawi’s Ministry of Forestry and Natural Resources that
enabled the 2018 commissioning of an isotope hydrology national facility. This specifically
comprises the operationalization of an Isotope Hydrology Laboratory (IHL) and the estab-
lishment of the Malawi Network of Isotopes in Precipitation (MNIP). The data collected to
date from the MNIP form our focus herein. The objectives set were to establish a stable
isotopic baseline for precipitation at national scale for Malawi, to understand the factors
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that may influence spatial and temporal (intra-seasonal) isotopic signature variability and
to develop a Local Meteoric Water Line (LMWL) for Malawi that will act as a benchmark
for future isotopic studies assessing water-resource status. The overarching goal was to
provide a foundational characterization of precipitation that will reinforce understanding
of Malawi’s hydrological cycle and thereby underpin future IWRM and policy decision
making. This study represents the first-ever characterization of the stable isotope precipi-
tation baseline for Malawi and hence provides a pivotal step to achieving the long-held
ambition to provide isotope-informed IWRM for the country. Study findings have already
helped underpin our companion catchment [39] and basin-scale [40], stable-isotope studies
in Malawi and ongoing studies of other catchments.

2. Materials and Methods
2.1. Study Area Setting

Malawi occurs as an elongate plateau towards the south-western extreme of the lower
EARS that structurally dominates its landform (Figure 1). Its diverse physiography ranges
from highlands reaching 3000 m asl, plateau occurring at 750–1300 m covering much of the
country, rift valley scarp and the rift valley and associated plains that decline to around
30–100 m asl in the Lower Shire Valley–Mozambique border. The highland and plateau
comprise normal-faulted blocks of Precambrian and Lower Palaeozoic Basement gneiss
and granulite rock (the pan-African ‘basement rock’) with Quaternary colluvium, alluvium
and lacustrine basins forming the rift valley plains. These form Malawi’s three main aquifer
types; the weathered basement rock, the often-underlying fractured basement rock and
the valley alluvial aquifer systems upon which rural Malawians extensively rely upon for
water supply [21,22,41].
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Figure 1. Study area showing topography (various colored zones), major rivers, lakes, fault lines and neighboring coun–tries.

Malawi’s drainage system is dominated by the Lake Malawi–Shire River system,
into which a vast network of many of its rivers drain (e.g., Ruo, Linthipe, Rukuru and
Dwangwa). A few rivers drain to the endorheic Lake Chilwa basin to the east of the rift
valley. Other moderately large lakes (Chiuta and Malombe) also exist, as well as many
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dams (reservoirs) constructed for water supply. Malawi is a water-stressed nation, and in
particular, groundwater and surface water resources during the dry season are significantly
stressed, especially in severe drought years [21].

Climate and Precipitation Derivation in Malawi

Malawi’s climate is sub-tropical, with generally cool conditions experienced in the
plateau and hot, dry conditions in the rift valley. A distinct wet season from November to
April and dry season from May to October occurs throughout the country. Based on the
revised Köppen-Geiger system, Malawi’s climate may be classified as Aw or Savannah, with
the following defining criteria; ‘Not (Af) and Pdry < 100 − MAP/25’, where Af is rainforest,
MAP is mean annual precipitation and Pdry is precipitation of the driest month [35]. ITCZ
migration southwards between December and January, and northwards between February
and March, accounts for the moisture for most of Malawi’s precipitation. South-east
trade winds blowing across the Indian Ocean from east to west along the Mozambique
Channel occasionally bring widespread heavy precipitation in April extending into May in
northern Malawi, and infrequent tropical storms that vary in impact and intensity. Due to
its proximity to the East African Coast, Malawi experiences rather light precipitation and
drizzles (locally known as Chiperoni) mainly during early month of July, particularly in
highlands facing south-east [29].

Malawi’s precipitation regime has two distinct features: a region with a strong pre-
cipitation maximum in austral autumn along Lake Malawi’s western shoreline and a brief
period of reduced precipitation in mid-February ascribed to a shift in prevailing precip-
itation and circulation regime [42]. The precipitation regime is characterized by strong
seasonality, inter-annual fluctuations and intra-annual spatial and temporal distribution
and variability, which are critical to water resources planning and management [43]. Inter-
annual monthly precipitation is influenced by Indian Ocean Sea Surface Temperature (SST)
attributed to the El Niño Southern Oscillation Phenomenon [43]. Annual precipitation
ranges from 725 mm to 2500 mm and the country’s precipitation is largely influenced by
diverse topography and proximity to Lake Malawi [44,45]. Generally, highlands receive the
highest and lowlands the lowest precipitation amount. Most of the precipitation (c. 90%)
occurs between November and April [46]. Within this period, precipitation is concentrated
between December and March, with maxima occurring in January in most of the country
but delayed until March, close to Lake Malawi’s western shoreline [42].

2.2. Malawi Network of Isotopes in Precipitation (MNIP): Design, Sampling and Analysis

The Government of Malawi, with funding from International Atomic Energy Agency
(IAEA) established a monitoring network of isotopes in precipitation at national scale
through the Water Resources Department (WRD) in the Ministry of Forestry and Natural
Resources between 2014 and 2018. The monitoring network is known as the ‘Malawi Network
of Isotopes in Precipitation’ (MNIP), and Figure 2a locates the MNIP stations. The MNIP was
commissioned for collection of systematic data on isotopic signatures of precipitation for
the establishment of a stable isotopic baseline for precipitation at national scale. Currently,
it comprises five (5) stations (sited at (3) and near (2) meteorological service stations)
equipped with a rain collector ‘dip-in sampler’ and access to meteorological equipment for
measuring meteorological parameters (e.g., rain gauge for measuring precipitation amount).
The siting rationale of the MNIP stations aimed at providing balanced national coverage
and capturing influences of different weather systems affecting precipitation across the
country. This was a fledgling starter network meant to be expanded (by geostatistical tools
to achieve an optimal network design) with additional stations for spatial and temporal
enhancement of the isotopic data records [47].

Between 2014 and 2019, a total of 40 monthly water stable-isotope samples were
collected from the MNIP stations (Table 1) using dip-in samplers designed to prevent
evaporation (and eliminate the need for paraffin) [48]. The water stable-isotope samples
were collected on a daily and a weekly basis and thereafter mixed to provide integrated
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monthly samples. Samples were contained in 25 mL brown (light-proof) bottles with air-
tight caps and no headspace and kept at 4 ◦C during transportation and holding. Laboratory
analysis involved daily, weekly and monthly precipitation samples, with monthly samples
being the focus of this study. A sub-dataset (n = 37) (from stations with precipitation
amount data) generated from monthly precipitation amount weighted samples were then
used to derive a national Local Meteoric Water Line (LMWL) using error-in-variables
regression analysis denoted EIV-LMWLw. The EIV-LMWLw equation included standard
errors (representing mean deviation of isotopic values from the EIV-LMWLw) for its slope
and intercept [39,49]. The weighted EIV-LMWLw equation was then compared with a non-
EIV-LMWLw equation derived from a regressed entire non-weighted dataset (n = 40) to
check any variations in extent of slope and intercept that were found to be insignificant.
Summary statistics of precipitation isotopic data were computed based on the entire dataset
(weighted and non-weighted), but the LMWL and other isotope-related graphs focused
only on the precipitation amounts weighted dataset.
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Figure 2. Malawi–network of isotopes in precipitation (MNIP) stations (a) and global network of isotopes in precipitation
(GNIP) stations (b).

Analysis of oxygen (18O/16O) and deuterium (2H/1H) ratios was undertaken using
an automated cavity ring-down spectrometer, specifically a Picarro isotopic water analyzer
(Model: L2110-I, Picarro, Santa Clara, CA, USA) at Ministry of Forestry and Natural Re-
sources Isotope Hydrology Laboratory (IHL). Daily calibration of light and heavy standards
encompassing the expected ranges of isotopic signatures in the samples was undertaken,
alongside the use of a daily control mid-range intermediate standard. The Picarro isotopic
water analyzer was prepared by running two vials of deionized water, and accuracy of mea-
surement was checked by inspecting concentration peaks, with adherence to an acceptable
range of 19,000–21,000 ppm for abundance of isotope ratios for both deuterium (δ2H) and
oxygen-18 (δ18O). The isotopic analysis precision (2σ) was set at ±0.2‰ for oxygen-18 and
±2.0‰ for deuterium, while quantification and validation of results were accomplished via
dedicated Laboratory Information Management System (LIMS) software. The processed
isotopic analysis results were reported in delta values (δ2H and δ18O) representing parts
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per thousand (‰) deviations from the international Vienna-Standard Meteoric Ocean Water
(V-SMOW) [50,51] with precision (2σ) of ±0.2 permil for δ18O and ±2.0 permil for δ2H. The
deuterium excess parameter was calculated from Dansgaard’s equation relating δ18O and
δ2H of water, defined as d = δ2H–8 δ18O [52]. The water stable-isotope chain-of-custody
(onsite measurements, sample collection, transportation, holding, preparation and analysis)
adhered to International Standard Methods [53].

Table 1. Summary of isotopic sampling undertaken from Malawi Network of Iso–topes in Precipitation (MNIP) Stations
(1914–2019).

* Meteorological
Services Stations

MNIP
Stations

Decimal Degrees Altitude
(m a.s.l)

Monthly Samples
Latitude Longitude

Mzuni Mzuni −11.41977 33.9952843 1287 6
Chitedze Chitedze −13.976628 33.7686897 1046 18
Salima Salima −13.75 34.5892292 512 4
Ngabu Ngabu −16.536863 34.8912164 80 7

Chichiri Chinyonga −15.813924 35.0397645 1127 5

* Meteorological services stations associated with MNIP stations; CWL: Central Water Laboratory.

The study focused on the only available stable isotopic data generated during wet
season as Malawi’s precipitation is largely received during this time of the year. Hence, only
intra-seasonal variability of isotopic signatures of local precipitation was investigated, not
inter-seasonal variability. Thus, the intra-seasonal variability in stable isotopic signatures
of local precipitation has been displayed in Supplementary Material (SM) Figure S1 by
way of averaging weighted monthly isotopic values of precipitation for each month of the
wet season over the period 2014–2019. The upcoming phase of our work will largely focus
on generating seasonal isotopic data for investigating inter-seasonal variability in isotopic
signatures of local precipitation.

The local precipitation data were augmented by precipitation isotopic data obtained
from neighboring international Global Network of Isotopes in Precipitation (GNIP) stations
in Mozambique at Gorongosa (8 monthly samples) and Chitengo (4 monthly samples),
Zambia at Ndola (154 monthly samples), Zimbabwe in Harare (188 monthly samples) and
in Tanzania in Dar es Salaam (117 monthly samples) to reinforce the national meteoric
water characterization and to capture regional status of isotopic signatures (spatially and
temporally) thereby allowing a more complete regional meteoric characterization [48]
(Figure 2b; Table 2). It was deemed vital to have this surrounding boundary defined for a
landlocked country (and expected as standard to do so). The MNIP is spatially lacking and
needs infilling, and the temporal earlier isotopic data records are useful to provide some
way of extrapolating time series. Above all, the MNIP was designed to fit into the wider
international network contribution. The resultant Regional Meteoric Water Line (RMWL)
derived from a sub-dataset of precipitation amounts weighted stable isotopic samples
(n = 449) (from stations with precipitation amount data) from MNIP, and the surrounding
GNIP stations were also calculated by error-in-variables regression, denoted EIV-RMWLw.

Table 2. Summary of isotopic sampling undertaken from Global Network of Isotopes in Precipitation (GNIP) Stations
(1969–2019).

GNIP
Stations

WMO Codes Country
Decimal Degrees Altitude

(m a.s.l)
Monthly
SamplesLatitude Longitude

Harare 6777400 Zimbabwe −17.83 31.02 417 188
Dodoma 6386200 Tanzania −16.1852 35.7533 1157 18

Dar es salaam 6389400 Tanzania −6.88 39.2 55 117
Ndola 6756100 Zambia −13 28.65 1331 154

Chitengo 6729501 Mozambique −18.9751 34.34842 34 4
Gorongosa 6729502 Mozambique −18.6717 34.07239 346 8
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3. Results and Discussion

Stable isotopes data obtained from the local (MNIP) and regional (GNIP) precipita-
tion stations have permitted comprehensive characterization of Malawi’s current local
meteoric system.

3.1. Co-Isotopic Relationships of Local Precipitation

Error-in-variables (EIV) regression was applied to the stable isotopic dataset collected
from the MNIP stations to calculate a Local Meteoric Water Line (LMWL) that describes
Malawi’s local meteoric characteristics. The local meteoric water line (EIV-LMWL) is
defined as: δ2H = 8.0 ± (0.3) δ18O + 13.0 (±2.0) (Figure 3). The EIV-LMWL shows a
strong positive correlation between δ2H and δ18O values of local precipitation of slope
consistent with the Global Meteoric Water Line (GMWL), defined as: δ2H = 8δ18O + 10 [50].
The stable isotopic signatures of local precipitation from the MNIP stations registered a
mean deuterium excess value of 13.3‰, slightly above the GMWL intercept of 10‰. This
is characteristic of local vapor recycling contribution to the local precipitation isotopic
signatures [54]. A subset of the MNIP samples that plotted below the GMWL is indicative
of the re-evaporation of raindrops during precipitation events (Figure 4) [55,56]. Most of
the local precipitation samples scattered along the EIV-LMWL, with almost all the samples
plotting within the prediction error band. This corroborates that there were insignificant
evaporative influences on the local precipitation and were further substantiated by the
EIV-LMWL slope 8.0 (±0.3), which is characteristic of non-evaporated rains.
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Figure 3. Monthly precipitation stable-isotope data for MNIP stations (n = 37). Error–in–variables
local meteoric water line (EIV–LMWLw) represents the weighted local meteoric water line for Ma–
lawi (calculated based on error–in–variables regression analysis). MNIP: Malawi network of iso–topes
in precipitation; GMWL: Global Meteoric Water Line.

3.2. Isotopic Signature of Local and Regional Precipitation

The current MNIP stations’ dataset was judged insufficient to meet our goals, and
hence, characterization of the local meteoric conditions was augmented by surrounding
GNIP stations’ datasets. This permitted a more regionally representative LMWL rela-
tive to the origin of air masses that was defined as δ2H = 7.6 ± (0.1) δ18O + 10.0 (±0.5)
(Figure 4). The EIV-LMWL is quite consistent with the regional meteoric water line defined
as δ2H = 7.6 (±0.1) δ18O + 9.9 (±0.5) (Figure 4) derived from the surrounding GNIP stations
datasets. The slopes of both meteoric water lines are identical but somewhat less than the
GMWL slope of 8. This is ascribed to evaporative influence on the isotopic signatures of
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precipitation events as well as possible isotopic non-equilibrium conditions affecting the
rain-out process.
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and GNIP stations (n = 409). Error–in–variables local meteoric water line (EIV–LMWLw) represents
the weighted local meteoric water line calculated based on error–in–variables regression analysis.
MNIP: Malawi network of isotopes in precipitation; GMWL: Global Meteoric Water Line.

The scenario reinforces the need for continuity and long-term collection of water
stable-isotopic data from the MNIP stations to significantly improve both the EIV-LMWL
local representativeness and its significance in contributing to the regional global water
stable-isotopic meteoric characterization.

3.3. Isotopic Signature Variability of Local and Regional Precipitation

The MNIP stations’ monthly dataset displayed wide variations spanning a range
of 76.8‰ for δ2H and 10‰ for δ18O (Table 3). This is attributed to distinct rain-bearing
systems and varying geographic factors resulting from the country’s extremely diverse
physiographic zones. The wide variation evident in the water stable-isotopic signatures is
consistent with the expected water stable-isotopic signatures of Indian Ocean monsoon-
derived precipitation [57]. The surrounding GNIP stations dataset displayed even wider
variation (range: 159‰ for δ2H; 22‰ for δ18O) relative to the MNIP stations dataset
(Table 3). This was attributed to spatial and/or intra-seasonal variability among other
factors such as temporal and geographic scales. Plotting of the MNIP dataset within
the prediction band supports evaporative effects on local precipitation were insignificant
(Figure 5). A GNIP stations sub-dataset, however, did plot outside the prediction band,
below the GMWL, signaling an oxygen-18 excess. This feature might indicate secondary
evaporation of raindrops during the fall and above the GMWL (representing excess deu-
terium), from which precipitation originated from recycled air moisture is inferred.

3.4. Intra-Seasonal Isotopic Signature Variability of Local Precipitation

The stable isotopic signatures of local precipitation varied significantly monthly, with
the largest isotopic signatures variation depicted between January and April ascribed to
weather systems transitioning (SM-Figure S1). The most depleted isotopic signatures of
δ18O and δ2H were recorded in January, the peak month of the wet season, whereas the
most enriched isotopic signatures of δ18O were recorded in April, the end of the wet season.
The enriched isotopic signatures of δ18O and δ2H are indicative of drier–warmer conditions
during the end of the wet season (SM-Figure S1. Overall, the isotopic compositions of
rainfall in Malawi increase as the ITCZ migrates northwards around April. Therefore,
there is a need for further investigation at a regional scale coupled with the collection of
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high-resolution isotopic data across various catchments in Malawi to better understand the
spatial distribution variation with time across the country.

Table 3. Summary of stable isotopic signatures of precipitation from (a) MNIP stations and surround-
ing GNIP stations.

MNIP Stations

Variable Count Min. Max. Mean Median StDev. Range

δ2H 40 −68.4 8.40 −35.9 −38.0 18.7 76.8
δ18O 40 −10.3 −0.29 −6.15 −6.61 2.30 9.98

D–excess 40 −1.64 18.6 13.3 13.9 3.80 20.3

GNIP Stations

δ2H 489 −122.1 36.4 −20.6 −17.7 23.9 158.5
δ18O 489 17.5 4.5 −4.0 −3.7 3.2 22

D–excess 489 17.3 34.6 11.2 12 5.48 51.8
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phases of the wet season over the period 2014–2019.

3.5. Isotopic Signature and Precipitation Amount Relationship: ‘Amount Effect’

A strong correlation (R2 = 0.86) was observed between precipitation amount and stable
isotopic signatures of local precipitation at the monthly scale (Figure 5a). An increasing
trend in precipitation amounts corresponded to highly depleted isotopic signatures. The
‘amount effect’ is generally influenced by actual precipitation amount with precipitation
intensity dominating [52]. Thus, several precipitation events of lesser intensity, with a
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cumulative higher amount, can result in less depleted isotopic signatures, and contrasts
with a few precipitation events of higher intensity, with a cumulative low amount, that can
exhibit highly depleted isotopic signatures [2]. Peak months of the wet season (December–
January) study depicted a stronger relationship (R2 = 0.89), suggestive of precipitation
derived considerably more from convective events. This contrasts with the onset and end
of wet season months (base months) (November and April, respectively) having a weaker
relationship (R2 = 0.28), ascribed to precipitation episodes under the influence of frontal
origins (Figure 5a), as echoed by Darling (2003) [2].

The precipitation ‘amount-effect’ was also investigated considering the dual nature of
Malawi’s wet season, which, after the early phase (December–February), has a slight break
or lull in precipitation, followed by the late phase (March–April). Precipitation during
these phases is derived from contrasting atmospheric circulation regimes [42]. During
these phases, the stable isotopic signatures of local precipitation are strongly influenced
by precipitation amounts (Figure 5c). The ‘amount effect’ varied considerably at higher
precipitation amounts as compared to low precipitation amounts between the early and
late phases. Overall, the current dataset has not depicted clear dependencies of the isotopic
signatures on altitude or temperature but rather the influence of the ITCZ as it migrates
southward and northward in Malawi. Considering the present data records limitation,
especially for the late phase, it will be extremely interesting to further investigate the nature
of the isotopic relationships that exists in local precipitation using more robust temporal
and spatial isotopic data records.

3.6. Isotopic Signature and Altitude/Temperature Relationships

An observed altitude effect is indicative of a temperature effect attributed to cooling
air masses with increasing elevation. This has largely been reported to be insignificant in
lowlands and significant in uplands/highlands [58,59]. Altitude effects were investigated
during the months of December and January for the period 2014–2019 (SM—Figure S2).
These are the months with good records for all the five stations. The rest of the months
have significant data gaps and do not warrant investigation. Moderately correlated rela-
tionships between altitude and δ18O signatures were observed for December and January
precipitation events, but weak correlations for February (SM—Figure S2). In both instances,
precipitation tended to be isotopically depleted with increasing altitude. A poor corre-
lation of isotopic signatures (δ18O) with altitude was found and most likely ascribed to
the geographical separation of the precipitation stations (Malawi being a long stretch of
land from north to south, with contrasting topographic settings) and varying sources of air
moisture. The precipitation stations in southern Malawi are predominantly influenced by
Indian Ocean air Masses and El Niño, while other stations in northern Malawi are mainly
influenced by the ITCZ. Thus, it could be that this lack of climatic relationship between
some of the stations may potentially render it impossible to conclude a national altitude
effect for Malawi at this stage, but local scale data collection is advised for future study.

A poor correlation between isotopic signatures (δ18O) and temperatures was also
observed and attributed to the extreme geographical separation among the precipitation
stations as observed for the altitude effect (SM—Figure S3). The other factors attributing
to such poor correlation could be the varying air moisture sources influencing rainfall
at the stations. Additionally, intense secondary evaporation effects in southern Malawi
compared to elsewhere in the country alongside re-evaporation influence may be significant
contributing factors to isotopic variation with respect to temperature.

3.7. Deuterium Excess Variability and Frequency Distribution

The monthly variation of deuterium excess in precipitation over the period 2014–2019
shows that the highest deuterium excess values were recorded during the month of January,
while the lowest deuterium excess values were recorded during February. The deuterium
excess values are greater than 10‰ for GMWL, indicating that there is a considerable con-
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tribution of air masses that generate precipitation by recycling of continental air moisture
(SM—Figure S4).

The frequency distribution of deuterium excess of the fledgling MNIP network (n = 40)
is compared to the surrounding GNIP station record (n = 489). The mean and standard devi-
ation calculated from data of the MNIP stations (13.3‰, standard deviation: 3.80) compare
to the ones (11.2‰, standard deviation: 5.48) calculated from the GNIP stations. (Figure 6a).
Observation of the MNIP peak at 13–15‰ is important in assessing the provenance of
air masses. The frequency distribution of deuterium excess supports that precipitation
from the MNIP station is influenced by recycled continental moisture of the atmospheric
reservoir. Most deuterium excess values (87.5%) fell within the range of 10–20‰ that are
characteristic of wet season rains which are typical of and expected for MNIP stations due
to the high wet season precipitation proportion. A few deuterium excess values (12.5%)
occur within the range of 2–10 and are characteristic of dry-season rains. The surrounding
GNIP record (Figure 6b) exhibits a contrasting isotopic fingerprint characteristic of both
wet season and dry season rains, more characteristic of the surrounding country localities
(shown by precipitation analysis of the GNIP station locations). This is consistent with
the slight difference in the characteristics of the LMWL and the regional meteoric water
line derived from surrounding GNIP stations datasets. These differences may also provide
insight and investigation opportunities into the varying origin of air masses contributing
to the seasonal precipitation events at the surrounding GNIP stations (considered beyond
our scope herein). The growing dataset from the MNIP stations in future years will test
our initial interpretation that appears consistent with the physical expectations. Additional
MNIP stations and long-term isotopic data records are required to achieve both spatial
resolution enhancement and temporal records increase. Up-scaling of the MNIP will be
informed by a detailed geostatistical evaluation of optimal location for additional MNIP
stations [47].
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4. Relationship with Precipitation Moisture Sources

Malawi’s Local Meteoric Water Line (EIV-LMWLW) generated δ2H = 8.0 (±0.3) δ18O +
13.0 (±2.0)‰; confirmed the country’s local precipitation was generally consistent with
global precipitation expectations, but with the EIV-LMWLW displaying a slight shift above
the GMWL, suggesting kinetic fractionation during evaporation [60,61]. The LMWL’s
intercept (13.0 (±2.0)‰) representing the deuterium excess value, greater than the GMWL
intercept of 10‰, is probably due to the influence of the Salima and Central Water Labora-
tory station samples in Central Malawi and Chinyonga station samples in southern Malawi
which recorded higher d-excess values. The LMWL’s slope of 8.0 (±0.3) is comparable
with 8.0 for the GMWL, from which it is reasonably inferred that a condensation process
leading to local precipitation formation occurred under equilibrium conditions and without
significant evaporation phenomena [18,62].

The stable isotopic signatures recorded in local precipitation were clearly distinct
and varied widely, suggesting differences in water vapor sources and varying weather
systems [61]. This is reasonably ascribed to the country’s different precipitation-bearing
systems, i.e., the Inter Tropical Convergence Zone (ITCZ), Congo Air Boundary (CAB) and
Tropical Cyclones, alongside the influence of geographic controls upon local precipitation
variation. This calls for further investigation on how these weather-bearing systems link to
the varying water vapor sources. The stable isotopic input signatures of local precipitation
were found to be less seasonal than those recorded at the surrounding GNIP stations.
This was attributed to the fact that the available dataset largely covered one season (wet
season), a period when the country mostly receives rains (wet season rains). As a result,
the seasonal variation in the stable isotopic signatures of local precipitation has not been
fully investigated at this stage. Going forward, deliberate efforts will be made to fully
capture isotopic signatures of dry season rains to provide meaningful resolution of seasonal
variability. The altitude effect was investigated, considering significant isotopic variations
in local precipitation. However, based on the available isotopic dataset, evidence of the
influence of the altitude effect was rather erratic and contrary to conventional trends.
Consequently, there is a need for further investigation requiring enhancement of the MNIP
temporal and spatial isotopic data records to provide high resolution of the altitude effect.
This can be achieved through continuous generation of isotopic data and expansion of the
MNIP station from the existing five (5) to at least ten (10) stations. There is also a need
for investigation on how daily/weekly precipitation δ18O signatures relate to air mass
characteristics that contribute to the formation of the local precipitation across the country.

The study findings will largely contribute to the operational component of the MNIP,
which was established to collect systematic data on isotopic signatures of precipitation on a
national scale, and to establish temporal and spatial variations of environmental isotopes in
precipitation. The study provides important foundational isotopic data that will underpin
the use of environmental isotopes in hydrological investigations within the scope of water
resources management and development.

5. Conclusions

The study successfully established a national-scale deuterium and oxygen-18 stable-
isotope baseline for precipitation in Malawi. This is a first for this developing country
and was achieved through the sampling of the recently commissioned Malawi Network
of Isotopes in Precipitation (MNIP) and isotope analysis at its own recently established
national laboratory facility, removing previous hindrances of sample export abroad for
analysis. The Local Meteoric Water Line (LMWL) developed is proposed as a reference
benchmark for future and more focused hydrological and climatic studies. The study
demonstrates the stable isotope composition of local precipitation was consistent with
global precipitation expectations; its condensation-forming process occurring under equi-
librium conditions evidenced by a slope of 8.0 (±0.3) quite comparable to a slope of 8.0
for the Global Meteoric Water Line (GMWL). The precipitation-forming process was also
closely associated with atmospheric vapor recycling across the region, the LMWL and
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GMWL slopes being consistent. Variation in stable isotopic signatures of precipitation was
attributed to differences in atmospheric vapor sources arising from Malawi experiencing
diverse precipitation-bearing systems and distinct geographic–topographic controls within
its Rift Valley setting.

The established LMWL will enhance understanding of the hydrological–hydrogeological
cycle in Malawi. It is pivotal to providing increased insight into the provenance of meteoric
waters, especially of groundwater recharge sources, but also the confirmation of seasonally
variant dependency of surface water flows on runoff, baseflow and evaporation losses. The
latter process may also impact near-surface groundwater resources, especially in Malawi’s
semi-arid lowlands. The use of isotopic tools underpinned by the isotopic precipitation
characterization herein is already beginning to provide insight into such processes, as
demonstrated in our recent basin- [39] and catchment-scale studies [40].

The characterized precipitation isotopic baseline principally contributes to the newly
established national stable isotopic database. Looking forward, this is expected to provide
a critical underpinning of IWRM implementation in Malawi due to the resolving power of
stable-isotope signatures providing forensic insight into the key challenge of understanding
the mixing and provenance of the various possible water sources. This is expected to greatly
facilitate Malawi’s ambition to achieve integrated use and improved protection of its surface
water and groundwater resources in its response to mounting climate change, growing
population and land-development concerns. Finally, the study valuably contributes to
the global network of isotopes in precipitation (GNIP) database by the infilling of the
data-record gap previously existed in Malawi. This allows increased certainty in regional
and global hydrological and climatic modeling study predictions. The current isotopic data
record is regarded as foundational, and spatial network expansion and increased temporal
records are both required to reach its full potential and IWRM goals.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13141927/s1, Figure S1: Plots of weighted monthly mean values of δ18O (a) and δ2H (b)
recorded at MNIP stations between 2014 and 2019, indicating monthly variations in isotopic signa-
tures of local precipitation. Figure S2: Altitude effects on the δ18O signatures of local precipitation in
MNIP stations for the months of (a) January (b) February and (c) December over the period 2014–2019.
Figure S3: Mean temperatures plotted versus δ18O values for all monthly data for the MNIP stations
over the period 2014–2019. Figure S4: Deuterium excess for each month of the wet season recorded at
MNIP stations, indicating monthly variations in precipitation derived from weighted mean monthly
values over the period 2014–2019.
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