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Abstract 
Precise and accurate rainfall simulation is essential for Tanzania, where com-
plex topography and diverse climatic influences result in variable precipitation 
patterns. In this study, the 31st October 2023 to 02nd November 2023 daily ob-
servation rainfall was used to assess the performance of 5 land surface models 
(LSMs) and 7 microphysics schemes (MPs) using the Weather Research and 
Forecasting (WRF) model. The 35 different simulations were then evaluated 
using the observation data from the ground stations (OBS) and the gridded 
satellite (CHIRPS) dataset. It was found that the WSM6 scheme performed 
better than other MPs even though the performance of the LSMs was depend-
ent on the observation data used. The CLM4 performed better than others 
when the simulations were compared with OBS whereas the 5 Layer Slab pro-
duced the lowest mean absolute error (MAE) and root mean square error 
(RMSE) values while the Noah-MP and RUC schemes produced the lowest 
average values of RMSE and MAE respectively when the CHIRPS dataset was 
used. The difference in performance of land surface models when compared 
to different sets of observation data was attributed to the fact that each obser-
vation dataset had a different number of points over the same area, influencing 
their performances. Furthermore, it was revealed that the CLM4-WSM6 com-
bination performed better than others in the simulation of this event when it 
was compared against OBS while the 5 Layer Slab-WSM6 combination per-
formed well when the CHIRPS dataset was used for comparison. This research 
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highlights the critical role of the selection of land surface models and micro-
physics schemes in forecasting extreme rainfall events and underscores the 
importance of integrating different observational data for model validation. 
These findings contribute to improving predictive capabilities for extreme 
rainfall events in similar climatic regions. 
 

Keywords 
WRF Model, Parameterization Scheme, Two-Way Nesting, Pattern  
Correlation 

 

1. Introduction 

Tanzania is an African country situated just south of the Equator. Because its pre-
cipitation patterns are highly variable due to complex topography and diverse cli-
matic influences, accurate and precise rainfall simulation and forecasting are crit-
ical in this region. This country experiences varied rainfall patterns, influenced by 
its proximity to large water bodies such as the Indian Ocean, as well as the Inter-
Tropical Convergence Zone (ITCZ) and the East African monsoon [1]-[4]. These 
dynamics result in a bimodal rainfall pattern in the northern regions—character-
ized by the “long rains” from March to May (MAM) and the “short rains” from 
October to December (OND) and a unimodal pattern in the southern parts, with 
rains occurring from November through April [5]. The variability in timing, in-
tensity, and spatial distribution of these rainfall events poses significant challenges 
for weather forecasting, making it essential to develop accurate prediction models 
for sectors like agriculture, water resource management, and disaster risk reduc-
tion. 

The WRF model is widely used for simulating weather events in most parts of 
the world including Tanzania, but its performance is highly sensitive to the choice 
of parameterization schemes, particularly LSMs and MPs [6] [7]. These schemes 
represent crucial interactions between the atmosphere, land surface, and hydro-
meteors, significantly impacting the model’s ability to simulate rainfall dynamics 
accurately. While many global studies have explored the application of LSMs and 
MPs within the WRF model [8]-[10], there remains a research gap in understand-
ing how these schemes influence rainfall simulations over Tanzania’s diverse 
landscapes. 

Globally, the application of LSMs has been instrumental in improving the rep-
resentation of land-atmosphere interactions in regional climate and weather mod-
els. These models simulate surface processes such as energy and moisture fluxes, 
which directly affect atmospheric conditions [11] [12]. Studies in various regions 
have shown that different LSMs can significantly influence rainfall predictions 
[13] [14]. Similarly, MPs are essential in cloud and precipitation modeling, de-
termining how cloud droplets, ice crystals, and other hydrometeors interact to 
produce precipitation. Recent studies have emphasized the sensitivity of WRF 
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simulations to these schemes, highlighting their role in improving rainfall predic-
tion accuracy, particularly during extreme weather events [15] [16]. 

In Tanzania and the broader East African region, there has been growing inter-
est in using regional climate models like WRF to enhance weather forecasting ca-
pabilities [17] [18]. However, research on the application and optimization of 
LSMs in Tanzania is still limited compared to other parts of the world. While some 
studies have evaluated the impact of MPs on precipitation modeling in East Africa 
[19], comprehensive assessments of specific combinations of LSMs and MPs for 
Tanzania remain scarce. This research gap highlights the need for studies that in-
vestigate the role of these parameterization options in improving rainfall simula-
tions, especially in regions with complex topography and meteorological condi-
tions. This study selects a typical heavy rainfall event in Tanzania which occurred 
from 31st October to 2nd November 2023 as the case study. Furthermore, a total of 
35 numerical simulations were designed, and the observed data from both the 
ground stations and satellite data (gridded dataset) were used for evaluation. 
These numerical simulations consist of a combination of 5 LSMs and 7 MPs which 
are coupled into the WRF model. These combinations are further evaluated and 
compared in order to determine which one performed better than the others. This 
study is expected to provide a basis for improving the short-term rainfall predic-
tion over Tanzania as well as providing a theoretical basis for such events.  

2. Experiment Design 
2.1. Model Configuration 

The Weather Research and Forecast (WRF) Model Version 4.4 was used in simu-
lating the rainfall event. This is a community-based Numeric Weather Prediction 
(NWP) whose dynamic core solves the non-hydrostatic flux form of the Euler 
equations [20]. WRF uses the Arakawa C-grid coordinate in 96 horizontal direc-
tions and in the vertical direction it uses the terrain following hydrostatic pressure 
coordinates. This NWP model has two cores, the Advanced Research WRF 
(ARW) core and the Non-hydrostatic Mesoscale Model (NMM) core. In this 
study, the ARW core was used.  

A two-way nesting approach was used in configuring the model domains. The 
parent domain (d01) had a horizontal resolution of 9 km (362 × 321) covering the 
entire East African Community while the horizontal resolution of the inner do-
main (d02) was 3 km (275 × 262). Domain 2 covers the study area that includes 
the country of Tanzania (Figure 1). 

The six hourly, 1° × 1° Final Operational Global Analysis data from the National 
Centers for Environmental Prediction (downloaded from https://rda.ucar.edu/) 
were used as the initial and boundary conditions data. Since the study area is lo-
cated near the Equator, the Mercator projection was adopted for this model with 
an integral timestep of 27s. This study utilized the ability of the WRF model in 
various parameterizations of land surface schemes and a total of five (5) LSMs and 
seven (7) MPs were used totaling 35 simulations. The LSMs used were 5 Layer 
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thermal diffusion (5 Layer Slab), Noah LSM [21], Rapid Update Cycle (RUC) 
Model LSM [22] [23], Noah-multi parameterization (Noah-MP) LSM [24] [25] and 
the fourth version of the Community Land Model (CLM4) [26]. And MPs used were 
the Kessler scheme [27], Lin et al. Scheme (Lin) [28], WRF Single-Moment 5-class 
(WSM5) [29], WRF Single-Moment 6-class [29], New Thompson Scheme [30], 
Milbrandt-Yau Double-Moment scheme (Milbrandt) [31] and WRF Double-Mo-
ment 6-class (WDM6) [32]. The experiment setup is shown in Table 1  
 

 
(a) 

 
(b) 

Figure 1. A map showing (a) the nested domains setup showing the locations of d01 and 
d02 and (b) the geographical features of the study area as well as its altitude where the red 
triangle indicates the location of the meteorological stations whose data has been used in 
this study. 
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Table 1. The experiment setup of the study. The rows are the MP schemes while the col-
umns are the LSM schemes. 

 5 Layer Slab Noah RUC Noah-MP CLM4 

Kessler SIM 1 SIM 8 SIM 15 SIM 22 SIM 29 

Lin SIM 2 SIM 9 SIM 16 SIM 23 SIM 30 

WSM5 SIM 3 SIM 10 SIM 17 SIM 24 SIM 31 

WSM6 SIM 4 SIM 11 SIM 18 SIM 25 SIM 32 

Thompson SIM 5 SIM 12 SIM 19 SIM 26 SIM 33 

Milbrandt SIM 6 SIM 13 SIM 20 SIM 27 SIM 34 

WDSM6 SIM 7 SIM 14 SIM 21 SIM 28 SIM 35 

 
Additionally, other physics settings used in the simulations are RRTM 

longwave Radiation Scheme [33], the Dudhia Shortwave Radiation Scheme [34], 
the Asymmetrical Convective Model version 2 (ACM2) [35] as the Planetary 
Boundary Layer scheme and the cumulus scheme used was the Grell–Freitas 
scheme [36]. All these settings were applied to both the outer and inner domains. 
The simulations were run for 108 hours starting from 1800UTC 30/10/2023 to 
0600UTC 04/11/2023 with a spin-up period of 6 hours was used for each simula-
tion. 

2.2. Data 

The information from the ground meteorological stations was obtained from the 
Tanzanian Meteorological Authority (TMA). TMA is the authoritative body 
charged with overseeing all of the meteorological operations within Tanzania, 
from meteorological data acquisition and distribution to weather forecasts, cli-
mate prediction as well as meteorological research (https://www.meteo.go.tz/). 
The data obtained from TMA was the 2023 daily rainfall from all of the 25 stations 
currently operational in Tanzania. Then the three consecutive days that received 
the highest amount of rainfall were selected from the data. For clarity, the obser-
vation data from the ground meteorological stations will be referred to as OBS 
henceforth. 

As for the gridded satellite data, the Climate Hazards Group InfraRed Precipi-
tation with Station data (CHIRPS) version 2.0 will be used. CHIRPS is a 35+ year 
quasi-global rainfall data set spanning 50˚S - 50˚N (and all longitudes) and rang-
ing from 1981 to near-present incorporating 0.05˚ resolution satellite imagery, 
and in-situ station data to create gridded rainfall time series for trend analysis and 
seasonal drought monitoring [37].  

The use of two different datasets is essential because each dataset has its limita-
tions i.e. Few stations for OBS brings about the need for high-resolution CHIRPS 
data while CHIRPS being derived from estimates brings about the need for actual 
observation values (OBS). 
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2.3. Methodology 

To properly evaluate the performance of the model simulations, statistical meth-
ods were employed between the data from WRF output of the innermost domain 
with the help of Python code and the observation data over the study area in as-
sessing the model performance. For the WRF data, in order to get the stations’ 
representatives to be compared with OBS, the area average of the four surround-
ing grid points for each station was used. For CHIRPS, it was first regridded to 
match the WRF’s resolution before being used for evaluation. 

For statistical evaluation, the following statistical measures were used to find 
the best-performing LSM and MP combination: 
• The Root Mean Square Error (RMSE) measures the average magnitude of the 

errors between predicted and observed values. As it is sensitive to outliers, it is 
useful for understanding model accuracy and it was calculated using Equation 
(1) [38] [39]: 
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• The Mean Absolute Error (MAE) which represents the average absolute dif-
ference between predicted and observed values. It provides a straightforward 
interpretation of model performance without being influenced by outliers. 
This was calculated using Equation (2) [38] [40]: 
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• The correlation coefficient (r) which is crucial in validating WRF models as it 
quantifies the relationship between model forecasts and observations, allowing 
for the assessment of forecast skill and improvements [41]. The formula used 
in this study is shown by Equation (3) which was adopted from [42] 
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where px  and py  are the observation value and forecasted values at point p 
respectively, x  and y  are the observation mean and the forecasted mean re-
spectively and n is the total number of points 

The spatial variation of r  known as the pattern correlation (PC) will be used 
in this study whereby for the gridded datasets (WRF and CHIRPS) the 2-dimen-
sion data will be flattened to 1 dimension and Equation (3) will be used to calculate 
PC. 
• The Centred Root Mean Square Deviation (RMSD) will be used in order to 

represent it on the Taylor diagram [43]. This will be calculated using the for-
mula described by Equation (4) which was adopted from [42] 

 2 2RMSD 2o m o mrσ σ σ σ= + −  (4) 
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where oσ  and mσ  are the observation’s and model’s standard deviation re-
spectively and r  is the correlation coefficient. 

Visually, the performance of the WRF model when compared to OBS was rep-
resented using the scatter plots while the performance when compared to the 
CHIRPS was represented using the Taylor diagram. 

3. Results 
3.1. Overview of the Rainfall Event 

During the three days of 31st October 2023 and 02nd November 2023, most parts 
of Tanzania experienced heavy rainfall activity especially the eastern part of the 
country (exceeding 50 mm per day). Some stations such as Zanzibar (Unguja) 
station (6.2167˚S, 39.2167˚E) reported a rainfall of 100 mm in 1 day and a total of 
161.4 mm in three days while the station at Dar es Salaam International Airport 
(DIA) (6.887˚S, 39.2˚E) reported daily rainfall of 120.7 mm in one day accumu-
lating 214.2 mm in three days. Most of the other observation stations reported 
rainfall of above 40 mm per day such as the Arusha station (3.3667˚S, 36.6333˚E), 
Moshi station (3.35˚S, 37.333˚E), Handeni station (5.4333˚S, 38.0333˚E), Pemba 
station (5.25˚S, 39.8167˚E), Tanga station (5.08333˚S, 39.0667˚E) and Kilwa 
Masoko station (8.1967˚S, 39.5˚E) among others, which reported 44.1 mm, 68.7  
 

 
Figure 2. The observed accumulated rainfall from 31st October 2023 to 02nd November 2023 
over Tanzania. 
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mm, 62.8 mm, 43.6 mm, 43.2 mm and 42.1 mm of rainfall per day respectively. It 
should be noted that these events occurred on three different days for each station 
and not in one day. Figure 2 shows the three days of accumulated rainfall over 
Tanzania as observed by the meteorological stations. 

3.2. Performance of Different LSMs on the Rainfall Event When  
Compared with Observation Data from the Ground Station 

3.2.1. 5 Layer Slab 
The spatial distribution of 5 Layer Slab LSM under different MPs is shown in Figure 
3. Most of the MPs captured the centre and its associated amount of extreme  
 

 
Figure 3. The accumulated rainfall distribution simulated using 5 Layer Slab LSM and (a) Kessler MP, (b) Lin MP, (c) 
WSM5 MP, (d) WSM6 MP, (e) Thompson MP, (f) Milbrandt MP and (g) WDM6 MP. The simulation started from 
0600UTC 31st October 2023 to 0600UTC 03rd November 2023 and the rainfall is in mm. 
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Figure 4. Scatter plots of the observed rainfall from 25 meteorological stations accumulated from 31st October 2023 to 02nd Novem-
ber 2023 against the simulated values under the combination of 5 Layer Slab with the (a) Kessler scheme, (b) Lin scheme, (c) WSM5 
scheme, (d) WSM6 scheme, (e) Thompson scheme, (f) Milbrandt scheme and (g) WDM6 scheme. The red line is the line fitted to 
the y = x line (the black, dotted line). All are in mm. 
 

rainfall rather well. The Kessler scheme concentrated rainfall on the eastern part 
of the country and some parts of the southern part while drying out the majority 
of the country. Other schemes distributed rainfall in most parts of the country 
with high rainfall being in the eastern and northern parts of the country. The max-
imum amount of rainfall according to the Kessler scheme was above 300 mm lo-
cated near Dar es Salaam station (DIA). The western and the southern parts had 
less rainfall amounts compared to the eastern and northern parts. The Lin, WSM5, 
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WSM6, and Milbrandt schemes showed heavy rainfall over the southwestern part 
of the country depicting amounts greater than 100 mm. While most MPs simu-
lated rainfall activities over the southern part of the country, the WDM6 showed 
little rainfall activities over that particular region. The Kessler, Lin, Milbrandt, 
Thompson and WDM6 simulated the maximum amount over the eastern part 
of the country while WSM5 and WSM6 had maximum values over the northern 
part. 

Both the observation and simulation show heavy precipitation on the eastern 
coast near Dar es Salaam and Zanzibar islands whereas the central and south-
ern parts of the country were completely dry. To properly evaluate the perfor-
mance of the simulations, the 3 days accumulated rainfall of all of the 25 ob-
servation stations was used. Furthermore, for the simulated data the average of 
the four grid points surrounding the coordinates of the observation station was 
used as the model’s representative of the corresponding ground station in order 
to capture the rainfall event more accurately. The PC between the OBS and the 
simulated values was calculated and shown in Figure 4. The results show that 
most MPs underestimated the rainfall except for the Kessler scheme which 
overestimated it and in some places the Kessler MP simulated the rainfall of 
above 500 mm. As for the PC values, both Kessler and Milbrandt schemes had 
the highest PC value of 0.67 whereas the WSM6 had the lowest correlation value 
of 0.45. 

3.2.2. Noah 
The second series of simulations involved the Noah LSM and Figure 5 shows how 
it simulated the rainfall event under the combination of 7 different MPs. Like the 
5-Layer Slab LSM, the rainfall band appears to be concentrated on the eastern side 
of the country but unlike the 5-Layer Slab, the high rainfall over the southwestern 
was not simulated by all MPs. Over the northern parts of the country, the high 
rainfall coverage also decreased compared to the previous LSM by all but Kessler 
MP. Most MPs reduced the intensity of rainfall compared to the former LSM with 
WDM6 being a prime example. Also, the extent of the heavy rainfall band was 
reduced with most of the inner eastern parts of the country having less rainfall. 
Still, the majority of the central, western, and southern parts have no rainfall ac-
tivities within these three days. Thompson scheme simulated the maximum 
amount over the northern part of the country while the rest of the MPs had max-
imum values of the Eastern part of the country. Overall, the combination of Noah 
LSM and the selected MPs showed a reduction of precipitation in most parts of 
the country. 

The scatter plots in Figure 6 are for the combination of Noah LSM and different 
MPs. Like under the 5-layer Slab, the Kessler scheme continued to overestimate 
the rainfall intensity with three stations simulated to have more than 200 mm 
compared to only one station from the OBS. The rest of the MPs also continued 
with underestimating the precipitation amount. The WSM6 overestimated the 
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rainfall over Tanga by almost 180 mm and the WDM6 scheme overestimated the 
rainfall at Pemba station by more than 140 mm. Most MPs performed worse than 
they did during the simulation run with the combination of 5-layer slab while 
Kessler, Lin, and Thompson schemes performed better than they did in the pre-
vious LSM. Under Noah LSM, the worst-performing MP in terms of PC was the 
WDM6 which had a very low correlation of 0.22 whereas the Kessler MP had a 
PC value of 0.72. The Thompson and Lin schemes also performed better and they 
had a PC value of 0.67 and 0.62 respectively. 
 

 
Figure 5. Same as Figure 3, but the simulations were for the combinations of Noah LSM and seven different MPs. 
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Figure 6. Same as Figure 4 but for the combination of Noah LSM and the selected MPs. 

3.2.3. RUC 
The spatial distribution of the simulated rainfall under the combination of RUC 
LSM and different MPs is shown in Figure 7. Compared to Noah LSM, the RUC 
LSM produced considerably more precipitation. The Kessler scheme showed 
some patches of rainfall over northern Tanzania and also over some parts of cen-
tral and southern Tanzania while still drying most parts of western Tanzania. Also, 
the coverage of the heavy precipitation band over the eastern coast of Tanzania 
was shown to have increased compared to the precious LSM for all Microphysics. 
The Lin, WSM5, WSM6 as well as Milbrandt and WDM6 schemes all showed an 
increase in rainfall activities over northern Tanzania. Also, the WDM6 scheme 
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showed two precipitation centers over Kigoma region something that other 
schemes did not detect while drying the majority of the southern part. Similar to 
the precious LSMs, the Kessler scheme produced the highest amount of rainfall, 
simulating above 250 mm over Dar es Salaam and Zanzibar areas. Unlike previous 
LSMs, only the WSM5 and WSM6 MPs had their maximum rainfall in the north-
ern part while the remaining MPs had the maximum values over the eastern part. 
 

 
Figure 7. Same as Figure 3, but the simulations were for the combinations of RUC LSM and seven different MPs. 

 
When comparing the simulated and the OBS as seen in Figure 8, the Kessler 

scheme continues to overestimate the rainfall amount while other MPs continue 
to underestimate it. Under RUC LSM most MPs performed better than the 5-
Layer Slab and Noah LSM except for the Thompson scheme which unexpectedly 
performed worse. It can also be observed that only the Kessler scheme was able to 
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produce an amount of rainfall greater than 200 mm over DIA while overestimat-
ing the amounts over Zanzibar and Kilwa by more than 100 mm and 170 mm 
respectively. The WSM6 simulated a rainfall value greater than 150 mm at the 
DIA station and the rest simulated the amount to be less than 100 mm. The 
Thompson scheme overestimated the rainfall over Tanga by more than 150 mm 
producing the highest rainfall over that station of all of the MPs. Overall, the 
scheme with the highest PC under RUC LSM was WSM6 which had a correlation 
value of 0.83 the highest so far while Kessler, Lin, and WSM5 had PC values of 
0.72, 0.65, and 0.64 respectively. The Thompson scheme had the lowest PC of 0.46 
with the observed data. 
 

 
Figure 8. Same as Figure 4 but for the combination of RUC LSM and the selected MPs. 
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3.2.4. Noah-MP 
Noah-MP is the modified version of the Noah LSM and its spatial distribution for 
the accumulated rainfall from 31st October 2023 to 02nd November 2023 is shown 
in Figure 9. Again, it can be observed that this LSM simulated the highest rainfall 
band over the eastern part of Tanzania with some occurrence of moderate to high 
amounts of rainfall over the northern part of the country as simulated by all but 
the Kessler scheme. Thomspon and Milbrandt show the rainfall covering the 
majority of the country with different intensities while the Kessler scheme simu-
lated rainfall over the eastern coast and some patches over the north, south, and 
southwestern parts of the country. The highest amount of rainfall can be observed 
over the regions of Zanzibar and DIA and only the Lin scheme failed to produce 
any rainfall above 200 mm. On the other hand, the WDM6 scheme showed a  
 

 
Figure 9. Same as Figure 3, but the simulations were for the combinations of Noah-MP LSM and seven different 
MPs. 
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decrease in rainfall in the northern part under Noah-MP compared to the previ-
ous LSM. So far, the Noah-MP LSM is the only one whose MPs produced maxi-
mum rainfall over the eastern part of the country. 

 

 
Figure 10. Same as Figure 4 but for the combination of Noah-MP LSM and the selected MPs. 
 

Figure 10 shows the scatter plots of the simulated against OBS values. On av-
erage the Kessler scheme did neither overestimate nor underestimate the rainfall 
over the given stations while the rest of the MPs continued with their underesti-
mation tendencies similar to the previous LSMs. In terms of spatial distribution 
all the schemes correctly simulated the highest rainfall band over eastern Tanzania 
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but in terms of the intensity only the Kessler scheme correctly simulated the 
amount recorded over the DIA station. It simulated a rainfall amount of 213.4 
mm which was only 0.8 mm less than the observed value while the rest of the 
schemes produced rainfall amounts less than 100 mm over the same station con-
trary to the observation. As observed in the previous LSMs, the Kessler scheme 
overestimated the rainfall amount over Zanzibar station by approximately 200 
mm while the Milbrandt scheme underestimated the rainfall amount over Dar es 
Salaam by almost 200 mm. In terms of the PC, the highest correlated schemes 
were the Kessler, the WSM6 and the Thompson schemes which had a value of 
0.75, 0.64, and 0.64 respectively while the lowest correlated schemes were the 
WSM5 and the Milbrandt schemes which had a value of 0.35 and 0.43 respectively. 
 

 
Figure 11. Same as Figure 3, but the simulations were for the combinations of CLM4 LSM and seven different MPs. 
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3.2.5. CLM4 
Under the CLM4 LSM, the MPs simulated an increase in high rainfall band cov-
erage as well as its intensity (Figure 11). The Kessler scheme simulated rainfall 
amount of more than 500 mm over Zanzibar, the highest seen over all the LSM so 
far. It also continued to dry up the majority of the country except some patches 
over the north, south, and southwestern of the country. The Lin, WSM5 and 
WSM6 schemes showed an increase in rainfall activities over the northern part of 
the country while the Thompson and WDM6 showed a decrease in rainfall activ-
ities over the same area compared to the simulations under the previous LSMs.  
 

 
Figure 12. Same as Figure 4 but for the combination of CLM4 LSM and the selected MPs. 
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The Milbrandt scheme produced almost the same simulation over the majority of 
the country while the WSM5 increased rainfall activities over the southwestern 
part of the country. Similar to the previous LSMs, all the MPs under CLM4 simu-
lated their maximum rainfall activities over the eastern parts of the country. 

Figure 12 shows the scatter plot of the selected MPs under the CLM4 LSM. The 
same overestimation and underestimation pattern seen from the previous LSMs 
can also be seen under the CLM4 LSM. Apart from the Kessler scheme which 
overestimated the rainfall amount, the rest of the MPs underestimated it. The 
Kessler scheme seriously overestimated the accumulated rainfall over the DIA and 
Zanzibar regions by a factor of approximately 100 mm and 350 mm respectively. 
The WSM5 scheme overestimated the rainfall over the Morogoro and Tanga re-
gions by more than 100 mm while the Thompson and Milbrandt schemes overes-
timated rainfall over the Tanga region by more than 150 mm. The WSM6 and 
Kessler schemes had the highest PC values of 0.79 compared to the Lin scheme 
which had a value of 0.68. The lowest-performing MPs in terms of PC value were 
the Thompson, Milbrandt and the WDM6 schemes where they all had a correla-
tion value of 0.37. 

To further compare and evaluate the simulation using the OBS, the Root Mean 
Square Error (RSME) and the Mean Absolute Error (MAE) were used. This will 
enable us to further evaluate which among the tested combinations of LSMs and 
microphysics schemes did better in simulating the rainfall event.  

From Figure 13(a) and Figure 13(b), the combination of the 5-Layer Slab and 
Kessler scheme produced the highest RMSE of 93.4 mm and it also produced the 
highest MAE value of 44.42 mm. In terms of the error magnitude, this combina-
tion had the worst performance among all other combinations. On the other hand, 
the error magnitude of CLM4-WSM6 was the smallest among all others with val-
ues of 37.9 mm and 23.99 mm respectively showcasing the combination’s ability 
to simulate this rainfall event. A point worth noting is that the WSM6 MP’s com-
bination with RUC and CLM4 LSM produced the highest PC as well as the lowest 
MAE and RMSE respectively. 

Those are the results of the rainfall accumulated from the OBS compared to the 
simulated rainfall produced under the combination of five different LSMs and 
seven Microphysics schemes. Generally, most of the combinations were able to 
simulate the highest rainfall center which was over DIA station. Except for the 
Kessler scheme, most MPs underestimated the rainfall amount under all the 
LSMs. In terms of the coverage, the Kessler scheme simulated the rainfall over a 
smaller spatial area compared to other schemes although it produced the highest 
amount of rainfall leading to the overestimation of the Kessler scheme. It should 
be noted that the combination of RUC LSM and WSM6 Microphysics produced 
values that have a very high correlation with the observation while the combina-
tion of Noah LSM and WDM6 produced the lowest correlated values with the 
observation. On the other hand, the combination of Noah-MP and the Kessler 
scheme produced a very close value to the rainfall observed at the DIA station as 
it simulated a value of only 0.8 mm less than the observed one. On average, the 
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WDM6 microphysics performed poorly compared to other MPs and the Noah 
LSM was the worst-performing LSM as far as PC is considered. Though all of the 
simulations were able to show the high rainfall band over eastern Tanzania, none 
was able to accurately simulate an amount close to the one observed over Kigoma 
station although some LSM schemes were able to simulate the rainfall over that 
area showcasing the importance of land surface scheme in rainfall simulation over 
different areas. 

 

 
Figure 13. The RMSE in mm (a) and MAE in mm (b) between the accumulated rainfall observed over 25 stations and the simulated 
values of 3 days accumulated rainfall from 0600UTC 31st October 2023 to 0000UTC 03rd November 2023 for the simulated values. 
For (b) the pink circle is the 5-Layer Slab LSM, the brown circle represents the Noah LSM, the green circle represents the RUC LSM, 
the blue circle represents the Noah-MP LSM and the purple circle represents the CLM4 LSM. 

3.3. Performance of Different LSMs on the Rainfall Event When  
Compared with CHIRPS Satellite Dataset 

In this section, the performance of different combinations of the WRF model’s 
LSM and MPs was evaluated using the CHIRPS gridded dataset. Similarly, d02 
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was used in the analysis. The spatial distribution of the rainfall event as recorded 
by the CHIRPS dataset is shown on Figure 14. 
 

 
Figure 14. 31st October 2023 to 2nd November 2023 accumulated rainfall distribution over Tanzania 
using the CHIRPS dataset (in mm). The grey circle represents the location of the maximum rainfall. 

 
Similarly to the observation from the ground station, the CHIRPS dataset also 

depicts high rainfall activities over the eastern part of the country with the maxi-
mum amount being 258.9 mm located at the northeastern highlands of the coun-
try at latitude 3.0708˚S and longitude 37.367˚E. The north and western parts of 
the country experienced moderate rainfall activities same as some of the southern 
parts of the country. The central part had little to no rainfall activities while the 
remaining parts of the country had experienced little rainfall. This distribution of 
rainfall was used to evaluate the performance of the different combinations of 
LSMs and MPs of the WRF model in terms of its PC (Figure 15). 

The performances of MPs under the same LSM were almost the same as it is 
shown by the clustering of the MPs in Figure 15 except for the Kessler scheme 
whose high RMSD caused it to not be clustered with other MPs. The highest PC 
was achieved by the combination of 5 Layer Slab LSM and the WSM6 MP which 
had a value of 0.578. This PC is not as high as the highest PC when the simulations 
were evaluated using OBS because the CHIRPS dataset had a lot of rainfall activi-
ties, particularly in the northern part and the western part of the country while 
most WRF simulations and the ground observation data had few scattered rainfall 
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activities over those areas. On the other hand, the combination of Noah LSM and 
WDM6 MP had the lowest PC of 0.409 compared to other LSMs followed by the 
combination of 5 RUC and the Kessler scheme which had a PC value of 0.44. This 
is because these two combinations had fewer rainfall activities over the southern 
parts of the country as well as the western part of the country (Figure 5(g) and 
Figure 7(a) respectively). Other combinations had values ranging between 0.451 
to 0.560 as shown in Table 2. 

 

 
Figure 15. The Taylor diagrams showing the performance of seven MPs under five LSMs which are (a) 
5 Layer Slab, (b) Noah, (c) RUC, (d) Noah-MP and (e) CLM4. 
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Table 2. Pattern Correlation (PC) of different combinations of seven MPs and five LSMs. 

 5 Layer Slab Noah RUC Noah-MP CLM4 

Kessler 0.451 0.471 0.441 0.465 0.487 

Lin 0.547 0.547 0.561 0.542 0.526 

WSM5 0.556 0.521 0.521 0.533 0.554 

WSM6 0.578 0.481 0.558 0.541 0.515 

Thompson 0.519 0.515 0.538 0.526 0.52 

Milbrandt 0.523 0.53 0.536 0.506 0.52 

WDM6 0.53 0.409 0.4997 0.49 0.51 

 
On average the 5 Layer Slab had the highest average PC of 0.529 showing that 

a lot of MPs under this LSM had high PC values while the Noah LSM had the 
lowest average PC value of 0.496 among all the LSMs. When MPs are compared 
then the Lin scheme had the average highest PC value of 0.544 while the Kessler 
scheme had the lowest value of 0.463. The difference between the highest and low-
est average values is not big showing that when the simulations of this event are 
compared with the CHIRPS dataset, they have almost the same performance in 
terms of PC. 

4. Discussion 

In this section, the overall performance of each LSM and MP is further discussed 
to properly evaluate the performance of the different LSMs and MPs combina-
tions’ ability to simulate this particular rainfall event. Figure 16 shows the perfor-
mance of individual MPs and LSMs in terms of RMSE when evaluated using both 
OBS and CHIRPS datasets. 

From Figure 16(a) and Figure 16(c), the Kessler scheme had the highest RMSE 
which was caused by its overestimation over the eastern part of Tanzania for both 
OBS and CHIRPS. Especially for the CHIRPS dataset, the Kessler scheme perfor-
mance was not good considering other MPs had almost the same performance 
and very low RMSE value compared to the Kessler scheme. On the other hand, 
the WSM6 had the lowest RMSE value when compared against OBS while the Lin 
scheme had the lowest median value showing that the combinations of most LSMs 
and the Lin scheme produced low RMSE values. This is also observed when it is 
compared using the CHIRPS whereby it had the lowest overall RMSE even though 
the lowest RMSE value was produced by WSM6. For the LSMs, there was a great 
variation when they were evaluated using OBS (Figure 16(b)). The CLM4 pro-
duced the lowest RMSE value while the RUC LSM had the lowest median value. 
The two outliers by the 5-Layer Slab and the CLM4 LSM were both produced 
when they were combined with the Kessler scheme. As for the comparison with 
the CHIRPS dataset (Figure 16(d)), there were no big variations between the 
LSMs, all the RMSE values were in the range of 20 mm to 23 mm with the 5-Layer 
Slab producing the lowest value while the Noah-MP had the lowest median value. 
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The outliers for all the LSMs were once again produced by the Kessler MP, reflect-
ing its very high RMSE which can be seen in Figure 16(c). 
 

 
Figure 16. The performance of LSM and MP expressed as RMSE in mm where (a) and (c) are the MPs performance when evaluated 
against observation data from the ground station and CHIRPS dataset respectively while (b) and (d) show the LSMs performance 
when evaluated against observation data from the ground station and CHIRPS dataset respectively. 
 

When it comes to MAE (Figure 17), the performances of LSMs and MPs were 
almost the same as those of RMSE. The Kessler scheme had the overall highest 
MAE values for both OBS (Figure 17(a)) and the CHIRPS datasets (Figure 17(c)).  

The underperforming of the Kessler scheme which was caused by its overesti-
mation of rainfall can be attributed to its linear approach to autoconversion which 
tends to not account for the variations in the concentration of droplets as well as 
the size distribution [44] [45] and also it tends to struggle in predicting different 
autoconversion rates for maritime versus continental clouds [45]. As observed by 
[46], Kessler’s autoconversion rate which increases (decreases) with higher 
(lower) coefficients or lower (higher) threshold liquid water content tends to im-
pact the precipitation development and the overall accuracy of cloud-related mod-
eling in various atmospheric simulations which could be one of the factors as to 
why it was outperformed by other MPs. On the other hand, the WSM6 MP had 
the lowest MAE values for both OBS and the CHIRPS datasets and also the lowest 
median value highlighting its ability to simulate this particular rainfall event. The 
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good performance of WSM6 could be attributed to its ability to enhance rainfall 
intensity due to additional hydrometeor categories in high-resolution grids [29]. 
The WSM6 hydrometeors presentation improves rainfall simulation by incorpo-
rating new mass-weighted sedimentation velocities for snow and graupel, enhanc-
ing the mixing ratio distribution, and alleviating excessive precipitation issues, 
leading to more accurate representations of observed precipitation patterns, par-
ticularly in short-term rainfall forecasting. Though WSM6 had the best perfor-
mance in this study, its performance varies based on the meteorological context 
and the specific event being simulated [47]. For the LSM, the RUC had the lowest 
MAE value among others while also having the lowest median as well when com-
pared using the CHIRPS dataset but it was second behind CLM4 LSM in terms of 
the lowest value when it was evaluated using the OBS while it had the lowest me-
dian value.  
 

 
Figure 17. Same as Figure 16 but for MAE in mm. 
 

Overall, the varying performances of different combinations of LSMs and MPs 
indicates that the selection of LSM and MP plays a crucial role in accurately sim-
ulating extreme weather events [8] [48]-[50]. This is vital in improving the fore-
casting capabilities in regions prone to such events like Tanzania, which in turn 
might improve the early warning system regarding weather hazards as better 
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forecasts can lead to better preparedness for extreme events. However, a detailed 
study under different meteorological conditions as well as a longer period is rec-
ommended in order to validate the robustness of these combinations as these re-
sults were drawn from a specific rainfall event. 

5. Conclusions 

This study evaluated the performances of five LSMs and seven MPs in simulating 
an extreme event in Tanzania using the WRF model. The results revealed signifi-
cant variability in the accuracy of rainfall simulations among the different model 
configurations. Notably, the WSM6 demonstrated superior performance when it 
was paired with CLM4 and 5-Layer Slab when it was evaluated against observation 
from ground stations as well as gridded satellite data (Chirps) respectively, partic-
ularly in terms of RMSE and MAE compared to other configurations. 

Furthermore, the findings underscore the importance of utilizing observational 
data from ground stations and satellite datasets, such as CHIRPS, to validate the 
output of the model effectively. 

Although this study focuses on a single extreme rainfall event, it provides valu-
able insights into the performance of different LSM and MP combinations. That 
being said, the results of this study may not generalize to other rainfall events or 
regions with distinct climatic or topographic conditions in other time periods. 
Our future work will explore a series of events across different seasons to assess 
the robustness of the identified configurations. Furthermore, we will focus on re-
fining the model parameters while exploring other physical optimization schemes 
such as Cumulus, planetary boundary layer as well as radiation schemes all of 
which can significantly impact rainfall intensity and distribution.  
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