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Abstract

:

Namibia is considered to be one of the countries that are most vulnerable to climate change due to its generally dry climate and the percentage of its population that rely on subsistence agriculture for their livelihoods. Early-warning systems are an important aspect of adapting to climate change. Weather forecasting relies on the use of numerical weather prediction models and these need to be configured properly. In this study, we investigate the effects of using multi-nests and a convection scheme on the simulation of a heavy rainfall event over the north-western region of Kunene, Namibia. The event, which was associated with a cut-off low system, was short-lived and resulted in over 45 mm of rainfall in one hour. For the multi-nest, a 9 km grid-length parent domain is nested within the Global Forecast System (GFS) simulations, which in turn forces a 3 km grid spacing child domain. A different set of simulations are produced using a single nest of 3 km grid spacing, nested directly inside the GFS data. The simulations are produced with the convection scheme switched on and off. The impact of a single versus multi-nest is found to be small in general, with slight differences in the location of high rainfall intensity. Switching off the convection schemes results in high rainfall intensity and increased detail in the simulations, including when a grid spacing of 9 km is used. Using a grid spacing of 3 km with the convection scheme on, results in a loss of detail in the simulations as well as lower rainfall amounts. The study shows a need for different configurations to be tested before an optimum configuration can be selected for operational forecasting. We recommend further tests with different synoptic forcing and convection schemes to be conducted to identify a suitable configuration for Namibia.
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1. Introduction


Namibia is considered one of the most vulnerable countries to climate change, with annual losses due to impacts on the country’s natural resources expected to be up to 5% of the country’s Gross Domestic Product (GDP) [1]. Crop and livestock farming are practiced extensively in northern Namibia [2]. Maize production in the Zambezi region of Namibia is expected to be impacted negatively by between 46% and 76% without any adaptation measures to climate change [3]. In some areas of Namibia, the residents are diversifying their livelihoods into off-farm activities to adapt to climate change [4].



Namibia is semi-arid to hyper-arid because its climate is mostly modulated by high-pressure systems that characterize the subtropical regions as well as the cold Benguela current [5]. The country is located between 17° and 29° south and is therefore also influenced by tropical and mid-latitude weather systems. These rainfall producing systems include the Angola Low [6,7], the Inter-tropical Convergence Zone (ITCZ) [8], Subtropical Anticyclones [9], the Tropical Temperate Troughs [10,11], and mid-latitude weather systems [12]. Mean temperatures have already been observed to increase, including the frequency of hot days since the 1960s onwards [13]. Although the rainfall trend is not robust, there is a likely decrease in the rainy season with a later onset and an early cessation [14]. There is also a greater interval between rainy days and an increase in the intensity of rainfall when it occurs [15].



Flooding events have also been observed in parts of Namibia, leading to fatalities, displacement of people, and cholera outbreaks as was experienced in 2008 [16]. The total costs of recovery, reconstruction and transformation associated with the 2009 flood event was estimated at US$ 620 million [17]. The floods also impacted Angola and Zambia, leaving at least 102 people dead, displaced 50,000 people and affecting around 700,000 people. The damages and losses in Namibia were estimated to be at 1% of the 2009 Namibia GDP. The Government of the Republic of Namibia (GRN) Post Disaster Needs Assessment for the 2009 flood event [17] recommended that work be done to understand climate change and variability, as well as extremes to mitigate risk and future impacts from natural disasters. Furthermore, the report recommended the strengthening of the early-warning systems at several levels including transboundary collaboration, increasing the number of observing stations, and designing warnings as informed by local conditions. Weather and climate early-warning systems rely on the use of numerical models to provide forecasts beyond the nowcasting timescale [18].



Numerical weather and climate models solve the first law of thermodynamics, the ideal gas law, momentum and mass continuity equations to predict how the weather and climate are changing in space and time [19]. The resolution used by these models is dependent on the available computational resources, and currently kilometer scale models are run multiple times per day to produce weather forecasts [18]. The grid spacing used by a model determines processes that can be resolved explicitly, while subgrid processes are parameterized [20]. Parameterization schemes are thought to be responsible for most of the uncertainty in weather and climate simulations [14] because of the assumptions they make, and in some circumstances because they are not scale-aware [21]. Regional modelling or limited area modelling [22,23] allows forecasts to be produced with higher resolution than what is affordable with global models, over a limited area of interest, with a global model providing time-dependent lateral boundary conditions (LBCs). This procedure is used extensively both in numerical weather prediction (NWP) and the projection of regional future climate [13,24].



Although weather and climate modelling activities have been improving extensively in well-resourced countries, modelling activities have mostly lagged on the African continent mainly due to limited access to supercomputing and in some cases technical resources needed to run models. A study conducted by Bopape et al. [25] showed that some meteorological organizations in Southern Africa do not run numerical models at all, while others are running regional models with resolutions lower than the resolution of the driving global models run in Europe. Access to high performance computing (HPC) systems is increasing on the continent due to some national and regional initiatives including the Southern African Development Community (SADC) Cyber-infrastructure (CI) Framework. The HPC ecosystems project which forms part of the SADC CI infrastructure building pillar is deploying HPC systems in Square Kilometer Array (SKA) partner countries in Africa to assist with training and research [26]. These systems can be used in collaboration with meteorological organizations in the countries where they are being hosted to assist with weather modelling. In the current modelling study, some of the simulations are produced using an HPC system hosted at the University of Namibia (UNAM), which is one of the systems deployed through the HPC ecosystems project. The UNAM HPC system is based on racks of compute nodes donated in 2013 as part of decommissioning of a Texas Advanced Computer Center’s (TACC) Ranger supercomputer, and was commissioned at UNAM in 2015.



Convection-permitting models (CPMs) have been in use for several years producing operational weather forecasts especially by big meteorological centers (e.g., [27,28]). These systems have been found to improve rainfall forecasting skill compared to lower resolution models including over some parts of Africa (e.g., [29]). In this study, we investigate the performance of one such model in simulating a heavy rainfall event over the northern parts of Namibia where such studies are limited. On 23 October 2018, a short-lived heavy rainfall event was observed in north-western region of Namibia, Kunene, where over 50 mm of rainfall was received in less than 3 h. This event followed a long period characterized by dry conditions, and it caused flooding and resulted in the death of several animals. An understanding of the performance of CPMs will assist the Namibia Meteorological Service (NMS) in its modelling plans, which now mostly relies on the use of global models to produce weather forecasts. The main difference between CPMs and coarser models is that coarser resolution models rely on convection schemes to represent the effects of convection, while CPMs resolve deep convection structures [28,30]. Secondly, the use of CPMs is made possible by the regional modelling procedure [22].



In this study, we ask how different are rainfall simulations with and without the convection scheme switched on at the same resolution, and does multi-nesting to avoid a big jump in resolution from the forcing model to the nest result in better rainfall simulations. These questions are relevant especially for scientists that need to set up models such as those at NMS to produce operational weather forecasts. Missing an extreme event or giving a false warning due to a non-optimal configuration can have adverse impacts on the community. Section 2 discusses the methodology, data and model used in the study, Section 3 focuses on the description of the event, results are presented in Section 4, the study is summarized and concluded in Section 5.




2. Model, Data and Simulations


The model used in this study is the Advanced Research Weather Research and Forecasting (WRF) (ARW) system, version 4.1.2 [31]. Given the location of Namibia in the lower latitudes, we have opted to use the tropical suite [32]. The tropical suite physics options include the Rapid Radiative Transfer Model (RRTM) for both shortwave and long wave radiation [33], Yonsei University (YSU) planetary boundary layer scheme [34], the new Tiedke cumulus scheme [35,36,37] and Weather Research and Forecasting Single Momentum 6-class microphysics scheme (WSM6) [38]. Ratna et al. [39] compared three different cumulus schemes over South Africa and found the Betts–Miller–Janjic scheme to outperform two other schemes. On the other hand, Crétat et al. [40] found Betts–Miller–Janjic to be the worst performing of the three cumulus schemes they tested over South Africa. It is not the intention of this study to determine the best schemes for Namibia, the physics options used in the study are the default tropical suite options. The new Tiedke cumulus scheme used in this study was not included in the comparison studies over Southern Africa, mentioned above. Sun and Bi [41] found the new Tiedke scheme to outperform other schemes in the simulation of the spatial rainfall distribution and diurnal cycle along the tropical belt. Gbode et al. [42] also found the new Tiedke scheme to be one of the best performer when simulating the surface air temperature and precipitation in the West African monsoon regime. The Global Forecast System (GFS) [43] which has a grid length of 0.25° is used to provide the initial conditions as well as lateral boundary conditions for WRF, every three hours of model simulation time. WRF is run from 23 October 2018 at   00 h 00   UTC until 25 October 2018   00 h 00   UTC, giving a simulation period of 48 h.



A summary of all the simulations made is shown in Table 1. A multi-grid nesting system is employed for three simulations, where a 9 km grid spacing domain is nested directly within GFS, and a child domain with a 3 km grid spacing is nested within the 9 km model. The 9 km parent domain spans 2°–37° E; and 33°–11° S, while the 3 km domain is located over 7°–17° E; 24°–14° S. Figure 1 shows the 9 km domain, while the red rectangle indicates a nest with a grid spacing of 3 km. The shaded colors indicate the topography of the domain, which shows that southern Africa has complex topography that should benefit from the use of high spatial resolution. The convection scheme was switched off for one of the 9 km grid-length simulations as well as its child domain (MNNOCU) resulting in a simulation that does not use a convection scheme at all. For the two 9 km simulations where the convection scheme was left on, the convection scheme was left on for one 3 km child domain (MNCU), and switched off for the other child domain (MN1CU). Two other simulations were conducted with a grid length of 3 km, nested directly within the GFS data, with a convection scheme on (SNCU) and off (SNNOCU). MN represents multi-nest, and SN represents single nest.



Hourly rainfall data from the Khorixas automatic rainfall station (ARS) of the NMS is used to show the timing and intensity of the rainfall event. Khorixas is located in the southern parts of the Kunene region. The 24 h simulated rainfall is compared to the Tropical Applications of Meteorology using SATellite data and ground-based observations (TAMSAT) rainfall estimates with a horizontal resolution of 4 km [44,45]. The 30 min interval Global Precipitation Measurement (GPM) rainfall calibrated with ground observations [46] with an approximate resolution of 0.1° is also used to study the timing of rainfall in satellite estimates. The latest climate reanalysis of European Centre for Medium Range Weather Forecasting (ECMWF) (ERA5) (0.25° grid length) [47] is also used in this study, where rainfall, temperature and wind speed and direction are also analyzed.




3. Event Description


The rainfall associated with the event was described by some as magical, because it fell after years of drought [48]. Figure 2a, shows the ERA5 500 hPa geopotential heights overlaying total rainfall on 23 October 2018. Rainfall fell over most of Namibia, with the largest amounts received in the northern parts of the country. The NMS hourly rainfall data for Khorixas indicated by a red diamond sign shows that 45.2 mm was received at   19 h 00  , followed by 5.7 mm at   20 h 00   and then 6.5 mm at   21 h 00   local time. This observation therefore indicates that the heavy rainfall event was short-lived, with most of the rainfall received within 1 h. The geopotential height shows that this rainfall occurred as a result of a cut-off low (COL) whose center can be seen on the border of Namibia and the Atlantic Ocean (Figure 2a). COLs are mid-latitude systems that can occur throughout the year, but they are observed to have a maximum in March to May and a second maximum later in the year [49,50]. These systems can affect Namibia, but, the northern parts of the country are not impacted as often as the southern parts of the country [15]. COLs can be associated with deep moist convection to the east of their trough axis as it appears was the case during this event.



Figure 2b shows the mean sea level pressure (MSLP), overlaid with the 10 m winds. The synoptic pattern shows a ridging Atlantic high-pressure system, has broken off the South Atlantic anticyclone to join the Indian Ocean high. There is a high-pressure system over the north-eastern part of South Africa which Ndarana et al. [51] have shown is a climatological feature whose flow and associated moisture fluxes are affected by ridging high-pressure systems. The ridging South Atlantic Ocean high as well as the high over the north-east of South Africa both act to transport moisture from the Indian Ocean over the land. The eastern parts of southern Africa are generally wetter because of the moisture from the Indian Ocean, which is also linked to the warmer sea surface temperatures (SSTs). Figure 2c shows a clear distinction between the Indian and Atlantic Ocean SSTs along the same lines of latitude with the Indian Ocean being warmer. The differences are due to the cold Benguela current in the Atlantic Ocean which transport cooler air from the poles to the region and the warm Agulhas current in the Indian Ocean which transports warmer air from the equator [12].



The winds appear to be easterly in general suggesting that some of the moisture responsible for the rainfall in Namibia, may have travelled all the way from the Indian Ocean to Namibia. However, according to Ndarana et al. [51] the rainfall associated with the ridging highs is mostly confined to the coastal regions. The wind pattern was plotted for different times of the day, and this pattern persists through most of the day. There are onshore arrows in the east of Khorixas which suggests some of the moisture may have originated from the Atlantic Ocean, which when combined with moisture associated with the ridging high cause convergence in the area where rainfall occurred. Figure 2d shows the specific humidity at 15h00 UTC, and indicates that the region between where ridging took place and Namibia where the rainfall event took place is mostly dry. The moisture is at a maximum over Angola and the adjacent Atlantic Ocean area which is associated with larger SST values. The area over Angola with higher values of specific humidity also experienced rainfall. This result suggests that some of the moisture that caused the rainfall could have been transported from north of Namibia.



All the simulations discussed in the study are nested within GFS three hourly data. The GFS simulated precipitable water and 500hPa geopotential heights are shown in the left panel of Figure 3, for (a) 06h00 UTC and (c) 15h00 UTC. The GFS captured the COL, and the area with the highest levels of precipitable water correspond with high values of specific humidity from ERA5 reanalysis. The second column of Figure 3 shows simulated MSLP overlaid with 10 m winds, for (b) 06h00 UTC and (d) 15h00 UTC. The strength of the high-pressure system over the eastern part of the country decreases between 06h00 and 15h00 UTC. In the Central-Western part of the country, the surface pressure decreased, indicating increased convergence in the afternoon. This circulation pattern supports the occurrence of rainfall in the afternoon. The results indicate that GFS was able to capture the synoptic systems, and compare well with the ERA5 reanalysis.




4. Results


This section is divided into three subsections. The first subsection, titled “Observations Comparison” compares the rainfall estimates from ERA5, GPM and TAMSAT for the event. The subsection is then followed by the “Effect of multi-nesting” and “Effect of the convection scheme”, respectively. The same figures will be referred to in the three subsections, back and forth.



4.1. Observations Comparison


The 24-h rainfall total according to the ERA5 reanalysis, the GPM and TAMSAT satellite rainfall estimates are shown in Figure 4, as well as for different simulations. Khorixas which received over 50 mm of rainfall in less than three hours is shown by a red diamond sign in all the observations and simulation plots. The ERA5 reanalysis (Figure 4a) shows a north-west to south-east line of maximum rainfall of between 20 and 30 mm which is aligned with the position of Khorixas. The rainfall pattern extends from the domain border in the south, to the north beyond the border of Namibia and Angola. The GPM (Figure 4b) rainfall estimates also shows rainfall that extends between the two mentioned borders, with a pattern that is slightly different from that of the reanalysis. Khorixas is not observed to be associated with a large amount of rainfall according to GPM, with the largest amount of rainfall shown closer to the south-east border of the domain. The rainfall peak shown by GPM is larger than the ERA5 reanalysis. TAMSAT (Figure 4c) which provides the highest resolution of the three different observations captured substantially less rainfall than the other two observations. Khorixas is itself shown to not receive any rainfall according to this satellite rainfall estimate. However, the area shown to have received some rainfall (although little) is very close to Khorixas. Using Khorixas as our point of reference, ERA5 seems to have captured the location of the highest rainfall better than the two satellite estimates. Figure 1 has shown that there is some complex topography around Khorixas, and the result of this study agrees with the findings of Beck et al. [52] who indicates that the reanalysis outperforms GPM in regions of complex terrain.



A line plot using different variables was made for different observations and simulations to check the timing of heavy rainfall in the Khorixas vicinity (Figure 5). A maximum rainfall of 45.2 mm was reported at   17 h 00   UTC by the AWS at Khorixas (not shown). The GPM maximum is observed at   16 h 00   UTC, while the ERA5 maximum is predicted at   19 h 00   UTC, and therefore in terms of timing GPM seems to be slightly closer to the station observations (Figure 5a). The rainfall peak for both rainfall estimates is just below 4 mm, which is substantially lower than the point observation of 45.2 mm. The two are not directly comparable with the point observation because they represent an area average, with a grid length of about 10 km for GPM and about 27 km for ERA5. Due to the differences associated with the spatial data considered to be observations, we do not apply any verification nor skill scores in this study, but rather focus on understanding the processes associated with the event as simulated by different model configurations. This study also highlights a need for more ground observations, including radar that can provide three-dimensional cloud information to assist with model verification which can eventually assist with the improvement of model configurations so that they work as well as possible in the region.




4.2. Effect of Multi-Nesting


In this study, we are able to produce simulations over Namibia with a grid spacing of 3 km, because of the limited area modelling procedure, which allows us to use less computational resources than would be needed for a global model running with the same grid length [22]. Laprise et al. [53] indicated that in the absence of strong surface forcing, the Limited Area Model (LAM) is incapable of correcting small-scale errors in the initial conditions and lack of information of small-scale processes in the LBCs. Time-dependent LBCs from a bigger domain or global model with lower resolution are applied to the lateral boundaries of the LAM. Warner et al. [54] recommended that the resolution of the large-scale and the nested model be as close as possible to reduce inconsistencies between the two models, to reduce gradients at the lateral boundaries which can generate gravity-inertia waves. Relaxation blends LBC’s and the LAM over several grid points for better matching of the two datasets, and the procedure also tends to damp noise [55,56]. The default setting of 4 columns and rows is used as the relaxation zone, in the lateral boundaries for this study. Larger differences in resolutions between the model providing the LBCs and the LAM are more prone to mismatches. Nesting the 3 km model directly within the GFS simulations implies that the ratio of the forcing data to the resolution used by the model is 9. Interpolation is made of GFS data with a grid spacing of about 27 km to the 3 km grid length, and interpolation errors maybe introduced. The WRF guidance is that one should use a ratio of between 3 and 5, for best results, which is why a multi-nesting procedure is usually applied to avoid reflection of atmospheric waves at the domain boundaries. With the multi-nesting procedure interpolation is made from GFS 27 km to 9 km, and then to 3 km which can potentially limit interpolation errors.



In Figure 1 we showed that the terrain of southern Africa is complex, and the use of high-resolution assists with a better representation of the topography. The 9 km domain was made very large especially on the eastern side to include a larger land area so that the topography is allowed to impact the simulation result. The winds were shown to be mostly north-easterly to easterly, but indications are that moisture was also transported from the west in the Atlantic Ocean and from Angola in the north. The higher resolution topography will therefore have influenced the flow coming from the east and the north, while the flow from the ocean would mostly not be impacted. Figure 4d represents a single nest with a grid length of 3 km, and the convection scheme switched on (SNCU), while Figure 4f shows a multi-nest with a convection scheme on for both the 9 km resolution parent domain and 3 km child domain simulation (MNCU).



There are large similarities in the two simulations regarding the location of the rainfall. There are small differences in the extreme north-eastern part of the domain where the SNCU captured less rainfall. The rainfall produced by MNCU is slightly more than the SNCU simulated amount east of the two diamonds as well as towards the northern border of the domain in Angola. The red diamond represents Khorixas, the station for which we have hourly rainfall data. All the plots indicate that more rainfall is simulated east of Khorixas. Figure 1 shows that the areas associated with higher rainfall are associated steeper topography than Khorixas. Figure 5 plots indicate that less rainfall was simulated over Khorixas, than about 1° E of Khorixas (Figure 6), which is selected as an example point. The same analysis was made for three other points, north-east, south-east and 2° E of Khorixas and the results agree with those shown for Figure 6. Line plots were made for Khorixas and for one example grid point where a greater amount of rainfall seems to be simulated. The dark blue line represents MNCU while the green line represents SNCU (Figure 5a). MNCU which appeared to have slightly more rainfall is associated with two small peaks with the timing of the second rainfall peak matching the timing of the observed rainfall peak. The SNCU rainfall peak occurs an hour later than the observations with a smaller peak compared to the MNCU simulations. Both simulations produced some rainfall 1° east of Khorixas again with MNCU rainfall being simulated earlier than SNCU. Line graphs were also made for temperature (Figure 5b), wind speed (Figure 5c) and wind direction (Figure 5d). The temperature dropped when rainfall is simulated, and with the two simulations, the wind speed decreased just before the rainfall event and picked up later. The wind direction changed from north-easterly to north-westerly, with changes occurring earlier with the MNCU simulation. The blue and green lines are generally close to one another for all the variables indicating that the impact of multi-nesting versus a single nest is smaller for the case being studied here, compared to impact of the convection scheme.



Figure 4e represents the single nest simulation with the convection scheme off (SNNOCU) while Figure 4g represents the multi-nest with the convection scheme left on for the 9 km grid-length simulation and switched off for the 3 km grid length (MN1CU). MN1CU represents what would be considered to be an ideal simulation because the parent-child domain nesting ratio is 3, and the convection scheme is switched off for the 3 km grid spacing simulations which follows the modelling guidelines provided by model developers. Both configurations produced more rainfall east of Khorixas in a pattern that differs from both GPM and ERA5. The SNNOCU configuration produced a lot less rainfall in the north of the domain, and in some cases, the rainfall is seen in both the ERA5 and GPM estimates. For the selected grid points, SNNOCU generally produces more rainfall than MN1CU. Over Khorixas, the timing of the rainfall peak was simulated two hours early by MN1CU and one hour early by the SNNOCU simulation (Figure 5a). Regarding the temperature, wind speed and wind direction lines, the two configurations are generally similar. Champion and Hodges [23] nested a 12 km, 4 km and 1.5 km grid spacing simulations using multi-nesting technique as well as directly inside the lower resolution global model with a grid length of 25 km. Nesting differently resulted in the rainfall location being different among simulations.



We have also plotted hourly maximum rainfall between 14° and 17.3° E, and from 22° to 18° S (area shown by purple rectangle in Figure 3) for different observations and simulations. Figure 7a shows that the simulated maximum rainfall for the green (SNCU) and blue (MNCU) lines is mostly, similar. The yellow line which represents SNNOCU is mostly aligned with the MN1CU, and MNNOCU lines further confirming that multi-nesting results in a smaller difference in the simulations. The same applies for the minimum hourly temperature where SNCU and MNCU are mostly aligned and warmer than other simulations after the highest area maximum rainfall is received (Figure 7b). The 10 m maximum wind speed is smaller in the SNCU and MNCU compared to other configurations (Figure 7c).




4.3. Effect of the Convection Scheme


Lower resolution models rely on convection schemes [20] to represent the effects of convection on large-scale processes and to prevent unstable growth of cloudy structures on the grid [28]. Convective scale models on the other hand are expected to capture cloud structures explicitly. There is however no clear-cut distinction between models that should use a convection scheme and those that should not, and different procedures have variously been applied. Some studies have indicated that a grid spacing of about 4 km should be sufficient to resolve much of the mesoscale structure and evolution of some convective systems (e.g., [57,58]). Roberts [59] found a grid spacing of 1 km to produce much better simulations than 4 km and recommended the use of a grid spacing of 1 km to represent the dynamics of localized thunderstorms and local processes responsible for triggering the event. Bryan et al. [60] argues that a grid spacing of order 100 m is required to simulate the squall-line structures and their evolution with skill. Some studies use a form of convection scheme (e.g., [29]) when using a grid spacing of 4 km or similar, and these have been found to give better results than when the convection parametrization is switched off [28]. No-convection scheme was used in some studies when a grid spacing of 1.5 km is employed (e.g., [23,61]). The WRF guidance notes recommend switching off convection schemes for a grid spacing of 3 km and less.



Simulations with a single nest and multi-nest were conducted with and without a convection scheme at a grid spacing of 3 km. The convection scheme used in this study is the new Tiedke scheme (option 16 in the WRF namelist) [35,36,37]. The new Tiedke scheme includes cloud water, cloud ice and momentum tendencies and has shallow convection. A total of five simulations are compared, with SNCU and SNNOCU looked at together to study the impact of switching the convection scheme off with a grid spacing of 3 km in a single nest. MNNOCU, MN1CU and MNCU are all compared to analyze the impact of switching off the cumulus scheme when a grid spacing of 9 km and 3 km are used. When running a model with a convection scheme on, there are two components to the precipitation, namely the convective precipitation generated by the convection scheme and large-scale precipitation captured explicitly by the model [23]. Figure 8b shows the total precipitation from the 9 km and 3 km child domains when the convection scheme is switched on. High intensity rainfall is only simulated in the north parts of the domain in Angola. When the convection scheme is switched on the model does not simulate much high intensity rainfall in Namibia.



Figure 8c shows convection scheme produced rainfall outside the red box, and grid scale rainfall inside the red box. Unlike with Figure 8b where there is no clear benefit of using a grid spacing 3 km in the red box compared to the larger domain, there is a difference between the simulation in the red box and the outer domain in Figure 8c. Higher rainfall intensities are simulated east of Khorixas in this simulation. For Figure 8d the convection scheme was switched off for the 9 km grid as well, and this has resulted in high rainfall intensities outside the red box in Angola. High intensities are also found east of Khorixas, over higher lying areas compared to Khorixas. Champion and Hodges [23] also found that switching off the parametrization scheme resulted in increased area averaged precipitation intensities as well as increased details. The GPM rainfall estimate (Figure 8a) shows high rainfall intensity areas in Angola; however these extend further east than in the simulations.



Figure 4 shows different observations as well as different simulation in the red box that was discussed in Figure 8. A comparison between Figure 4d,e shows that switching off the convection scheme results in more details and higher rainfall values. The same result is found for the multi-nest simulation, where greater detail is visible in Figure 4g. Forcing the 3 km model with a 9 km model with the convection scheme on (Figure 4g) and off (Figure 4h) does not result in very large differences between the two simulations. The location of high rainfall intensities is different among different simulations, with a general agreement of the location being to the east of Khorixas. In general, convective scale models are not expected to capture the exact location of the storms, which is why rainfall verification of convective scale storms uses object-based verification as opposed to traditional grid point verification statistics to avoid penalizing the model twice (e.g., [62]).



Figure 5 and Figure 6 respectively show line graphs of hourly rainfall, temperature, wind speed and direction for Khorixas and 1° to the east of Khorixas where larger rainfall intensities were simulated by most configurations. The blue and green lines indicate configurations where the convection scheme was switched on with a 3 km grid spacing. The two lines are generally similar and associated with the least amount of rainfall as was shown on the spatial plots where smaller intensities were simulated over most of the domain. The drop in temperature due to the rainfall event is smaller compared to the configurations where the convection scheme is switched off. Both configurations result in lower wind speeds, associated with the event. The wind direction changed from north-eastern to north-westerly in both configurations hours before the rainfall was captured. There is no indication that the presence of the convection scheme resulted in an earlier triggering of the rainfall event because the timing of peak rainfall is generally similar to configurations where the convection scheme is turned off.



The maximum areal rainfall plot (Figure 7a) shows that all the 3 km simulations with the convection scheme off resulted in rainfall of about 40 to 45 mm. When the convection scheme is on, the simulated maximum rainfall does not exceed 15 mm. The configurations with no-convection scheme, result in lower temperatures (Figure 7b) and stronger maximum wind speed (Figure 7c). Previous idealized studies (e.g., [63]) have shown that more rainfall is associated with stronger downdrafts, and a cooler and stronger cold pool. Figure 9 shows the vertical wind cross section at   17 h 00   UTC at line of latitude, 20.366° S, which is same line where Khorixas is located. The east-west extend is similar to the purple box shown in Figure 4. The white area at the bottom of Figure 9 panels shows that the altitude of the land surface relative to sea level, occurs at a higher altitude as one moves towards the east. The top two plots Figure 9a,b where the convection scheme is switched on are associated with smaller updrafts and downdrafts. The color range was kept low to allow some detail in these two plots where the convection scheme is switched off. The updrafts and downdrafts are much stronger in the three simulations shown in Figure 9c–e, where the convection scheme is switched off. The simulations with the convection scheme on, resulted in less rainfall, less cooling and their associated cold pool is warmer and the wind speed lower than configurations with the convection scheme off. These results raise questions about the applicability of the new Tiedke scheme at these resolutions. The change in direction shown in Figure 5 and Figure 6 after it started raining were associated with the cold pool.





5. Summary and Conclusions


In this study, we investigate a heavy rainfall event over the north-western parts of Namibia in the Kunene region as simulated by the WRF model. The event was associated with a cut-off low with moisture converging over the region from the northeast and east of the sub-region and southwest from the Atlantic Ocean. The rainfall event was very short-lived with more than 45 mm received over Khorixas within one hour, and no rainfall observed whatsoever three hours later. To our knowledge no other NWP study has been published with a focus on the Kunene region or on Namibia in general. Simulations were forced with the GFS data with a grid spacing of 0.25°, using multi-nesting with a 9 km-mesh parent domain and a child domain using 3 km horizontal grid spacing. The GFS captured the synoptic circulation and moisture distribution well, which shows the WRF was forced with realistic large-scale conditions. The location of the high rainfall intensities in the single and multi-nest simulations were slightly different, but there are general similarities between the two simulations. Champion and Hodges [23] tested the impact of nesting the Unified Model (UM) LAM simulations inside multi-nest using grid spacing of 1.5 km, 4 km and 12 km and nesting directly from the global data, and also found the rainfall location to differ among different simulations. They recommended the use of a series of nested resolutions as part of an optimal configuration to reduce uncertainty in the precipitation over time. We recommend that more tests be conducted to test the value of multi-nesting. In a sister study conducted over Botswana, the use of a multi-nest seemed to generate a mesovortex in the coarse-grid domain that was not found in the observations [64].



The study also investigated the impact of switching on the convection scheme when using a grid spacing of 3 km. The use of a convection scheme at this scale is contested among scientists with some indicating that 4 km is sufficient to capture bulk dynamics of squall-lines [58], others suggesting the use of a grid length of approximately 1 km [59] and still others proposing the use of order 100 m [60]. The WRF notes recommend switching off the convection scheme when using a grid spacing of 3 km or less, although they note that early triggering that is usually associated with the convection schemes may be necessary. The largest differences in the study are between simulations using the no-convection configuration versus those with the convection scheme. Leaving the convection scheme on with a grid spacing of 3 km does not seem to provide the extra benefit of using high resolution, providing little detail in the simulations. Switching off the convection scheme even with a grid spacing of 9 km provides more detail than keeping the convection scheme on with a 3 km grid spacing. The no-convection scheme simulations are also associated with larger rainfall intensities as was also found by Champion and Hodges [23]. The convection scheme used in this study is the new Tiedke scheme [35,36,37] which is selected as part of the tropical physics suite. Recently, Steeneveld and Peerlings [21] found a scale-aware convection scheme to perform better than others in simulating a severe thunderstorm event in the Netherlands using a grid spacing of 2 km and 4 km. This result points to a limitation in our study that is specific to the new Tiedke scheme and a case with a strong synoptic forcing. We recommend further tests with different convection schemes and for different heavy rainfall cases triggered by different weather systems that bring rainfall over Namibia. This type of study is useful to assist the NMS to understand the pros and cons associated with using different configurations to produce severe weather forecasts.



In future work, given a lack of observational data to better evaluate high-resolution simulations, use of all-sky satellite radiance observations with satellite simulators would be a promising approach to further evaluate forecasting skill, especially where ground-based radar networks are insufficient [65]. In addition, high-resolution ensemble forecasting and ensemble-based data assimilation methods are promising approaches to improve forecasting skill for intense precipitation events [28,66]. The incremental value added by feasible implementation of such approaches by the NMS would also require observational evaluation.
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Figure 1. The 9 km model domain, and the 3 km domain in a red rectangle. The shaded contours indicate the terrain (m). 
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Figure 2. (a) shows the total 24 h rainfall (mm), overlaid with geopotential heights (  0.1 *   m2/s2) at 500 hPa level, (b) shows the mean sea level pressure (hPa) overlaid with the winds (m/s), (c) shows the sea surface temperatures (°C), and (d) shows the specific humidity (kg/kg). The large rectangle shows the domain for the 9 km model and the smaller rectangle inside shows the domain for the 3 km model. The diamond is the location of Khorixas station for which we have hourly rainfall data. 
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Figure 3. (a,c) shows GFS precipitable water (kg/m2), overlaid with geopotential heights (  0.1 *   m2/s2) at 500 hPa level, (b,d) shows the mean sea level pressure (hPa) overlaid with the winds (m/s) at 06h00 and 15h00 UTC. The large rectangle shows the domain for the 9 km model and the smaller rectangle inside shows the domain for the 3 km model. The diamond is the location of Khorixas station for which we have hourly rainfall data. 






Figure 3. (a,c) shows GFS precipitable water (kg/m2), overlaid with geopotential heights (  0.1 *   m2/s2) at 500 hPa level, (b,d) shows the mean sea level pressure (hPa) overlaid with the winds (m/s) at 06h00 and 15h00 UTC. The large rectangle shows the domain for the 9 km model and the smaller rectangle inside shows the domain for the 3 km model. The diamond is the location of Khorixas station for which we have hourly rainfall data.
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Figure 4. (a) shows the observed total 24 h rainfall (mm) for ERA5, (b) GPM, (c) TAMSAT, and simulations for (d) SNCU, (e) SNNOCU, (f) MNCU, (g) MN1CU, and (h) MNNOCU. The red diamond represents Khorixas, and the black diamond is a point chosen which has more rainfall simulated. The purple rectangle shown the area for which Figure 6 is plotted. 
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Figure 5. (a) shows hourly simulated by different WRF configurations and the predicted ERA5 rainfall, as well as GPM rainfall estimate. The remaining plots show hourly (b) temperature, (c) wind speed and (d) wind direction at Khorixas from   00 h 00   UTC on 23 October to   00 h 00   UTC on 24 October. 
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Figure 6. (a) shows hourly simulated by different WRF configurations and the predicted ERA5 rainfall, as well as GPM rainfall estimate. The remaining plots show hourly (b) temperature, (c) wind speed and (d) wind direction 1° east of Khorixas from   00 h 00   UTC on 23 October to   00 h 00   UTC on 24 October. 
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Figure 7. (a) shows hourly simulated maximum rainfall between 14° and 17.3° E and 22° and 18° S (area represented by purple rectangle in Figure 3) by different WRF configurations and the predicted ERA5 rainfall, as well as GPM rainfall estimate. The remaining plots show hourly (b) areal minimum temperature, (c) areal maximum wind speed from   00 h 00   UTC on 23 October to   00 h 00   UTC on 24 October. 
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Figure 8. Shows the total 24 h rainfall (mm) on 23 October 2018 for (a) GPM, (b) MNCU, (c) MN1CU, and (d) MNNOCU. 
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Figure 9. Shows the cross section of vertical velocity (m/s) with positive colors indicating updrafts, and blue colors indicating downdrafts for (a) SNCU, (b) MNCU, (c) SNNOCU, and (d) MN1CU and (e) MNNOCU for latitude 20.366° south and longitudes 14° to 17.3° east for 100 hPa level to 500 hPa. The white color indicates no data for below the surface. 
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Table 1. Sensitivity tests for the WRF simulations at 9 km and 3 km domains with the convection scheme switched on represented by Yes and off, represented by No.






Table 1. Sensitivity tests for the WRF simulations at 9 km and 3 km domains with the convection scheme switched on represented by Yes and off, represented by No.





	Parent Domain
	Child Domain
	Short Name





	9 km (Yes)
	3 km (Yes)
	MNCU



	9 km (Yes)
	3 km (No)
	MN1CU



	9 km (No)
	3 km (No)
	MNNOCU



	3 km (Yes)
	N/A
	SNCU



	3 km (No)
	N/A
	SNNOCU
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