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A B S T R A C T   

In developing countries, urbanization is dominated by the growth of informal settlements which 
represents 40–80% of major cities. The challenges brought up by the growth of informal settle-
ments spans from social-economic to environmental. Previously, upgrading of the informal set-
tlements focused on social-economic aspects such as provision of necessary services for the 
residents, whereas the quality of the outdoor thermal environment has not received much 
attention. This paper entails to investigate the potential of upgrading the outdoor thermal 
environment in informal settlements in the warm humid city of Dar es Salaam, Tanzania through 
examining the influence of addition of trees with different Leaf Area Index (LAI) and incremental 
increase of buildings heights. The study uses simulation as a method for analysis of the warm 
season and calculates the Physiological Equivalent Temperature (PET) as a thermal index. Results 
show substantial improvement of both microclimate and outdoor thermal comfort. Incremental 
increase of buildings heights in a street canyon to 12, 18, and 24 m leads to the reduction of PET 
by 2.5, 2.8, and 3.8 ◦C respectively at 2:00 p.m. Similarly, applying LAI’s of 2, 4, and 6 m2/m2 

leads to reduction of the mean radiant temperature by 7.9, 10.1, and 12.2 ◦C; while PET was 
reduced by 3.9, 4.7, and 5.6 ◦C respectively at 2:00 p.m. Nonetheless, upgrading of informal 
settlements shows marginal influence on the reduction of air temperature. Despite the noted 
thermal improvement in the studied area, the thermal comfort limits of the warm season were 
difficult to reach. The findings suggest that addition of vegetation is the economically most 
effective way for upgrading thermal conditions in informal urban fabric areas.   

1. Introduction 

Urban microclimate encompasses complex processes influenced by the interaction of microclimate variables and the urban fabric. 
Microclimates within urban centres differ substantially from those in the surrounding natural environment as each urban fabric 
element - buildings, roads, parking areas, factories, etc. - interact with climatic variables to create a modified microclimate [1]. The 
climatic variables such as air temperature, humidity, wind speed, solar radiation, and soil temperature are very sensitive to any 
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3-dimensional changes in the urban areas [2], as built up areas directly influence the microclimate in an urban environment [3]. Each 
urban area creates its own microclimate and leads to spatial variability of microclimate and consequently outdoor thermal comfort [4, 
5]. Several studies have reported microclimate and outdoor thermal comfort differences between low-rise and high-rise building areas 
[6–10]. Similarly, each urban setting faces its own climate related challenges. Climate-related environmental challenges in tropical 
regions include poor dispersion of air pollutants (generally low wind speeds and lack of ventilation); high incidences of human 
discomfort and heat stress, which decreases productivity and increases mortality due to heat related illness; and, space cooling needs 
which increases energy usage, which, in turn may exacerbate climate change [11,12]. A notable example is Dar es Salaam, where 
low-rise, dense, informal settlements areas are more stressful urban spaces than formal urban areas, posing thermal discomfort 
challenges in the informal areas [10]. It is argued that improved urban designs that maximize thermal comfort can raise the quality of 
life in general, as well as helping urban dwellers cope with the episodes of hot weather and allowing year-long outdoor activities 
[13–15]. 

Several studies [6,8,16–19] have investigated spatial variability of microclimate and outdoor thermal comfort in the formal urban 
fabric settings in warm humid climates. Conversely, only a few studies [9,10,20] have explored these issues in the informal settlements 
in warm humid climates. Informal settlements are defined as urban areas where the residents often have no security of tenure of the 
land or dwellings they occupy. Moreover, these neighbourhoods are usually lacking essential services and infrastructure, and housing 
does not comply with planning and building regulations [21]. Globally, it is established that 1 billion people are residing in informal 
settlements with the majority located in the countries in the Global South [22]. A study [23] shows that informal settlement residents 
are projected to increase to 2 billion by 2030 and 3 billion by 2050. It is worth noting that, the informal settlement condition is more 
pronounced in the developing economies, as 90 % of the areas in the developing countries are home to informal settlements [24]. In 
Dar es Salaam, informal settlements have grown exponentially since 1960 [25]. Baruti et al. [26] noted that social, economic, and 
environmental challenges presented by informal settlements have been subject of research for decades. Similarly, measures for 
upgrading of informal settlements have been explored in several studies [27–35] with the main focus being on policy issues, methods, 
physical and socio-economic characteristics, as well as financial aspects. However, little has been investigated on upgrading of 
informal settlements in terms of microclimate and outdoor thermal comfort [26]. With the current trends of urbanisation and the 
challenges of climate change, it is necessary to consider aspects of thermal comfort and heat stress when upgrading the informal 
settlements. 

In this study, simulation modelling is used to investigate spatial variability of microclimate and thermal comfort in the informal 
urban fabric in the warm humid climate of Dar es Salaam. Both micrometeorological measurements [6,17,20,36] and numerical 
modelling [7,16,37,38] have been employed to study the influence of climatic variables within the urban fabric. However, the con-
straints associated with field measurements make numerical modelling more convenient for researchers especially in terms of 
investigating the effect of different design parameters [2]. Numerical modelling also makes it easier to study spatial variations of the 
microclimate, whereas measurements are normally limited to a few spots. It is worth pointing out that numerical modelling is limited 
to the informal settlement of Tandale, Dar es Salaam. Also, vegetation used was limited to a 10 m high deciduous tree. The main aim of 
the study is twofold: (1) examine the thermal conditions in the existing informal settlement (Tandale) and (2) investigate the effect of 
different measures for possible improvements of the thermal environment. The following measures were simulated.  

(i) Addition of trees of different leaf densities in the street canyon  
(ii) Incremental increase of building heights 

2. Methods 

2.1. Climate of Dar es Salaam 

Dar es Salaam city, situated at 6 ◦51 ʹS and 39 ◦18 ʹE, is categorised by a warm humid climate (tropical savanna-Aw) according to 
the Köppen classification [39]. The annual mean maximum temperature varies between 29 ◦C and 32 ◦C, while the annual mean 
minimum temperature varies between 19 ◦C and 25 ◦C. The city experiences the highest temperatures from December to March, while 
the cool period with relief in thermal stress is between June and September. Relative humidity always remains high; it is about 75 % 
most of the time, but it may vary from 55 % by day to almost 100 % at night. In this study, simulations were conducted for the Tandale 
area. Tandale is 7.2 km from the coast of Indian Ocean. Field surveys were carried out in the main street, which acts as the main access 
to the inner part of the neighbourhood. Tandale represent a category of informal settlements known as consolidated high density, low 
rise which represent a larger part of the residential settlements where residents reside in Dar es Salaam city [40]. The typical character 
of this settlement is narrow and winding streets due to compactness of the building structures. Large sections of the housing areas of the 
settlement are only accessible by footpaths. 

2.2. Microclimate simulations using ENVI-met 4 

This study employed the numerical simulation software ENVI-met 4.4.3 [41] for analysing microclimate and outdoor thermal 
comfort in the studied informal settlement. ENVI-met is a simulation tool that recreates the microclimate of the outdoor environment 
by taking into account the interaction between climatic parameters, vegetation, surfaces, the soil and the built environment [42]. It 
involves a sequence of mathematical calculations established by the laws of fluid dynamics and thermodynamics, which govern the 
atmospheric motions [2]. The ENVI-met model has a horizontal resolution from 0.5 to 10 m, and a time-step of 1–10 s. This high 
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resolution is crucial for analysing pedestrian comfort and interactions between individual buildings, surfaces, and plants [43,44]. 
One of the improvements with of ENVI-met version 4 compared to the previous version 3.1, is the possibility to include the simple 

forcing of air temperature and humidity. This feature requires maximum and minimum values of air temperature and relative humidity 
at 2 m height over a 24 h cycle [2]. The forcing also has the option to input values on an hourly basis that are collected either from 
weather stations or directly from on-site measurements. This new feature enables the software to account for atmospheric temporal 
variations and consequently represent the evolution of meteorological variables along the day [45]. Apart from the previous vegetation 
model where plants were modelled as vegetation columns, version 4 implements a new 3D vegetation module to describe varied shapes 
of plants and spatial distribution of the leaves. Version 4 also accounts for the thermal inertia of walls and roofs [41]. 

This study has used ENVI-met Monde in modelling the study area Tandale as shown in Fig. 1. ENVI-met Monde is a vector-based 
editing system designed to bridge the gap between vector based tools such as GIS and Open Street Maps and the raster based ENVI-met 
[46]. Through its option of importing Open Street Maps Geo-data and the possibility of editing building geometry using an integrated 
editor, it was possible to create the ENVI-met model of the complex informal urban fabric. Nevertheless, in this study, vegetation was 
not modelled by ENVI-met Monde but were added manually based on Google maps. 

Furthermore, this study has used ENVI-met Biomet 1.5 [46] to calculate different thermal comfort indices. Despite the fact that 
Biomet 1.5 is capable of estimating outdoor thermal comfort using several indices such as the Physiological Equivalent Temperature 
(PET) [47], the Standard Effective Temperature for outdoors (SET*) [48] and the Universal Thermal Climate Index (UTCI) [49], the 
study opted to present results for PET only. Moreover, PET has been widely used, including in tropical climates, thus allowing 
comparison with other studies globally. 

2.3. Model calibration 

A series of calibration tests were conducted comparing the simulated results with measured values of air temperature from 
Ref. [50]. Air temperature has been used in several studies to validate the performance of the model [17]. Calibration was conducted 
where the observed (measured) air temperature was compared to the predicted (simulated) air temperature for the Tandale area. The 
root mean square error (RMSE), which was the statistical parameter used to evaluate the performance of the model, was 0.84 ◦C. 

Several studies [51–54] pointed out the reliability of the ENVI-met software for simulating the outdoor thermal environment. To 
achieve an agreement between measured and simulated variables, adjustments were made to some of the values of the input data such 
as wind speed at 10 m, relative humidity, and initial temperature of the atmosphere. Since the solar radiation was not measured, data 
from Meteonorm V.7 [55] was used. In order to adjust the solar radiation generated by ENVI-met to the Meteonorm data, the solar 
adjustment factor was used. Table 1 shows input data used for the model for the selected month of March, which represents the warm 
season. 

It should be pointed out that at the beginning of the calibration process, the study area was imported by the ENVI-met Monde with 
its topography. After several test simulations, the following was noted: first, simulations take longer time with the topography, and 
second, reading of results from the receptors required identifying the exact height of the location of the receptors and the difference in 
terms of height across the model was not big. In view of that, further calibration tests were conducted without topography, i.e., flat 
terrain. 

2.4. Simulation scenarios 

The main focus area of the study is part of the main street-oriented NW-SE as indicated in Fig. 1. Simulations of Tandale were 

Fig. 1. Study area, Tandale (a) Google Earth photo with the location of measurement (round dot) and (b) simulated area as exported to ENVI-met 
modelling layer by the use of Open Street Map and ENVI-met Monde, R1–R6 represent receptors where R1 is the receptor at the location of 
micrometeorological measurements. 
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conducted based on three scenarios: addition of trees with varying leaf area index (LAI), incremental increase of building heights in 
both sides of the street canyon, and combination of trees and an incremental increase of building heights of the street canyon. LAI is a 
dimensionless variable and is defined as one-half the total green leaf area per unit of ground surface area [56].In this study, the base 
case presents the existing model of the main street in Tandale in which no upgrading measures were employed (Fig. 2a). The variables 
analysed were air temperature (Ta), mean radiant temperature (Tmrt) and thermal comfort expressed as PET. The area of investigation 
had the following characteristics.  

(i) Single storey buildings of typical walls of sand/cement blocks and roofs of corrugated galvanized steel sheets with maximum 4 
m height  

(ii) Irregular pattern of buildings dominated by narrow footpaths (1–2 m) between buildings and limited number of roads with car 
access  

(iii) Limited amount of vegetation that is located in few places. 

Receptors were used to analyse both the existing condition and the influence of various design parameters on outdoor microclimate 
and thermal comfort. The six receptors were located in similar positions for the different simulation scenarios. Table 2 presents the 
simulation scenarios regarding increased building height. Mean values of data for both microclimate and thermal comfort were 
analysed. In all three scenarios, the street width was increased from the base case of 5 m–8 m with exception of the area where re-
ceptors were located which was having an open space (refer Fig. 3a). 

Hourly microclimate data required for the calculation of PET were obtained at six points (receptors) situated as indicated in Fig. 2 
with the width of the street as indicated in Fig. 3. The location of the points was not changed in the simulation scenarios; however, the 
street canyon facades were straightened and some building footprints modified, as part of the upgrading of the informal urban fabric, 
followed by gradually increasing building heights (Fig. 3). The locations of the receptors represent areas where pedestrians spend most 
of their time. PET for each point was calculated with Rayman [57] based on the simulated microclimatic variables. The mean value of 
PET from the six points was reported as a single PET value for each specific time and simulation scenario. 

To investigate the influence of vegetation on both microclimate and outdoor thermal comfort, trees were introduced in the canyon. 
The types used were 10 m high deciduous trees with Leaf Area Index values of two, four and six considered as low, medium and high 

Table 1 
Input data for ENVI-met models for Tandale area.  

Category Input data 

Model geometry measurements 
Model area 150 m × 150 m 
Grid size in metres 
Dx = size of X grid dx = 2 
Dy = size of Y grid dy = 2 
Dz = size of Z grid dz = 2 
Nr of nesting grids 10 
Construction materials 
Wall material Concrete wall (filled block) 
Roof material Iron sheets 
Soil Loamy soil 
Geo reference 
Latitude 6◦ 47ʹ 36ʺS 
Longitude 39◦ 14ʹ 39ʺ E 
Start and duration of the simulation 
Date of simulation March 20, 2017 
Start time 05:00 
Total simulation time (h) 15 
Initial meteorological conditions 
Roughness length of the measurements site 0.3 
Simple forcing: Air temperature (◦C) Min 28 at 06:00; Max 35 at 12:00 
Simple forcing: Relative humidity (%) Min 60 at 06:00; Max 96 at 12:00 
Wind speed at 10 m height (m/s) 4 
Wind direction (deg) (0◦ = from North, 180◦ = from south) 165 
Solar adjustment factora 0.95 
Initial temperature of the atmosphere (K) 301 
Cover of low clouds (octas)a 2 
Cover of medium clouds (octas)a 2 
Cover of high clouds (octas)a 2 
Soil data, for all the models Soil humidity (%) 
Upper layer (0–20 cm) 92 
Middle layer (20–50 cm) 96 
Deep layer (50–200 cm) 96  

a For the cases with vegetation the adjustment factor was 0.63 and cloud cover 0. The global solar radiation was 
maintained. 
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density respectively. It is worth noting that ENVI-met simulates vegetation based on Leaf Area Density (LAD), thus, equation (1) [42, 
58] which shows the relationship between LAI and LAD was used to estimate the respective LAD for the respective horizontal layer of 
the tree: 

LAI =
∫ h

0
LAD.Δz (1)  

Where: 
h is the height of the tree (m), Δz is the vertical grid size (m), LAI is the leaf area index (m2/m2), and LAD is the leaf area density 

(m2/m3). 
LAD is a parameter defined as the total one-sided leaf area (m2) per unit layer volume (m3) in each horizontal layer of the tree 

crown [59]. The influence of vegetation was analysed in two steps: introduction of vegetation in the existing model/condition for LAI 
of 2, 4, 6 and introduction of vegetation with an LAI of 6 while increasing the height of the buildings from 4 m gradually to 12 m, 18 m 
and 24 m. The detailed information of the simulations and their objectives are presented in Table 3. 

It was noted that the diffuse part of the solar radiation was not blocked by the trees. Therefore, the portion between the direct and 
diffuse parts of the radiation was changed to maximize the direct part. This was done by removing the clouds and at the same time 

Fig. 2. A 3d representation of (a) existing 4 m height model (b) 12 m height model (c) 18 m height model, and (d) 24 m height model for Tandale 
informal urban fabric area. The red dots show the positions of the receptors. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Table 2 
Variation of aspect ratio and SVF for the receptors of the existing case and the different heights of the street canyon in Tandale.  

Receptor Existing/Base case Height 12 m Height 18 m Height 24 m 

H/W ratio SVF H/W ratio SVF H/W ratio SVF H/W ratio SVF 

R1 0.4 0.62 1.2 0.31 1.8 0.21 2.4 0.15 
R2 0,33 0.72 1.2 0.35 1.8 0.24 2.4 0.18 
R3 0.33 0.68 1.2 0.35 1.8 0.25 2.4 0.2 
R4 0.33 0.58 1.2 0.36 1.8 0.27 2.4 0.24 
R5 0.33 0.58 1.2 0.36 1.8 0.26 2.4 0.2 
R6 0.4 0.59 1.2 0.34 1.8 0.25 2.4 0.19  
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adjusting the solar adjustment factor to maintain the same global radiation as in the real case (see Table 1). Although this does not 
completely correspond to the reality, it was considered the best way to take the shading effect of the trees into account. 

3. Results 

3.1. Influence of trees of different LAI values 

Addition of trees to the existing main street of the area was applied as an in-situ upgrading measure to improve microclimate and 
thermal comfort. 

3.1.1. Temporal and spatial variations of the microclimate 
Fig. 4 shows the influence of addition of trees on both air temperature and Tmrt. The study found that addition of trees with Leaf 

Area Index (LAI) of 2, 4 and 6 did not contribute to a considerable change in Ta (which was taken as mean of Ta for all receptors) as 
shown in Fig. 4a. A marginal decrease (less than 0.2 ◦C) is observed from 12:00–15:00 p.m. On the other hand, addition of vegetation 
showed noteworthy reduction of Tmrt. Application of trees with LAI 2, 4 and 6 leads to the decrease of Tmrt by 7.9, 11 and 13 ◦C 
respectively at 2:00 p.m. (Fig. 4b). Fig. 5 shows spatial variation of Tmrt at the height of 1 m for the Tandale area at 2:00 p.m. for the 
base case and LAI of 2, 4, and 6. Tmrt decreases proportionally with an increase of LAI. The difference in Tmrt between different LAI 
values and the base case varies with time being more pronounced around noon (11:00 a.m.–15:00 p.m.). 

On the other hand, addition of vegetation showed noteworthy reduction of Tmrt (Fig. 4b). Application of trees with LAI 2, 4 and 6 
leads to the decrease of Tmrt by 7.9, 11 and 13 ◦C respectively at 2:00 p.m. (Fig. 4b). Fig. 5 shows spatial variation of Tmrt at the height 
of 1 m for the Tandale area at 2:00 p.m. for the base case and LAI of 2, 4, and 6. Tmrt decreases proportionally with an increase of LAI. 
The difference in Tmrt between different LAI values and the base case varies with time being more pronounced around noon 
(11:00am–15:00pm). 

Fig. 3. Schematic cross-sections of urban canyon scenarios which involves changes of height from existing low-rise (4 m) to 12 m, 18 m, and 24 m. 
Red dots indicate position of receptors where microclimate variables were analysed. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 3 
Simulation scenarios, codes, upgrading measures and their objective for different study cases.  

Simulation 
scenarios 

Scenario 
code 

Measures employed within the informal urban fabric Simulation objective for analysis  

Base case None (4 m height buildings) Analyse existing condition 
1 LAI 2 Addition of trees (LAI 2) to the existing model Analyse the influence of use of vegetation in the existing 

condition LAI 4 Addition of trees (LAI 4) to the existing model 
LAI 6 Addition of trees (LAI 6) to the existing model 

2 H12 M Increase of height to 12 m (4 storeys) Analyse the influence of different building heights 
H18 M Increase of height to 18 m (6 storeys) 
H24 M Increase of height to 24 m (8 storeys)-maximum allowable 

by the building regulations 
3 H12M-LAI 6 Increase of height to 12 m and trees of LAI 6 Analyse the influence of combining different building heights 

and vegetation with LAI 6 H18M-LAI 6 Increase of height to 18 m and trees of LAI 6 
H24M-LAI 6 Increase of height to 24 m and trees of LAI 6  
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3.1.2. Outdoor thermal comfort 
Fig. 6 shows the influence of addition of vegetation on the outdoor thermal comfort. Analysis shows substantial influence of 

vegetation on the reduction of PET in the informal urban fabric. It was noted that addition of vegetation with LAI of 2, 4 and 6 in the 
existing informal urban fabric reduces the maximum PET by 3.7, 4.7 and 5.6 ◦C respectively at 2:00 p.m. (Fig. 6a). For LAI of 2, 4, and 
6, a reduction of PET ranging from 2.3 to 3.9 ◦C, 3.8–4.7 ◦C, and 4.5–5.6 ◦C respectively was observed from 10:00 a.m.-4:00 p.m. 
(Fig. 6b). It was shown that addition of vegetation had maximum influence on PET reduction from 11:00 a.m.-3:00 p.m., see Fig. 6b. 
Fig. 7 shows spatial distribution of PET at 2:00 p.m. for the base case and LAI of 2, 4, and 6. 

3.2. Influence of increased building heights 

One of the possible upgrading measures to improve microclimate and thermal comfort within informal urban fabric areas is in-
crease of building heights. It is referred to as intensification [60], and it is one of the common expansion ways in informal settlements 
[61]. In this study building heights were increased incrementally on both sides of the main street canyon. 

Fig. 4. The influence of addition of trees with different LAI on (a) air temperature and (b) mean radiant temperature in the informal urban fabric at 
pedestrian height (1 m). 

Fig. 5. The influence of addition of trees with different LAI values on mean radiant temperature in the informal urban fabric at pedestrian height (1 
m) at 2:00pm. 
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3.2.1. Temporal and spatial variation of the microclimate 
Fig. 8a shows the influence of increase of building height on air temperature. An increase of building height shows marginal 

reduction of Ta; a decrease of Ta by maximum 0.15 ◦C was noted. This might be due to the fact that the changes have been applied in a 
limited area of the existing urban canyon while the large portion of the informal settlement remains the same. On the other hand, an 
increase in building height shows a substantial decrease in wind speed from an mean of 1.4 m/s to 0.4 m/s. 

Fig. 8b shows and influence of increase of building height on Tmrt. The study found a substantial decrease of the mean Tmrt with an 
increase in building height; for example, an increase of building heights from existing single story (4 m) to 12 m high leads to a 7.2 ◦C 
decrease at 2:00 p.m. during peak hours of the warm season. Further increase of building height to 18 m and 24 m shows a reduction at 
2:00 p.m. of Tmrt with 9.4 and 11.2 ◦C respectively (Fig. 8b). The reduced Tmrt due to the increase of building heights leads to a 
reduction of PET in spite of the decrease of wind speed. 

3.2.2. Outdoor thermal comfort 
Fig. 8b shows an influence of increase of building heights on outdoor thermal comfort. An increase of building height from single 

storey (4 m) to 12 m reduces maximum PET at 2:00 p.m. from 41 ◦C to 38.5 ◦C (Fig. 9). Further increase of the height to 18 m and 24 m 
leads to reduction of PET at 2:00 p.m. by 2.8 ◦C and 3.8 ◦C respectively. For building heights of 12 m, 18 m, and 24 m, a reduction of 

Fig. 6. The influence of addition of vegetation on the outdoor thermal comfort at pedestrian height (1 m) (a) and reduction of PET for different LAI 
values (b). 

Fig. 7. The influence of addition of trees on the outdoor thermal comfort at pedestrian height (1 m) showing reduction of PET for different LAI.  
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PET ranging from 2.0 to 3.0 ◦C, 2.7–4.0 ◦C, and 4.1–4.6 ◦C respectively was observed from 10:00 a.m.-4:00 p.m. (Fig. 9b). Increasing 
building heights had maximum influence on PET reduction from 10:00 a.m.-3:00 p.m. as shown in Fig. 8b. However, the highest 
reduction is noted in the morning hours around 10:00 a.m. and in the late afternoon (4:00 p.m.) where different building heights show 
a similar trend (Fig. 9b). 

3.3. Influence of combining vegetation and increased building heights 

3.3.1. Temporal and spatial variations of the microclimate 
Upgrading of the informal urban fabric through a combination of increased building heights and addition of vegetation led to a 

slight improvement of Ta. The maximum decrease of Ta was found to be 0.25 ◦C at 2:00 p.m. for a building height of 24 m and a LAI of 6 
(Fig. 10a). Conversely, tremendous improvement in Tmrt was noted. A combination of increased building heights of 12 m, 18 m, and 24 
m with a LAI of 6 leads to a decrease of Tmrt by 12.3 ◦C, 14.4 ◦C and 15.1 ◦C respectively (Fig. 11b). In fact, it was possible to reach the 
neutral Tmrt of 32 ◦C through these improvement measures of combined height and vegetation. 

3.3.2. Outdoor thermal comfort 
The study found that a combination of increased building heights and added vegetation brings about the maximum influence on 

outdoor thermal comfort. Though it is not possible to reach thermally acceptable limits during the warmest month as indicated in 
Fig. 11a, the improvement is significant. It is worth mentioning that the studied day was warmer than normal; thus, during a typical 
day, thermal comfort conditions will be better. Furthermore, the results show marginal differences between 12 m and 18 m building 
heights. For building heights 12 m and 24 m, a reduction of PET ranging from 5.0 to 6.2 ◦C, and 5.2–6.4 ◦C respectively was observed 
from 10:00 a.m.-4:00 p.m. (Fig. 11b). Combining an increase of building height and adding trees had maximum reduction of PET from 
10:00 a.m.-4:00 p.m. as shown in Fig. 11b. The maximum reduction of PET of 6.4 ◦C is found at 3:00 p.m. The effect can also be seen in 
the spatial distribution of PET at 2:00 p.m. (Fig. 7). A comparison of Figs. 6 and 10 shows that when combining an increase of building 
height and addition of vegetation, it is the vegetation which has the highest end effect on the reduction of PET. Addition of vegetation 
can be considered the most cost-effective way of reducing heat stress though the notable challenge is high compactness of building 
blocks. 

4. Discussion 

4.1. Influence of addition of trees on microclimate 

4.1.1. Temporal and spatial variations of the microclimate 
Addition of trees with different LAI as shown ins section 3.1.1 had marginal influence on Ta.A similar trend was observed by 

Fig. 8. The influence of an increase in building height on air temperature (a) and mean radiant temperature (b) within the informal urban fabric.  
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Fig. 9. The influence of increase in building height on outdoor thermal comfort at pedestrian height (1 m) in the informal settlement. The green and 
dashed horizontal line (Fig. 11a) represents upper comfort limit. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 10. The influence of combination of building height and vegetation on (a) air temperature and (b) mean radiant temperature at pedestrian 
height (1 m) in the studied informal urban fabric. 
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Ref. [62], though in their study the reduction of Ta was much higher (0.63–1.46 ◦C). The major factors which contribute to a decreased 
Ta are shading and evapotranspiration [63]. Studies [64–66] have shown that the cooling effect of vegetation is larger on surface 
temperatures than on Ta. It is obvious that under a tree the reduction of radiative fluxes by canopy shading is large [67]; nevertheless, 
Ta around the location may not show much difference due to air turbulence within short distances [68]. On the contrary, addition of 
vegetation showed significant reduction of Tmrt at 2:00 p.m. and more pronounced on the midday. A similar trend was observed by 
Ref. [62]. Trees with LAI of 6 have a potential of reaching the neutral Tmrt for Dar es Salaam which is 32 ◦C at 2:00 p.m. as observed in 
Ref. [50]. This is a significant reduction considering the fact that low-rise informal settlements with no vegetation have been noticed to 
have spaces between buildings with the most stressful spots (PET varies from 40 to 47 ◦C) when compared to those with less vegetation 
[10]. 

4.1.2. Outdoor thermal comfort 
Informal settlements are dominated with areas with high heat stresses [10] associated with a substantial loss of vegetation [69]. An 

addition of vegetation in informal settlement shows substantial improvement on thermal comfort by significant decrease of PET. This 
concurs with other studies, which have investigated the influence of vegetation in warm-humid climates [5,7,10,70,71]. The influence 
of vegetation on the reduction of PET is more pronounced on the midday from 11:00 a.m.-3:00 p.m. The period concurs with empirical 
findings by Ref. [72]. The trend is due to the effectiveness of vegetation on blocking overhead solar radiation at the midday hours as 
explained above for Tmrt. Fig. 7 shows spatial distribution of PET at 2:00 p.m. for the base case and LAI of 2, 4, and 6. 

4.2. Influence of increased building heights 

4.2.1. Temporal and spatial variation of the microclimate 
Incremental increase of building height shows marginal changes in Ta. This might be due to the fact that the changes have been 

applied in a limited area of the existing urban canyon while the large portion of the informal settlement remains the same. Another 
study [73] also notes a weak relationship between Ta and a changing urban geometry. This can be explained by the fact that air 
temperature distribution is not only affected by urban geometry but also by the combined effect of surface characteristics and air 
mixing rate, etc. [74]. Other studies in warm humid climates such as [50,75] noted the sensitivity of respondents to a small decrease in 
Ta; however, it is not easy to ascertain the impact of the decrease of 0.15 ◦C on the residents. 

On the contrary, substantial decrease of Tmrt was noted as a result of incremental increase of building heights. It worth noting that 
studies have shown that areas with low-rise buildings have more thermally stressful urban spaces than areas with high-rise buildings 
[7,10]. In such an environment, the low building heights make the dark coloured streets and facades exposed to the sun which in-
creases the absorption of solar radiation and consequently increases the surface temperatures. Similarly, other studies [4,20,36] in 

Fig. 11. The influence of combination of building height and vegetation on outdoor thermal comfort in informal settlement. The dotted green line 
(Fig. 11a indicates upper comfort limit. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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warm humid climates have shown that an increase in building height, and consequently an increase in the H/W ratio, significantly 
reduces Tmrt. Although the increase in building height shows significant reduction in Tmrt, it is difficult to reach neutral Tmrt which was 
found to be 32 ◦C [50]. This is due to the fact that an increase in building height alone cannot provide effective shade in areas close to 
the Equator due to high solar elevation around solar noon [10]. 

4.2.2. Outdoor thermal comfort 
Incremental increase of building heights leads to improvement on outdoor thermal comfort through reduction of PET. The 

noticeable feature is the highest reduction of PET in the morning hours around 10:00 a.m. and in the late afternoon (4:00 p.m.) where 
different building heights show a similar trend (Fig. 9b). The fact that the highest reduction of PET occurs in the morning and afternoon 
can be explained by the low solar angle at that time. Despite the fact that there is a noticeable reduction of PET, it is not possible to 
reach the comfort limits during hot days of the warm season as indicated in Fig. 9a where the dashed horizontal line indicates thermal 
acceptable limits during the warm season. An increase of building height to 24 m in these informal settlements is 5 ◦C PET short of the 
acceptable thermal comfort limits of 32.2 ◦C PET as shown in a previous study [50]. The response of different building heights which 
marks the changing deepness/shallowness of the canyon is proportional to the improvement of thermal comfort by shadow-cast as 
noted by Ref. [58]. 

4.3. Influence of combining vegetation and increased building heights 

4.3.1. Temporal and spatial variations of the microclimate and outdoor thermal comfort 
A combination of increased building heights and addition of vegetation has a marginal influence on reduction of Ta as noted in 

previous discussion section 4.2.1. However, significant changes in reduction of Tmrt was noted. It is worth noting that in these 
intensified informal settlements; upgrading measure which entails to increase the building heights can allow spaces for planting trees 
contrary to the current condition where vegetation is lost [69]and occupied with multiplied low-rise buildings with high heat stress 
[10]. Significant improvement of outdoor thermal comfort is noted through combining incremental increase of building height and 
vegetation. Addition of vegetation can be considered the most cost-effective way of reducing heat stress though the notable challenge is 
high compactness of building blocks. 

5. Conclusions 

The main objective of this paper was to investigate the influence of upgrading measures on the microclimate and outdoor thermal 
comfort of the urbanites in informal areas. Normally informal settlements upgrading measures do not consider upgrading of the 
outdoor thermal environment but rather upgrading of services. An in-situ upgrading approach was considered in this study and three 
major upgrading measures were applied. The following notable conclusions can be highlighted.  

i) the influence of increasing building heights on microclimate is significant in terms of reduction of Tmrt especially in the morning 
and afternoon,  

ii) the influence of adding trees is more pronounced around midday as its capacity for solar radiation attenuation outweighs the 
shadows cast by the buildings at high solar elevation angles;  

iii) uniform increase of building height on both sides of the canyon tends to decrease the wind speed in the urban canyon;  
iv) the combination of increase of building heights and addition of trees brings about the maximum reduction of PET up to 14.9 %. 

Although increasing building height (H/W) has positive effect on thermal environment by reducing heat stress in informal set-
tlements, buildings fail to provide shade during the hottest parts of the day, therefore addition of shading trees is crucial. Adding 
shading trees is considered as a cost-effective means of reducing heat stress in informal settlements. Further research to investigate 
different tree species existing in Tanzania, their speed of growth and LAI which was beyond the scope of this study need to be con-
ducted. Also, the need to explore how the urban landscape can contribute to informal settlements is crucial. 
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