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[bookmark: _k6e7oyyu1mfj]1 Introduction

[bookmark: _gf5yrdq8fh78]1.1 Objectives

This report falls within the broader aim of understanding extreme atmospheric hazards or high impact weather events in southern Africa, typically generating substantial losses and damages and caused by processes in the Earth’s atmosphere. 

Amongst several directions of research and analysis intended to contribute to this broader objective this section of the report contributes to two of these, addressing specifically extreme rainfall over the Lake Malawi basin, the region which is a subject of two of the Focus Africa case studies. These objectives are:
· characterising extreme events in terms of both frequency and magnitude in the context of their seasonality and predictability at seasonal time scale, and
· investigating future distribution and magnitude of extremes, relevant to all sectors and case studies, in the high-resolution climate projections.


[bookmark: _ffxwlj4lnv4z]1.2 Analytical framework
The overall framework of analysis targeting the first objective stems from results reported in Deliverable 3.2, where rainfall over Lake Malawi basin was analysed as a function of the source of the air mass and moisture transport by a low level jet during rainfall events, revealed in earlier research (e.g. Barimalala et al., 2021 and Munday et al., 2021). In that deliverable, we have shown that the two main classes of synoptic systems bringing rainfall to Lake Malawi basin, differing in the dominant sources of moisture, i.e. the easterly flow mostly from tropical Indian Ocean, and westerly flow from interior of the continent originating from tropical Atlantic, firstly, result in different levels of area average rainfall over the basin, and secondly, have distinct seasonal pattern and varying relationships with regional rainfall. Here, we extend these analyses to specifically target extreme rainfall - both in terms of locally-occurring (grid-point) extremes, and in area-total (basin-average rainfall) extremes at daily time scale. The choice of these targets is motivated by their impact on performance of agriculture, hydrology/water resources, infrastructure and potential for rainfall-induced losses and damages.

The overall framework of analysis targeting the second objective links to the work carried out in Work Package 4 under deliverable 4.2 that considers process-based evaluation of climate models/projections, with one of the techniques deployed describing circulation dynamics (frequency of synoptic states identified by self-organising maps (SOM) classifier) observed in reanalysis simulations and in climate change model simulations. Here, we extend those analyses to evaluate the relationship between circulation states and rainfall extremes. This provides an avenue to evaluate projections of future rainfall extremes in a downscaling-like manner, based on dynamical considerations rather than just through interpretation of the direct rainfall output of the climate models. While that avenue is not in fact pursued in this report, we do provide an illustration of future rainfall extremes over the Lake Malawi basin as projected by the moderate-resolution CORDEX models. In order to ascertain the level of uncertainty of these projections,  we use  so-called plume plots that enable the visualisation of multi-model, multi-generation ensemble projections.


[bookmark: _if0tpy83yzgj]2 Methods
We schematize the Lake Malawi catchment as a “box’ spanning 33E to 35.5E, and 14.50S to 9.25S (Fig. 1). For the analyses of future rainfall extremes, we distinguish three regions spanning the Shire River basin. The two northern regions are intended to capture the main regional differences in magnitude of mean and extreme rainfall over the Lake Malawi “box”  - higher values are generally observed in the northern part of the basin, and are associated with mountainous regions there. The southern, lower Shire region is added so that the entire basin is covered. While indeed mean rainfall and rainfall extremes vary spatially at a much finer scale than the three adopted regions, the size of the regions is dictated by and commensurate with the size of grid cells (computational units) of the two analysed GCM ensembles (CMIP5 and CMP6) and with the generalised level of analyses conducted here.  
[bookmark: _i8qvrql5ax5k]2.1 Extreme rainfall and moisture flow regimes
We re-use the datasets used earlier, and described in detail in D3.2: ERA5 reanalysis rainfall and variables describing atmospheric circulation - specific humidity (q), zonal (u) and meridional (v) winds at pressure levels spanning surface to 700 mb. The pressure level data are used to derive vertically integrated moisture transport, and to 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 (Fig 1) is westerly and easterly respectively.

We subsequently analyse area-average rainfall (average over the Lake Malawi “box”) and maximum grid point rainfall on days characterised by either of the regimes, for the entire year (i.e. annual maximum of area-average rainfall, and annual maximum of maximum grid point rainfall recorded within the Lake Malawi “box”), but also for separate seasons.


[image: ]
Figure 1: Location of Lake Malawi “box” and segmentation of the Shire River basin into three regions for analyses of projected rainfall extremes 

[bookmark: _43lkm6e0fdax]2.2 Extreme rainfall and circulation states
Brief description of SOM approach with some references…
Self-organising maps (SOMs) reduce high-dimensional multivariate atmospheric data to a specified number of generalised 2-dimensional circulation patterns (Hewitson and Crane, 2006).They do this through a non-linear projection of the probability density function of the high-dimensional input data onto a two-dimensional array of nodes that span the full continuum of the data space. In doing this SOMs reduce the large multivariate dataset into a smaller set of data that still represent the original data and relate the large-scale atmospheric forcing to local scale responses. SOMs have been used to examine extremes (e.g. Lennard and Hegerl, 2015) and a more detailed description of the SOM methodology is available in the report of WP4, Task 4.2, Action 6, titled “A process-based assessment of global and regional projections”.

Here we use SOMs to classify 20 discrete synoptic states governing the climate of the study region derived from daily ERA5 reanalysis between 1981-2020. These represent 20 archetypal “observed” states of the atmosphere during that period. We then quantify each synoptic state’s associations with mean and extreme ERA5-based rainfall through the lens of moisture transport into the Lake Malawi “box” described above. We analyse the seasonal distribution of each of the identified synoptic states, as well as area-average rainfall over the Lake Malawi “box”, and grid-point maximum rainfall, representing localised rainfall maxima,  associated with each state.
[bookmark: _4roilamydwyc]2.3 Extreme rainfall projections

We use a particular form of time series graphs - the so-called plume plots (Fig. 2), to evaluate change in extreme rainfall over the 3 regions of the Shire River basin. Plume plots visualise the evolution of the historical and future climate, with explicit presentation of uncertainty of projections across all three analysed ensembles, i.e. CORDEX, CMIP5 and CMIP6. These figures form the basis for evaluation of robustness of downscaled (CORDEX) projections against the GCM ensembles, as well as visualisation of the range of future climates as projected by the analysed ensembles.

[image: ]
Fig. 2 Components of plume plots. Each plume represents the spread of the central 90th percentile of a multi-model ensemble.


[bookmark: _l43gi56wetus]3 Results
[image: ]
Fig. 3 Spatial distribution of mean rainfall, maximum daily rainfall and 95th percentile daily rainfall in ERA5 data. Superimposed are outlines of Shire River basin and Lake Malawi. Note the scales are not the same in order to better visualize the rainfall gradients. 

Fig. 3 illustrates spatial distribution of mean rainfall, maximum daily rainfall and 95th percentile daily rainfall in ERA5 data. Maximum daily rainfall, unsurprisingly, appears the most heterogeneous, with the highest values (in excess of 350mm/day) associated with mountainous regions in the north of the domain, with the extreme southern part of the Shire RIver basin. In addition, higher values are present in the northern half of Lake Malawi. The 95th percentile daily rainfall and mean daily rainfall appear to be less heterogeneous.  Overall, these two variables show a similar spatial distribution to that of the maximum daily rainfall, with the exception of the southern tip of Shire River basin, where high maximum daily rainfall does not seem to be accompanied by noticeably higher mean and 95th percentile rainfall.

[bookmark: _jybgatkfj2yd]3.1 Extreme rainfall and moisture flow regimes
As mentioned in the introduction, the analyses carried out in Deliverable D3.2 suggested that  different levels of area average rainfall over the basin are associated with the two main classes of synoptic systems bringing rainfall to Lake Malawi basin (the easterly moisture flow regime mostly from tropical Indian Ocean, and westerly moisture flow regime from interior of the continent originating from tropical Atlantic). This is illustrated in Fig. 3a of that deliverable which shows a considerably larger number of days with low area-average rainfall under the easterly regime, while also a large number of days with high area-average rainfall under the westerly regime. These differences can potentially be interpreted in terms of spatial heterogeneity of rainfall,  with rainfall under the westerly regime being more uniformly distributed than that occurring during the easterly regime, with a consequence that the westerly regime results in more wide-spread rainfall, leading to area-average extremes over the region, while the local extremes are associated with the easterly regime. This is most likely the result of the nature of rainfall generating mechanisms - while rainfall associated with easterly air masses takes the form of typical convective storms, rainfall associated with the westerly air masses is stratiform in nature (DCCMS C.Vaya - pers. comm).  

A more detailed analysis confirms that assertion. 

Firstly, of note is that as illustrated in Fig. 29 of D3.2, moisture influx from the west occurs almost exclusively during the DJFM period, and there are few westerly flow events in the remaining months of the year, while the easterly moisture flow dominates the months outside of the DJFM season. This is evident in Fig. 4 below that presents a distribution of daily area-average rainfall under westerly and easterly regimes for all months (left-hand-side panel) and the core of the rainy season (right-hand-side panel). The differences between these regimes are clearly noticeable, with the distribution of area-average rainfall under the westerly regime shifted towards higher values compared to that under the easterly regime. 

 

[image: ]

Fig. 4 Distributions of rainfall associated with the easterly and westerly regime of moisture influx into the Lake Malawi basin.

Further, in order to ascertain the similarities and differences between local extreme rainfall under each of the two  regimes, Fig. 5 presents distributions of the highest annual area-average rainfall and the highest daily rainfall in each of the grid points within the Lake Malawi “box”. Differences in the former are well articulated, with the maximum value and the distribution for the area-average shifted towards higher values under westerly flow regimes (Fig. 5a). Somewhat surprisingly,  there is also a similar shift visible in the maximum daily grid point rainfall, with westerly regime conditions seemingly favouring overall higher grid point rainfall values (Fig. 5b), although indeed the maximum value present during the easterly regime is higher than that for the westerly regime. 

[image: ]
Fig. 5 Distributions of maximum area-average rainfall per year and maximum grid point rainfall per year associated with the easterly and westerly regimes of moisture flow into the Lake Malawi basin.


[bookmark: _8ikxnww1vxe]3.2 Extreme rainfall and circulation states
Analyses described so far consider a relatively simple differentiation of synoptic or circulation conditions under which extreme rainfall forms based on a distinction of the direction of air masses flow and moisture transport across the axis of Lake Malawi “box”. Here, we consider a more comprehensive differentiation of atmospheric circulation conditions - namely circulation classification based on SOMS. Results of classification of an extended rainy season (NDJFMA) hus, ua and va fields (specific humidity, zonal and meridional wind) at 700mb are presented in Fig. 6 in the form of circulation archetypes (typical circulation patterns associated with each class (or SOM node). Fig. 7 presents frequencies of each of the nodes in each of the months. 

Nodes 5,10,15,20 (the last column of the SOM array) occur only in the core of the rainy season, i.e. DJFM, while nodes 1,6,11,16 (the first column of the SOM array) are characteristic of the shoulder (ND and MA) of the rainy season, with the remaining nodes spanning all months, with those in the second column occurring predominantly in the shoulder season, while those in columns 3 and 4 in the core rainy season. 

Nodes in the 3rd, 4th and 5th column represent ITCZ and CAB in the southerly position with moisture inflow from the equatorial region, and combination of these conditions with various levels of the continental high pressure over southern Africa, and various levels of influx of moisture from tropical and southern Indian Ocean. Notably, nodes 5 and 6 of the last column are characterised by a combination of westerly moisture regime and a strong inflow of moisture from the southern Indian ocean into the Lake Malawi region, while nodes 15 and 20 are still characterised by the westerly regime, but with much weaker contribution of moisture from the southern Indian Ocean.

Nodes in the 1st and 2nd column represent the passage of the westerly wave in the mid-latitudes with the mid-latitude cyclones in their seasonally most northerly position, with the Lake Malawi region influenced by air masses from over the Indian Ocean north of Madagascar. 


[image: ]
Fig. 6 SOM node archetypes for hus,ua,va fields in the NDJFMA season. Illustrated is wind direction and magnitude (arrows) and associated moisture flux (shading). Lake Malawi “box” superimposed in red.
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Fig. 7 Monthly frequencies of SOM nodes illustrated in Fig. 6.

Fig. 8 illustrates the relationship between SOM based classification of circulation and the westerly and easterly moisture flow regimes used in the previous section. The association between these two ways of characterising drivers of rainfall over Lake Malawi region is very clear - nodes in the last column of the SOM array represent exclusively the westerly regime, while the nodes in the 4th column represent a mixture of westerly and easterly regimes. That “mixing” is most likely a result of generalisation of SOM-based classification that takes into account circulation patterns over the entire region, while the “regime” approach considers only very local manifestation of that regional circulation.  

[image: ]
Fig. 8. Frequency of days with easterly and westerly moisture flow regime for each SOM circulation category.

Various characteristics of rainfall associated with each of the SOM nodes are illustrated in Fig. 9 through 11. 

Maximum area-averaged rainfall of the Lake Malawi “box” ranges between 19-38 mm per day across the SOM with higher values for nodes in the top-right corner of the SOM array (Fig.9), and that pattern is even stronger articulated for the mean and 95th percentile rainfall .

In terms of grid point rainfall, a proxy for localised rainfall, maximum values are associated with circulation represented by nodes in the 3rd and 4th column of the SOM array (Fig. 10), with highest values of both maximum and 95th percentile in nodes 3,4 and 8,9. There is a notable difference in magnitude of local rainfall between nodes dominated by the westerly regime, i.e. those in the 5th column of the SOM array, and the other circulation conditions occurring in the core of the rainy season, i.e. those represented by nodes in the 3rd and 4th column of the SOM array.

Another way to evaluate the circulation-extreme rainfall relationship in a more robust way is to consider the numbers of very high rainfall events recorded under each circulation pattern. This is illustrated in Fig. 11, which clearly shows that the high area-average rainfall events are associated with the two nodes representing the westerly regime best, i.e. 5 and 10, while the high grid point rainfall events are associated with nodes 3,4,8 and 9 that represent easterly regime with relatively strong continental high and CAB/ITCZ in the southerly position.
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Fig. 9. Mean,maximum and 95th percentile of area-average rainfall associated with each SOM circulation category.

[image: ][image: ]
Fig. 10. Maximum and 95th percentile grid point rainfall associated with each SOM circulation category.


[image: ][image: ]
Fig. 11. Frequency of high rainfall events associated with each SOM circulation category for area-average rainfall and local rainfall


[bookmark: _bizerrm4pqo4]3.3 Extreme rainfall projections
We use plume plots described in Section 2.3 to evaluate historical and future changes in  mean and extreme rainfall in the 3 regions of the Shire River Basin. Historical and projected changes in mean rainfall are presented in Fig. 12 and 13 and in extreme rainfall Figures 14 through 16. There is a large uncertainty in projections of both mean and extreme rainfall for Shire River basin, but the general patterns are as follows:
· There is a general reduction in mean annual rainfall projected for each of the analysed region both under rcp45/ssp245 and rcp85/ssp585 scenario, but ensemble median reduction is relatively small - in the order of 5% by 2070
· There is a general increase in extreme rainfall events projected for all three analysed regions. The increase is stronger under rcp85/ssp585 than under rcp45/ssp245 scenario, with ensemble median increases by 2070 in the order of 5% in the former and 10% in the latter, and essentially all members of all three analysed ensembles indicating higher intensities of 1-day and 5-day rainfall in 2070s than those observed in the reference period (1981-2010). Maximum projected values are in the order of 20% under rcp45/ssp245  and 30-35% under rcp85/ssp585 scenarios.
· There are minor differences between the three analysed regions, but they do not appear to be systematic
· Similarly, there are minor differences between the different generations of projections as represented by the three ensembles, but again, they do not appear to be systematic. In particular, there are no significant differences between the high-resolution downscaled projections with CORDEX ensemble and the two GCM ensembles (CMIP5 and CMIP6) although the uncertainty range (spread) of CORDEX ensemble is in general somewhat narrower than that of the GCMs. This might be a result of comparatively fewer models used in the CORDEX ensemble.
· Observations (represented here by ERA5 values) agree well with model simulations, both in terms of reduction in the mean rainfall and increases in the extreme rainfall. Observations of extreme rainfall show, however, somewhat stronger increases than those simulated by the models over the same time, particularly in the Central and Southern region (signified by the observed “trajectory” located at the “edge” of the plume in Figs. 14-16).

[image: ]
Fig. 12 Plume plots illustrating ranges of total annual rainfall in historical simulations and climate projection under RCP45/SSP245.
 
[image: ]
Fig. 13 Plume plots illustrating ranges of total annual rainfall in historical simulations and climate projection under RCP85/SSP485.

[image: ]
Fig. 14 Plume plots illustrating ranges of 1-day annual maximum rainfall in historical simulations and climate projection under RCP45/SSP245.

[image: ]
Fig. 15 Plume plots illustrating ranges of 1-day annual maximum rainfall in historical simulations and climate projection under RCP85/SSP585.

[image: ]
Fig. 16 Plume plots illustrating ranges of 5-day annual maximum rainfall in historical simulations and climate projection under RCP45/SSP245.
[image: ]
Fig. 16 Plume plots illustrating ranges of 1-day annual maximum rainfall in historical simulations and climate projection under RCP85/SSP585.


[bookmark: _m9xbfepj8szt]4 Summary and conclusions
We distinguish two types of extremes - local extreme rainfall and region-average extreme rainfall, as these have different relevance to different sectors. Local rainfall extremes show substantial spatial heterogeneity that to a certain extent corresponds to that of mean annual rainfall, with the highest values in the mountainous regions in the north, and in the northern half of Lake Malawi.

We evaluate synoptic drivers of the two types of extreme events, with the outlook towards understanding the dynamical climate drivers of these events in order to evaluate their future projections (the latter is not, however, done in this report).

The extreme area-average rainfall events occur during conditions of westerly moisture flow regime, as manifested by intensities and frequency of high intensity events. The extreme localized rainfall events are associated with a number of synoptic conditions and occur predominantly under easterly moisture flow regime and particularly under conditions when flow from tropical Indian Ocean is combined with flow from the subtropics.

In terms of projections of future rainfall over the Lake Malawi and Shire Basin, a reduction in mean annual rainfall projected for each of the analysed zones (Northern, Central and Southern), in the order of 5% by 2070. There is a relatively robust signal of increase in 1-day maximum and 5-day maximum rainfall into the future, with projections indicating values in the order of 0-20, 0-35% higher by 2070s than those historically recorded, depending on the GHG emission scenario. It has to be noted that these results consider only the rainfall output from GCMs used for climate projections, and do not explicitly evaluate whether these projections are consistent with the relationships between extreme rainfall and circulation dynamics described above. Deliverable 4.2 (Process based assessment of climate projections) analyses, however, how well different GCMs are able to simulate frequencies of the synoptic states considered here, building towards such an evaluation.  

The analyses presented here provide a generalised understanding of the characteristics and synoptic drivers of the two considered extreme rainfall categories, but they carry an important caveat. These analyses do not address explicitly the role of tropical cyclones as causes of extreme rainfall. These will be explored in further deliverables of the project.
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