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[bookmark: _heading=h.1fob9te]Introduction
	 	 	 	
This work falls within Work Package 3 – Understand Climate Processes - and strives to improve our understanding and disaggregation of at-surface (in this case precipitation) variability in the bottom-up, cross-scale (local-mesoscale-synpotic-global) approach. The analysis focuses on the Malawi region in order to provide information towards the The Energy and Water in Malawi case study. The aim of this case study is to better characterise the impact of climate variability and future change on hydropower generation in Lake Malawi and the Shire River basin.

Lake Malawi region experiences a mild tropical climate with a monomodal austral summer rainy season (October-April) and dry winter (May to September). The rainfall over Malawi is shaped by the interaction of the inter-tropical convergence zone (ITCZ), the sub-tropical high-pressure belt in the south, and the topography (Jury & Mwafulirwa, 2002). The ITCZ marks the convergence of the northeasterly monsoon and southeasterly trade winds, and during the rainy season it oscillates over the country, often connecting with troughs in the Mozambique Channel. Malawi is also affected by the northwest monsoon, which brings the recurved tropical Atlantic air that reaches Malawi through the Congo basin. This system brings well-distributed rainfall over the country (Jury & Mwafulirwa, 2002). The country is also affected by tropical cyclones from the west Indian Ocean. Depending on their position, cyclones may result in either dry or wet spells over Malawi. 
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Figure 1: Integrated Vertical moisture transport in surface-700mb, mean annual flux (vectors), moisture divergence (color map). Letters mark location of cores of Low Level Jets (a - Turkana, b - Rufiji, c - Malawi, d - Zambezi, e- Limpopo). Figure reproduced verbatim from Munday et al. (2021).

New insights into the drivers of rainfall variability in the southern Africa region recently emerged from work focused on Low-Level Jets (LLJs), which form in the valleys punctuating the East African rift system (Fig. 1). Barimalala et al. (2021) show that the LLJs transport the majority of water vapor to central Africa from the Indian Ocean and those flows modulate regional sub-continental scale phenomena such as Angola Low and ridging high over southeastern Africa and penetration of the tropical Atlantic air masses into the mainland. Munday et al. (2021) reveal that the enhanced easterly winds from the subtropical Indian Ocean lead to an increase in low-level divergence in water vapor export, and consequently to drought in eastern and southern Africa, including the Lake Malawi region. Notably, they identify one of the jet “passages” to be located in the vicinity of Lake Malawi. 

Here we undertake an initial investigation of linkage between low level jets or low level moisture fluxes in general, and rainfall variability over the Lake Malawi catchment (or upper Shire basin), towards potential implications to rainfall predictability at seasonal time scales as well as improvement of climate projections through better understanding of regional dynamics underlying rainfall delivery over Lake Malawi catchment.

[bookmark: _heading=h.3znysh7]Data and methods

We use ERA5 reanalyses data - q, u and v, integrated over surface to 700 mb, and for the sake of maintaining consistency between moisture fluxes and rainfall, also ERA5 rainfall. 
 
We calculate moisture fluxes over the African domain (40N-40S, 25W-55E) in all levels between 1000mb and 700mb, filtering out levels below the pressure at surface, individually for each day in the period of 1979-01-01 and 2021-12-31.

Vertically Integrated moisture transport (QV) (hereafter low level moisture flux) is calculated in a standard way:



where: q is specific humidity, V is wind vector (u,v), P is pressure, Ps is surface pressure, and g is gravity acceleration.

We schematize the Lake Malawi catchment as a “box’ spanning 33E to 35.5E, and 14.50S to 9.25S (Fig. 2). 

In the analyses, we define two low level moisture flow regimes - westerly flow and easterly flow, and schematize them as occurring on days when the net zonal flow across the western boundary of the Malawi “box”, i.e. across the “window” spanning 14.50S to 9.25S along the 33E meridian is westerly and easterly respectively.
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Figure 2: Location of Lake Malawi “box” and location of the three Low Level Jets identified by Munday et al. 2021. 

[bookmark: _heading=h.2et92p0]Results

Mean annual low level (surface to 700mb) moisture flux in the Lake Malawi region is illustrated in Fig. 3. It is dominated by south easterly flow, and while the Zambezi and Turkana Jets of Munday et al. (2021) are relatively well articulated, the Malawi one appears not to be strongly evident. The Zambezi LLJ clearly recurves the south easterly flow of moisture from over the southern Indian Ocean, south of the Madagascar into easterly to north-easterly fluxes in the interior. The flows in the vicinity of Lake Malawi are clearly easterly. 

A clearer picture emerges when the mean monthly moisture fluxes are visualized (Fig. 4). The Zambezi LLJ remains active throughout the year, recurving south-easterly flow into the interior of the sub-continent. In Oct-Dec period, this LLJ appears to also receive moist tropical air through transport from north-east across Lake Malawi region.
Moisture fluxes in the Lake Malawi region in the core winter period (May-Aug) are dominated by dry south-easterly flows, with an increase of moisture fluxes and an increase in easterly flows in Sep-Oct. Early rainy season (Nov-Dec) is characterized by strong moisture transport into the Lake Malawi catchment and further toward the interior from the tropical Indian Ocean by north-easterly winds. The period of Jan-Feb appears to be characterized by minimal moisture fluxes across the Lake Malawi “box”. This is surprising, as these two months are in fact the wettest months of the year, and this is explored further below. 
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Figure 3: Mean annual low level moisture flux in Lake Malawi region. Lines mark LLJ core regions identified by Munday et al. 2021, red rectangle marks Lake Malawi “box”, as in Fig. 2.
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Figure 4: Mean monthly low level moisture flux in Lake Malawi region. Red rectangle marks Lake Malawi “box” as per Fig. 2.




Climatology of moisture fluxes across Malawi “box” boundaries (Fig. 5a) reflects a setting of “throughflow” - with zonal influx and outflux compensating each other, with similar pattern, although to a lesser extent, present in meridional fluxes. The seasonal pattern of the net flux (calculated by summing inflow and outflows across the boundaries) corresponds to the seasonal pattern or rainfall (Fig. 5b), although there are relative differences between the early (Oct-Dec) and late (Jan-Apr) rainy season. There is a net moisture outflow from the Malawi region during the winter time (May-Sep), which likely reflects the impact of evaporation from Lake Malawi on air moisture content.

The disparity between the overall magnitude of zonal moisture fluxes between Jan-Feb and other months is striking (order of magnitude difference in Fig. 5a), although that difference has no impact on the net flux. This disparity is similar to the effect visible in monthly maps (Fig. 4), and will be addressed explicitly later.
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Figure 5: Low level moisture fluxes across the boundaries of the Malawi Box (a) and comparison of seasonality of net moisture flux and rainfall (b). Moisture flux taken as monthly zonal for east and west boundaries, and monthly meridional for north and south boundary. We adopted a convention where the positive value of moisture flux denotes inflow into the “box”.
 

The correlations between boundary fluxes as well as the net box flux and rainfall calculated on a monthly basis over the period of 1979-2021 are illustrated in Fig. 6, and are supported by time series plots in Fig. 7 through 9. Important effects that emerge are as follows:

- there is a negative correlation between Lake Malawi “box” rainfall in the core of the rainy season (Nov-Mar) and the magnitude of the moisture flux across the eastern boundary, implying that the stronger the LLJ, the less rain falls over the Lake Malawi catchment. (Note that correlation between rainfall and flux across the western boundary is positive, but this is due to the adopted convention where the positive value of flux across the boundary is towards the “box”). This again implies that the stronger the easterly flux across the western boundary, the less rainfall Lake Malawi catchment receives). This relationship agrees with results by Munday et al. 2021 who show that for December, positive anomalies in the Malawi LLJ are associated with drought conditions in the region. They interpret this to be caused by faster easterly winds resulting in anomalous low-level (850 hPa) divergence in the jet entrance, additionally supported by high pressure ridging over the eastern African coast.

- there are positive, although weaker (in the order of 0.2-0.3) correlations between “box” rainfall and moisture inflow across the northern and southern boundaries.

- correlations between “box” rainfall and the net low level moisture flux are high for Nov-Dec and Mar-May parts of the rainy season (0.65-0.75), but are very weak for Jan-Feb (<0.25). The correlation patterns are present in monthly data, but also reflect the correspondence and alignment of long-term trends (Figs 7 through 9 illustrate anomalies as 20-year running means). The correspondence of the low level net moisture flux and rainfall in Nov-Dec (in Fig. 9) is particularly remarkable. 
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Figure 6: Correlation between boundary monthly low level moisture flux and rainfall in Lake Malawi region. Flux direction convention as in Fig. 5.
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Figure 7: Time series of monthly low level zonal moisture flux anomalies and monthly rainfall anomalies in the Lake Malawi “box”. Flux direction convention as in Fig. 5, correlations summarized in Fig. 6.
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Figure 8: Time series of monthly low level zonal moisture flux anomalies and monthly rainfall anomalies in the Lake Malawi “box”. Flux direction convention as in Fig. 5, correlations summarized in Fig. 6.
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Figure 9: Time series of net low level moisture flux anomalies and monthly rainfall anomalies in the Lake Malawi “box”. Correlations summarized in Fig. 6.



In order to understand the anomalous patterns in moisture fluxes and rainfall during Jan-Feb period, manifested in Fig. 4, 5 and in the net flux correlation pane in Fig. 6, one has to consider the following:
- the analyses so far are performed on monthly means of moisture fluxes. That is appropriate if shorter term (daily) fluxes maintain consistency in direction during the month. The monthly averaging becomes, however, inadequate if during a given month conditions occur that manifest through fluxes in opposite directions.
- one of the sources of Malawi rainfall in the northwest monsoon, which brings the recurved tropical Atlantic air that reaches Malawi through the Congo basin (Jury & Mwafulirwa, 2002). That mechanism implies westerly moisture transport, and there are signatures of such in Jan-Feb maps in Fig. 3. It is likely that the monthly aggregate analyses conceal moisture flow patterns underlying that mechanism. 

In order to explore the role of north-west monsoon and westerly moisture flows from the Congo region that are likely associated with that, we disaggregate the daily moisture flux datasets into two subsets:
- easterly flow across the Malawi domain, capturing days when integrated flux across the western boundary of the Malawi “box” is easterly,
- westerly flow across Malawi domain, capturing days when integrated flux across the western boundary of the Malawi “box” is westerly. 
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Figure 10: Mean monthly low level moisture flux in Lake Malawi region on days with westerly flow. Red rectangle marks Lake Malawi “box” as per Fig. 2.
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Figure 11: Mean monthly low level moisture flux in Lake Malawi region on days with easterly flow. Red rectangle marks Lake Malawi “box” as per Fig. 2.

Fig. 10 and 11 illustrate monthly aggregate low level moisture fluxes for days with westerly and easterly flow respectively. Days with westerly flow occur 13-16 days per month in Jan and Feb, 5-7 days per month in March and Dec, and less than one day a month in other months. The westerly moisture flux from the interior of the continent into the Lake Malawi domain is very clear in the Dec-Mar, and perhaps in November, but in other months it seems to be an artifact of windless, stable conditions across the large part of the continent.

Comparison of Lake Malawi “box” rainfall associated with the easterly and westerly flow (Fig. 12 through 14) reveals the following:
-  region-average daily rainfall when brought by the westerly flow is larger than that brought by the easterly flow (~10mm/day vs. ~5mm/day). The highest widespread rainfall events (in excess of 30mm across the entire domain) is associated with the westerly flow.
- Overall, approx. 33% of rainfall over the Malawi domain is delivered during the westerly flow events. 
- there is an indirect relationship between the amount of rainfall delivered during days with the easterly and westerly flow, and also a direct relationship between total annual rainfall delivered during such days and number of such days in a year. This suggests “competing” dynamical drivers of the two sources of moisture.
- on the monthly time scale, Jan-Feb rainfall during days with westerly moisture flux exceeds that from days with easterly fluxes, but in Dec and March, the proportion of rainfall delivered under the westerfly flow regime is lower, about 30% of total, and during the remaining months of the year - it is insignificant.
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Figure 12: Histogram of region-average rainfall on days with easterly and westerly low level moisture flow.
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Figure 13: Contribution of rainfall under easterly and westerly flow regimes to total annual rainfall
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Figure 14: Contribution of rainfall under easterly and westerly flow regimes to total monthly rainfall

[bookmark: _heading=h.tyjcwt]Conclusions
The analyses indicate that low level moisture transport plays an important role in rainfall over the Lake Malawi catchment, and its dynamics are linked to seasonal and interannual rainfall variability. The strength of the Malawi Low Level Jet, as identified by Munday et al. 2021, is, however, inversely proportional to rainfall over the Lake Malawi catchment during the core of the rainy season (Nov-Mar), i.e. stronger LLJ is associated with negative rainfall anomalies, but the relationship is inverse during the rest of the year, i.e. during shoulder season rains, and during winter. Rainfall during the shoulder rainy seasons (Nov-Dec and Feb-Apr) is clearly associated with net low level moisture flux over the Lake Malawi domain. 

The relationships between rainfall and LLJ flux are obscured in analyses of monthly aggregates, particularly during the Jan-Feb, due to competing influences of two air masses - easterly flow mostly from tropical Indian Ocean, and westerly flow from interior of the continent originating from tropical Atlantic. 

When disaggregated by the zonal moisture transport direction over the Lake Malawi domain, rainfall associated with the westerly flow contributes ~30% or total annual rainfall, over 50% or Dec and Jan rainfall and ~20-25% to November and March rainfall. Importantly, rainfall associated with westerly moisture flow appears to have a larger regional average than that associated with the easterly flow. 

These relationships clearly indicate the importance of the dynamics of the low level moisture fluxes, and in particular, of the interactions between conditions facilitating westerly and easterly moisture flux, on the rainfall dynamics over the Lake Malawi catchment. Further understanding of these dynamics will be gained in the next phases of the project. 
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