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Abstract 

This paper evaluates the skills of physical Parameterization schemes in simu-
lating extreme rainfall events over Dar es Salaam Region, Tanzania using the 
Weather Research and Forecasting (WRF) model. The model skill is deter-
mined during the 21 December 2011 flooding event. Ten sensitivity experi-
ments have been conducted using Cumulus, Convective and Planetary boun-
dary layer schemes to find the best combination and optimize the WRF model 
for the study area for heavy rainfall events. Model simulation results were ve-
rified against observed data using standard statistical tests. The model simula-
tions show encouraging and better statistical results with the combination of 
Kain-Fritsch cumulus parameterization scheme, Lin microphysics scheme and 
Asymmetric Convection Model 2 (ACM2) planetary boundary scheme than 
any other combinations of physical parameterization schemes over Dar es Sa-
laam region. 
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1. Introduction 

Extreme rainfall events are among the devastating weather phenomena since they 
are frequently followed by flash floods, landslide and sometimes accompanied by 
severe weather such as lightning, hail, strong surface winds and intense vertical 
wind shear [1] [2]. Tanzania has been impacted by extreme climatic conditions 
such as floods and droughts [3] [4]. These events have caused losses of life, prop-
erty and destruction of environment [5]. Examples of the loss caused by floods 
in the region are the damage both to life and property experienced throughout 
the country during the 1997/1998 El-Nino associated with floods, and the 2011 
floods that wrecked the coastal city of Dar es Salaam. Prediction of extreme rain-
fall events in Tanzania can therefore be of considerable economic value to vari-
ous sectors such as agriculture, water resources, tourism, hydropower, industry 
and the community at large. 

Extreme rainfall events that often occur in Dar es Salaam coastal city are influ-
enced by variations of climate due to its physical topography, monsoon winds and 
ocean influences (Indian ocean) [6] [7]. About 8% of its land lies below 10 m 
above mean sea level and considering the low-lying nature of the coastal areas in 
the city, climate change and sea-level rise present additional flood major weath-
er-related threats to the population, infrastructure and other scio-economic devel-
opment in the coastal zone [8] [9]. The main objective of Numerical weather pre-
diction is to describe better the behavior of the atmospheric physical processes 
that affect weather events and use them in the model to estimate the state of the 
atmosphere at some time in the future [10] [11]. These physical processes are 
called parameterization schemes. 

There are five types of parameterization schemes used in numerical weather 
prediction models which are; radiation, land surface model, microphysics (MP), 
cumulus (CP) and Planetary Boundary Layer (PBL) [12]. These schemes play a do-
minant role in the initiation and development of weather systems such as convec-
tive rainfall events and storms, land-sea breezes, thermal boundaries and moun-
tain valley circulations ([13] [14]). The skill of these parameterization schemes vary 
with specific events and regime. Thus, this study aims at determining the best CPSs, 
MPs and PBL parameterization schemes and their combination in simulating the 
extreme rainfall events over Dar es Salaam. 

In Tanzania, the complex topographical landscape, numerous large inland water 
bodies, variation in vegetation types and land-ocean contrast present additional 
difficult to forecast heavy rainfall [6] [7]. Therefore, investigations are required 
to understand the physical properties of small scale meteorological processes which 
have a great influence on the precipitation simulated and also play an important 
role in determining the vertical structure of temperature and moisture fields of 
the atmosphere [15]. 

The parameterization of smaller scale phenomena is a challenge in numerical 
modeling of weather and climate [16]. In the WRF model, users have the flex-
ibility to select from different physical parameterization schemes [17] [18] such 
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as land surface, boundary layer, convection, cloud microphysics, radiation schemes. 
However, this choice depend on the location of interest, type of application, spa-
tial and temporal resolutions or the type of the prevailing weather phenomena of 
the region [18]. Selecting the right combination of the physical schemes, espe-
cially cumulus and microphysics schemes is essential for better performance of 
the model’s rainfall prediction which eventually improves the forecast skill of the 
model [19]. 

In Tanzania, some studies have been conducted using WRF model such as Lu-
hunga et al. [7]; Kondowe et al. [20] and Mlonganile et al. [21]. Kondowe et al. 
considered six different cumulus schemes to study their impacts on quantitative 
rainfall forecast over Tanzania using WRF model; Mlonganile et al. considered 
WRF 4-dimensional Variational data assimilation with two cumulus scheme to 
simulate extreme rainfall event over Dar es Salaam. However, limited research 
on assessing the skills of existing cumulus, microphysical and planetary boun-
dary layer schemes of the model has been carried out to accurately forecast an 
extreme rainfall event such as that of 21st December 2011 which resulted to sig-
nificant flooding within Dar es Salaam coastal region. 

This study investigated the most suitable combination of physical parameteri-
zation scheme of WRF model to simulate the Dar es Salaam extreme rainfall event 
of 21st December 2011 using high resolution model. The specific scientific ques-
tions addressed in this study are: 

1) How extreme rainfall forecasting is sensitive to the physical parameteriza-
tion schemes? 

2) Which combination of physical parameterization schemes accurately simu-
lated the extreme rainfall event? 

Description of the domain as used in the study, experiment design, WRF model 
set-up and the physics parameterizations used is presented in Section 2 and the 
results in Section 3. 

2. Materials and Methods 
2.1. Study Region 

The study was carried over Tanzania with Dar es Salaam as the case study (Figure 
1). Dar es Salaam is located in the Eastern part of Tanzania mainland between 
latitude 6.36˚ and 7˚ South and longitudes 36˚ to 39˚ East and to her East is the 
Indian Ocean. Three domains (Figure 3) for the study with the first domain at 
horizontal resolution of 27 km to mesoscale processes which are downscaled us-
ing the second domain at a horizontal resolution of 9 km. The third domain 
contains Dar es Salaam at a horizontal resolution of 3 km and is suitable to un-
derstand physical processes over the coastal region of Tanzania especially the 
extreme rainfall that occurred on 21st December 2011 over Dar es Salaam. 

2.2. The Extreme Rainfall Event of 21 December 2011 

On 21st December 2011 extreme rainfall event occurred in Dar es Salaam (Figure 
2), Tanzania and caused flooding of coastal areas. The flooding event caused  
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Figure 1. The map shows some key weather stations in Tanzania. Dar es Salaam 
is the main study area. 

 

 
Figure 2. The bar chart showing total rainfall observed over Tanzania 
stations on 21st Dec. 2011. 
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significant negative impacts to the country’s economy. About 43 people were 
reported dead; hundreds of people made homeless; caused severe destruction of 
infrastructure e.g. houses, roads and bridges. The 3-day (i.e. 20th-22nd December 
2011) accumulated rainfall was recorded as 260:2 mm at Julius Nyerere Interna-
tional Airport (JNIA) Station and the heaviest rainfall in 24hrs observed on 21st 
December 2011 was 156:4 mm which was well above 117:8 mm December monthly 
mean (TMA, 2011) as shown in Figure 1. According to the Tanzania Meteorolog-
ical Agency (TMA) this amount of rainfall was record breaking in the 58 years 
since the establishment of the station in 1953. 

2.3. Data 

The daily observed rainfall data for the period 14 - 28th December 2011 for Dar 
es Salaam was obtained from Tanzania Meteorological Agency (TMA) along 
with rainfall data for other 14 stations (Figure 1) for spatial analysis. The initial 
and lateral boundary conditions to run the model were obtained from the Na-
tional Centers for Environmental Prediction at a horizontal resolution of 1˚ × 1˚ 
degree [22] and it is updated every six hours. 

2.4. The WRF Model 

The study used the Advanced Research core of WRF model (WRFV3.7). The model 
is developed by the National Center for Atmospheric Research (NCAR), USA. 
WRF has both options of fully compressible non-hydrostatic and the hydrostatic 
option, primitive equation model and also multiple nesting options to increase 
resolution over the simulation area [23] [24]. The WRF model also has advanced 
dynamics, physics, and numeric schemes [25] and uses terrain-following hydros-
tatic pressure coordinate system with permitted vertical stretching. It uses the 
Arakawa C grid staggering for horizontal discretization. 

The WRF model governing equations for water species as described in [23] is 
expressed as: 
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In the Equations (1)-(3) the 3D advection terms are defined as [23]; 
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The sedimentation term is defined as: 
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where , ,v cQ Q and xQ are the mixing rations of water species; v-water vapor; c- 
cloud water; r-rain water; i-cloud ice; s-snow; g-graupel; h-hail, sE  is the sur-
face moisture flux, aρ  is the air density, V is the 3-D wind vector, xQ V  is the mass 
weighted terminal particle fall speed, QvS , QcS and QxS  are the source and sink 
terms. 

2.5. Experiment Design 

The study was conducted using the WRF model version 3.7.1 and used three 
domains (Figure 3). The simulation was from 14-28th December 2011 in order to 
ensure sufficient spin-up and model stability (i.e. prior 7 days and 7 days after the 
event) [25]. The tested performance of several combinations of physical paramete-
rization schemes forming 10 experiments (Table 1). The parameterization schemes 
used included cumulus schemes (the Kain-Fritsch scheme [26]; the Grell-Freitas 
scheme [27] and the Betts-Miller Janjic scheme [28]); the microphysical schemes 
(the Lin scheme [29]; the WRF Single-Moment 6-class scheme [30] and the New 
Thompson scheme [31]) and the planetary boundary layer schemes (the Yonsei 
University scheme [32]; the Mellor-Yamada-Janji’c scheme and the Asymme-
tric Convection Model II scheme [33]) and the Noah Land Surface model as 
well as the rapid radiative transfer model (RRTM) [34]. The combinations of 
 

 
Figure 3. The figure shows the model domain used. The first domain 
has a horizontal resolution of 27 km, the second 9 km and the third 
domain at 3 km. 
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Table 1. Sensitivity experiments using different combinations of physical parameteriza-
tions: CU is the cumulus scheme; MP is the microphysical scheme and PBL is the plane-
tary boundary layer scheme. 

CU MP PBL COMBINATION 

KF Lin ACM2 KLA 

GF Lin ACM2 GLA 

GF WRF6 ACM2 GWA 

GF WRF6 YSU GWY 

BMJ Lin ACM2 BLA 

GF Thompson YSU GTY 

BMJ WRF6 ACM2 BWA 

GF Lin YSU GLY 

KF WRF6 YSU KWY 

BMJ Thompson ACM2 BTA 

    

 
parameterization schemes used in the study have been suggested by Mayor & 
Mesquita [12]; Gilliland & Rowe [35] and Hasan et al. [15] and we used the 
Mercator map projection for projecting the nested domain (Figure 3) with the 
parent domain extending from 50 to 390. The model top was set at 50 hPa with 
35 vertical layers. 

2.5.1. Description of Selected Cumulus Schemes, Cu 
 The Kain-Fritsch (KF) scheme is a one of the mass flux schemes that uses 

downdraft and CAPE (Convective Available Potential Energy) removal time 
scale and it includes cloud, rain, ice, and snow detrainment and cloud persis-
tence over convective time scale. The scheme can account for the small-scale 
processes that lead to the development of convection [26]. 

 The Betts-Miller-Janji’c (BMJ) is an adjustment type scheme that has deep 
and shallow profiles. It has no explicit updraft or downdraft and no cloud 
detrimental [28]. 

 The Grell-Freitas (GF) scheme is a modification of the Grell-Devenyi [27] en-
semble scheme and is a multiclosure, multiparameter ensemble method with 
typically 144 sub-grid members that tries to smooth the transition to cloud re-
solving scales. It has explicit updrafts and downdrafts and includes cloud and 
ice detrimental. 

2.5.2. Description of Selected Microphysical Schemes, Mp 
 The Lin et al. [29] scheme (Lin) includes ice, snow, and graupel processes, 

suitable for real-time high resolution simulations. 
 The WRF Single-Moment 6-class scheme (WSM6) includes ice, snow and 

graupel formation processes [30]. 
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 The New Thompson et al. scheme (Thompson) includes ice, snow, and graupel 
processes suitable for high-resolution simulations; it also adds rain number 
concentration apart from the ice number calculations done in the model 
[36]. 

2.5.3. Description of selected Planetary Boundary Layer Schemes, Pb 
 Yonsei University (YSU): it is a first-order non-local scheme, with a counter 

gradient term in the eddy-diffusion equation that parameterizes the distribu-
tion of heat, moisture, and momentum in the part of the atmosphere directly 
influenced by the earth’s surface [32]. 

 Mellor-Yamada-Janji’c: is a second-order, single point locally-closed scheme 
at which diffusion rates per layer are determined by the wind, moisture, and 
temperature conditions at a particular layer’s top and bottom interface [28]. 

 Asymmetric Convection Model 2 (ACM2): explicitly treats the upward and 
downward transport of conserved atmospheric scalars with local eddy diffu-
sion through a combination of both local and non-local closure methods 
[36]. 

Every experiment will be called a combination of the Cumulus_Microphysics_ 
Planetary boundary layer options; for example K_L_A refers to the experiment 
that combined Kain-Frisch cumulus parameterization scheme, Lin et al. micro-
physics scheme with Asymmetric Convection model planetary boundary layer 
scheme. Our study includes all 10 possible combinations of the parameteriza-
tions (see Table 1). 

Parameterization schemes are important because they strongly influence model 
forecasts and interact with each other indirectly through their changes to the model 
variables. A wet ground surface can lead to strong latent heat flux during the 
daytime and the development of a shallow and moist planetary boundary layer. 
Furthermore, at the top of the boundary layer cumulus clouds form and a few of 
these could eventually grow into rain. 

The interactions between physical process parameterizations in WRF are pre-
sented in Figure 4. 

2.6. Analysis Methods 

The study mainly used parametric performance measures namely the root mean 
square error (RMSE), the mean absolute error (MAE) and bias (or mean error) 
as described by Mugume et al. [38] and the Pearson moment product correlation 
to analyze the association between observed and simulated rainfall. Yang et al. 
[39] defined the bias, MAE, RMSE and CORR in (Equations (4)-(6)) respectively 
as the degree of correspondence between the mean predicted (P) and mean ob-
served rainfall (O). The smaller the magnitude of bias the better is the model 
performance. Negative values of bias indicates that the model is under predicting 
while positive values of bias indicate that the model is over-predicting. 

( )
1

1 N

i i
i

Bias P O
N =

= −∑                         (4) 
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Figure 4. Interactions between physical parameterizations in WRF 
model. Source: [37]. 

 
i  is the ith data point and N is the total number of corresponding paired data 

points of predicted (P) and observed (O). The MAE is the arithmetic mean of 
the error magnitudes between the predicted and observed. It is given mathemat-
ically by Equation (5) 

1

1 N

i i
i

MAE P O
N =

= −∑                        (5) 

The RMSE is the square of arithmetic mean squared error between the pre-
dicted and observed and is the good overall measure of the model performance 
because of the weighing of predicted to its observed rainfall by its square which 
tends to inflate RMSE, especially when we have extreme values. For a perfect mod-
el, the RMSE must approach zero. 
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The Pearson’s correlation coefficient (CORR), is a measure of linear correla-
tion between the observations (O) and simulation (prediction) (P) 
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3. Results and Discussions 
3.1. Overview of Extreme Rainfall Event 

The accumulated rainfall over Tanzania during the period 20th-22nd December 
2011 is presented using Figure 5. The period 20th-22nd December 2011 was  
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(a)                                                          (b) 

Figure 5. (a) Shows the total rainfall amount observed over Tanzania on 21st Dec. 2011; and (b) Shows the total 3 day rainfall 
amount observed over Tanzania. 

 
generally a wet period that lead to flooding over many parts of Tanzania espe-
cially Dar es Salaam. Julius Nyerere International Airport Station in Dar es Sa-
laam recorded the highest rainfall amount on 21st December 2011 of 156.4 mm. 
The heavy rainfall event of 21st December 2011 that resulted into flooding event 
over Dar es Salaam was due to convergence of moist northeasterly winds from 
Indian Ocean and the southerlies which changed to westerly winds from south 
of Indian Ocean in Mozambique Channel near Dar es Salaam and led to insta-
bility. This instability enhanced westerly flow disturbance and lead to heavy 
rainfall. There was lee trough in vicinity of Madagascar which was a temporary 
synoptic feature in wettest day and seasonal trough in north of Indian Ocean 
which also influenced the convergence near Dar es Salaam further enhancing the 
heavy rainfall. 

3.2. Performance of Parameterization Schemes 

The performance of the selected parameterization schemes is presented using 
Figure 7 and Figure 8 and additional analysis illustrated using Figure 10. In 
Figure 7, results for KLA experiment show that by 0000UTC, the precipitation 
tendency of more than 50 mm covered the coast including Dar es Salaam which 
spread off coast to Indian Ocean by 0600UTC. By 1200UTC the rainfall had 
spread in-land north of Morogoro and by 1800UTC the nearly the entire eastern 
part of Tanzania had been covered by precipitation tendency of more than 50 
mm. 

The results for GTY experiment show that by 0000UTC precipitation tenden-
cy of more than 50 mm covered far in-land off the coast in areas of Iringa and 
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Mahenge but for Dar es Salaam at the same time, 10 - 20 mm was simulated. By 
0600UTC precipitation tendency of more than 50 mm had developed over coast 
and Mtwara region moving westwards and covering the southern part of Tanza-
nia by 1200UTC. By 1800UTC, precipitation tendency had generally decreased 
over the study domain to about 5 - 20 mm. From the results presented by Figure 
7 and Figure 8, we observed that using KLA combination, WRF model reasona-
bly simulated excess rainfall over Dar es Salaam when compared with observed 
rainfall over JNIA (Figure 5) and in agreement with satellite images (Figure 6). 
The TGY combination scheme failed to locate the extreme rainfall and consi-
dered this combination to have a wide spatial rainfall displacement illustrated by 
the spatial bias (Figure 8). 

The performance of other combinations is presented using time-series Figure 
9 and summarized using Table 2. These results are in line with the KLA experi-
ment and show that it compared reasonably well with observed rainfall. The 
KLA experiment had the smallest RMSE: 12.53; MAE: 5.80 and highest correla-
tion coefficient of 0.96. 

Additional analysis of results presented in Table 2 showed that the maximum 
values of root mean square error, and mean bias with minimum correlation coef-
ficient are for Thompson, ACM2 and BMJ combination, while the minimum val-
ues of root mean square error and mean bias with the highest correlation coeffi-
cient are for Lin, ACM2 and KF combination. This means the WRF model has 
high-performance on extreme rainfall prediction for Lin, ACM2 and KF combi-
nation. 

The results from Table 2 has been supported by Figure 9(a) and Figure 9(b) 
which shows the inter-comparison of output data simulated using the combina-
tion of physical parameterization schemes as shown in Table 2 and those ob-
served from rain gauge station. The inter-comparison graph with the combina-
tion Lin, ACM2 and KF (KLA) is very close to observation data. Thus the WRF 
model shows good performance on prediction of extreme rainfall events over Dar 
es Salaam for KLA combination. 

 

 
Figure 6. Visible satellite image for 0900UTC on 21 
December 2011, Source: http//www.eumetsat.int. 
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(a)                                       (b) 

 
(c)                                       (d) 

Figure 7. Accumulated rainfall (mm) during December 21, 2011 over Dar es Salaam with 
(KF, Lin and ACM2) schemes over Dar es Salaam valid for 21 December 20115 at 0018 
UTC. 

3.3. Analysis of Dar es Salaam Extreme Rainfall 

Lateral boundary condition (LBC) ERA interim reanalysis data were used to en-
sure that WRF model is forced with meteorological data that accurately describe 
the synoptic situation for the Dar es Salaam study. [37] stated that fluxes of heat, 
moisture, and momentum should be well defined in the initialization and LBCs, 
so that the limited-area model can treat all meteorological processes within the  
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(a)                                       (b) 

 
(c)                                       (d) 

Figure 8. Accumulated rainfall (mm) during December 21, 2011 over Dar es Salaam with 
(TH, GF and YSU (TGY)) schemes over Dar es Salaam valid for 21 December 20115 at 
0018 UTC. 
 
integration domain reasonably well. This also contributes to avoiding artificial 
dynamical feedbacks between grids that can cause instability in the model simu-
lations [21]. The analysis of synoptic conditions for surface temperature, sea lev-
el pressure and wind field is presented using Figure 10. Results of Figures 
10(a)-(d) generally showed that the Indian Ocean was comparatively warmer 
i.e. over 70˚F than the land masses over the study domain. A deep low developed 
over Madagascar whose effects spread towards Dar es Salaam coast bringing  
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(a)                                                          (b) 

Figure 9. The inter-comparison of station observed and model simulated accumulated rainfall (mm) with different parameteriza-
tion schemes (MPS, CPS and PBLSs) over Dar es Salaam valid for 21 December 2011 5 at 0000 UTC to 0018 UTC. (a) Parameteri-
zation combination using Lin microphyiscal scheme; (b) Parameterization combination using WRF6 microphyiscal scheme. 

 
Table 2. Error index for extreme rainfall using different combinations of physical parameterizations. 

COMBINATION RMSE MAE CORRELATION 

KF, Lin, ACM2 12.53 5.80 0.96 

GF, Lin, ACM2 27.34 10.42 0.89 

GF, WRF6, ACM2 41.91 17.22 0.44 

GF, WRF6, YSU 46.03 21.09 0.32 

BMJ, Lin, ACM2 15.18 7.71 0.94 

GF, TS, YSU 45.39 20.81 0.41 

BMJ, WRF6, ACM2 14.83 7.95 0.89 

GF, Lin, YSU 46.51 21.19 0.28 

KF, WRF6, YSU 42.80 19.59 0.37 

BMJ, TS, ACM2 46.51 21.29 0.13 

 
heavy rainfall that led to flooding. The lateral boundary condition data (LBCs) 
used for the WRF simulation reasonably describe the synoptic condition de-
picted in our study. Consequently, the WRF model was able to reproduce well 
the deep low developed over the Madagscar Island where moisture and heat 
combined to produce extreme rainfall event over Dar es Salaam Region. 

4. Conclusion 

In this study, sensitivity experiments have been conducted with the WRF ARW 
model to evaluate the impact of parameterization schemes (cu, mp and pbl) on 
simulating heavy rainfall event that occurred over Dar es Salaam on 21 Decem-
ber 2011 and the model results have been validated with observations. A statis-
tical analysis based on RMSE, MAE and CORR is performed for comparing the 
simulated and observed data with different parameterization schemes. In all ex-
periments, the design was identical in terms of domain resolution, boundary data 
and simulation period. The WRF model was able to simulate the synoptic situa-
tion which invaded Dar es Salaam during December 21, 2011. The combination 
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(a)                                                           (b) 

 
(c)                                                          (d) 

Figure 10. The geopotential pressure, temperature and wind simulated (hPa, F, Knots) over Dar es Salaam valid for 21 December 
20115 at 0000 UTC to 1800UTC. 
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of Lin, Kain-Fritsch and Asymmetric Convection Model 2 parameterization scheme 
performed better than other combinations. The model simulation of the synop-
tic situation was in agreement with the previous studies over Tanzania [17] who 
studied the Impacts of grid spacing and cumulus schemes on the quality of rain-
fall forecasts over Tanzania using different cumulus parameterization schemes 
and found KF scheme performs better than other schemes in simulating heavy rain-
fall events in Tanzania. A detailed study is however recommended for a longer 
period (e.g. a season) to generate a data-set that can have robust statistical tests. 
After analyzing the datasets, graphical comparison analysis it can be concluded 
that the WRF ARW model with Kain Frisch, Lin, ACM2 (KLA) parameteriza-
tion schemes has well simulated the extreme rainfall event as compared to other 
convective combination parameterization schemes. The results of these analyses 
have demonstrated the capability of high resolution WRF ARW model in simula-
tion of extreme events and found out the suitable parameterization schemes (MPS, 
CPS and PBLSs) for Dar es Salaam region. 
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