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Abstract The urban climate system is a complex system
constituting many components including urban air pollution
and the thermal climate. While air pollution modifies local
climate through the composition of the air, human biometeo-
rological condition is assessed through thermal indices in
order to understand the effects of thermal climate on man. In
this study, a holistic approach was applied to review the past
research in urban climate of Dar es Salaam, by considering the
past research in air pollution and thermal climate about the
city. Dar es Salaam is one of the fastest growing cities in the
world, and this study is very relevant to future research in
urban climate and urban planning, especially to cities with
similar environmental challenges like Dar es Salaam. It was
noted that the city, as many other cities in Africa or developing
world, lacks a proper air quality monitoring programme de-
spite of air pollution being a problem many years ago.
However, meteorological observation started as early as in
nineteenth century with rainfall being the most sampled envi-
ronmental parameter in terms of spatial distribution, hence
providing a potential to future research and comprehensive
understanding of the urban climate.

Keywords Urban climate system . Air quality . Human
thermal comfort . Urban planning . Local climate zones . Dar
es Salaam city

Introduction

The urban climate system is a complex system consisting of
many constituents like urban air pollution and the thermal
climate. The gaseous and particulate components emitted into
the atmospheric environment change the composition and
transparency of the air over the urban areas and consequently
modifying nearly every element of the micro-climate (Georgii
1969). On the other hand, the thermal component concerns
with the total energy within the urban air characterised by
radiation fluxes as well as sensible, latent, soil, building and
anthropogenic heat flux (Mayer andMatzarakis 2003). Further,
the meteorological elements, such as air temperature, air hu-
midity, wind velocity, short and longwave radiation, constitute
a thermo-physiological effect on man at outdoor and indoor
environments. Besides, human biometeorologically significant
assessment of the components of urban climate is important for
the relevance of urban climate in urban planning. Therefore, as
a contribution to urban planning and quality of life (Eliasson
2000) in many fast growing cities, this study employed a
holistic approach to review the past research on the urban
atmospheric environment of Dar es Salaam, considering past
research in air pollution and thermal climate.

Other past reviews on urban climate studies report a less
amount of studies conducted in the tropics (Roth 2007;
Goldreich 1992; Jauregui 1991; Oke 1986). There is therefore
less understanding about the local urban climate in many
tropical cities, particularly in the typical African urban areas
(Oke et al. 1991). Examining the urban climate research at a
local (city) scale is therefore a means of evaluating the impact
of climate quality to other environmental problems in that city
while also contributing to the development of such particular
body of knowledge. The need to summarise the knowledge on
urban climate of Dar es Salaam is important for future urban
climate and bioclimate studies in many cities, particularly
those with similar climatic conditions of hot–humid tropics.
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Besides, a review of past studies assesses the gaps that may
need attention to future research on that particular area of
study (Goldreich 1992).

Dar es Salaam city (Fig. 1) is one of the fastest growing
cities in the world. Its average annual growth for 2006 to 2020
estimated by City Mayors is 4.4 %, ranking ninth in the world
and third in Africa (City Mayors 2011). Moreover, population
projections indicate that formation and rapid growth of many
new urban areas are expected to occur in the underdeveloped
areas of the world (Seto et al. 2012). Hence, the need for
studies addressing environmental sustainability and well-
being to urban dwellers could be a priority of future research.

It is well known that urbanisation is driven by economic
growth; however, it usually puts pressure on land, water

supply, sewage and other infrastructure as well as on the
environmental conditions of dwellers, including air pollution
and climate stress (Jauregui 1991). Urban development also
brings about changes in the physical behaviour of the land-
scape, affecting its hydrological, thermal, radiative and aero-
dynamic properties, which in turn affects the exchange of
heat, mass and momentum between the surface and the atmo-
sphere (Jansson 2006). Most cities in developing countries
including Tanzania are reported to grow mainly in the form of
urban sprawl and heavily impacting on the environment, as
opposite to compact cities (Lupala 2002; Seto et al. 2012).

Recently, climate change has been the area of discussion in
many areas, and cities are considered as one source group of
greenhouse gases. While cities contribute to the emission of
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greenhouse gases, climate change can impact on the urban
climate through the rise of air temperature. Effects like urban
flooding, coastal erosion and sea level rise were particularly
reported on the two East African coastal cities of Dar es
Salaam and Mombasa (Kithiia 2011). Additionally, cities are
usually characterised with the warmth above that experienced
in countryside areas. Climate change and urbanisation are the
two of the most recent factors affecting urban climate in most
cities (McCarthy et al. 2010). Urban climate research seems to
be inevitable today as the world is experiencing a tremendous
demographic transition from rural to urban, as by 2030, three
out of five people will be living in urban areas (Agarin et al.
2010).

It was earlier mentioned that studies on urban climate
(particularly the thermal climate) are few in the tropics as
compared to those mid-latitude cites, then the synthesised
urban climate knowledge about a single city could comple-
ment the knowledge in the region. The present study, as it
incorporates an important environmental problem (i.e. air
pollution), provides a strong recommendation to cities in
tropics to incorporate climatological concerns in their design
and redevelopment plans (Roth 2007). This study was con-
fined to scientific literature addressing issues related to air
quality and thermal bioclimate studies in Dar es Salaam. To
complement the thermal bioclimate assessment, the paper also
draws on the author’s ongoing research on urban human
thermal comfort of Dar es Salaam where basic thermal
bioclimate analyses were done for a period from 2001 to
2012. Since urban climate is also influenced by the underlying
topography, the study also discussed the demographic charac-
teristic of the city with respect to its spatial extension. In order
to understand the characteristic environment of the city in an
urban climate context, local climate zones for the whole urban
agglomeration were described.

Methodological approach

In order to systematically evaluate the past research in the
urban climate of Dar es Salaam, criteria to guide the study
were defined in terms of the context and the framework to
work on. The focus of the review was based on the past
research done on several conceptual advances relevant to the
general atmospheric environment over the city and its sub-
urban areas in the context of human biometeorological assess-
ment of the urban climate. In this case, both components of the
urban climate, namely the thermal and air pollution compo-
nents were incorporated (Mayer and Matzarakis 2003).
Integrating both components of urban climate is important
since the study aims at bringing a significant impact to urban
planning (Mayer and Matzarakis 2003). Most importantly,
though, climate over urbanised areas is attributed to (1) the
modification of the climate due to the influence of built-up
areas (i.e. change in topography) and (2) the modification of

the climate by urban air pollution (Georgii 1969); in its broad
view, urban climate represents both urban air pollution and the
thermal environment components.

In this review, many issues related to the general urban
atmospheric environment were discussed in order to get a
better understanding of the characteristics of the atmosphere
over Dar es Salaam. This study is sub-sectioned into specific
topics. Firstly, the demography and growth of Dar es Salaam
since its inception as a seaport town in 1862 was briefly
discussed. Issues related to air quality are then discussed and
followed by urban climate studies. A particular attention was
also given to the application of thermal indices in assessing
human thermal comfort, where an additional human thermal
comfort assessment by rational indices was incorporated to
complement the past assessment.

Demography and growth of Dar es Salaam city

Dar es Salaam (formerly Mzizima) means “The Harbour of
Peace”. It began as a seaport or a small fishing and trading
centre in 1862. From a township in 1920 and a municipality in
1949, it attained a city status in 1961 (DCC 2004). Now, it is
the leading economic and industrial centre in Tanzania. Dar es
Salaam is at 6 ° 51′ S, 39° 18′ E along the coast of the Indian
Ocean (Fig. 1) and administratively divided into three munic-
ipalities, covering a total area of 1,350 km2 (Jonsson et al.
2004; Mbuligwe and Kassenga 1997). The land is generally a
lowland with the highest point of about 267 m above sea level
on the Pugu hills on the south-western, about 25 km from the
city centre.

Demographic records about Dar es Salaam based on offi-
cial census and various sources covering the period from 1867
to 2012 are summarised in Table 1. It covers information
about population size and extent of urbanisation based on
the built-up area. The population increased from 3,500 people
in 1867 to the current 4,364,541 inhabitants in 2012 and a
growth rate of 5.6 % (The United Republic of Tanzania 2013).
This is nearly 10 % of the total population of Tanzania and
about 33.7 % of the total urban population in Tanzania
(Muzzini and Lindeboom 2008). On the other hand, the
built-up area and urbanisation extent have been increasing,
mainly along the four major outlets, namely, to the north along
Bagamoyo road, west alongMorogoro road, south-west along
Nyerere road and south along Kilwa road (see Table 1 and
Fig. 2). The rapid expansion is noted to occur between 1945
and 1963 when the built-up area reached 30.81 km2 from
4.63 km2 (Lupala 2002).

The high population growth rate of nearly above 4 %
between inter-censual years, industry and being considered
the centre of commerce and a major transportation hub in the
great lake region of Africa influence the growth of Dar es
Salaam. However, urban sprawl has been the main form of
urbanisation, characterised by low-density built environment
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and low-rise structures (single-storey Swahili houses) (Lupala
2002) that contributes nearly 70 % of unplanned settlements
(Sheuya 2010). In response to the current urbanisation and
environmental problems, urban planning and management
incorporates an Environmental Planning and Management
(EPM) process, considering nine environmental issues.
These are improved solid waste management, upgrading of
un-serviced settlements, servicing city expansion and manag-
ing liquid waste and surface water. Also it includes air quality
management and urban transportation, and managing open
spaces, recreational areas, green belts and urban agriculture
potential. Other issues are managing the economy and inte-
grating petty trading, co-coordinating city centre renewal and
managing coastal resources.

Climate and local climate zones of Dar es Salaam

Typically, Dar es Salaam experiences a hot–humid climate,
referred to as tropical wet/dry climate (Aw) in the Köppen
classification system (Fosberg et al. 1961; Roth 2007). The
climate is mainly influenced by the northeast monsoon from
March to October and the southeast monsoon between
October and March (Jonsson et al. 2004), due to the passage
of the inter-tropical convergence zone (ITCZ). The local
winds may be as high as 13 m/s during the afternoons partic-
ularly from August to November.

The atmosphere over Dar es Salaam is usually humid all
year round with relative humidity (RH) between 67 and 96 %,
and April is the most humid month. The annual rainfall is
about 1,050 mm, with peaks observed in April and December
as usually two rainy seasons are experienced from October to
December (OND) andMarch toMay (MAM), with respective

range of 75 to 100 mm and 150 to 300 mm (Howorth et al.
2001). The mean annual air temperature is about 30 °C while
the mean daily sunshine duration is about 10–12 h. Mean
monthly climatological conditions expressed in Table 2.

Since the local climate is normally embedded in the re-
gional climate and the large-scale macro-climate influences
the local-scale meso-climate (Endlicher and Lanfer 2003), it is
important to briefly understand the regional climate of eastern
Africa, particularly the projected future climate. The eastern
Africa region has warmed by 0.7 °C during the twentieth
century, and warming from 0.2 °C per decade (low scenario)
to more than 0.5 °C per decade (high scenario) is anticipated
(Howorth et al. 2001; McCarthy 2001). On the other hand,
precipitation patterns in East Africa are more variable
(Janowiak 1988; Hulme 1992; Nicholson 1994) where it has
been observed that the El Niño Southern Oscillation (ENSO)
influences the rainfall variation, particularly during the short
rain season from October to November (OND) (Nicholson
1994). The changes in future climate are likely to occur in
sporadic and unpredictable patterns.

To better understand the urban climate of any city and to
aid the geographical comparison of research on urban climates
due to heterogeneity of urban areas, the local climate zones
(LCZ) of Dar es Salaam were classified according to Stewart
and Oke (2012). The local climate zones are the regions of
uniform surface cover, structure, material and human activity
that span hundreds of metres to several kilometres in horizon-
tal scale; the resulting classes are local in scale, climatic in
nature and zonal in representation (Stewart and Oke 2012).
Quantitative site metadata including building height to width
(where applicable), sky view factor, fractional building cover
and soil thermal admittance are usually required for

Table 1 Information about the
population growth and extent of
urbanisation in Dar es Salaam
from 1867 to 2012 as compiled
from different sources

Source: Own illustration based on
data compiled from (Abebe 2011;
Lupala 2002; Brennan and Burton
2007 and The United Republic of
Tanzania 2013)
a Denotes a year when an official
census was conducted

Year Population

(number)

Population density

(persons per km2)

Built-up area

(ha)

Radius of urbanised area
from CBD (km)

1867 3,500 – – –

1891 – 4,500 122 –

1913 22,500 – – –

1945 – 13,000 463 2

1948 69,227 – – –

1957a 128,742 – – –

1963 – 4,900 3,081 6

1967a 272,515 6,600 4,134 –

1978a 843,090 7,400 11,331 12 (north & west), 14
(south-west), 6 (south)

1988a 1,360,850 – – –

1999 – – 61,260 –

2002a 2,497,940 1,786 57,211 32 (north), 28 (west), 18
(south-west), 14 (south)

2012a 4,364,541 3,133 –
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classification purposes. With respect to this, urban data from
maps, plans, pictures and satellite imagery from Google
Earth (Bechtel and Daneke 2012) were used to update the
geodatabase of land use, transport network and land form of
the year 2002, as obtained from ITC Enschede. Further, field
studies to make observations and verify the information was
done in December 2011 and September 2012. The final map
(Fig. 3) was designed in ArcGIS 10.2.

The local classification of the whole metropolitan area of
Dar es Salaam depends on aerial, street view and sky view
photographs, height to width ratio, surface coverage, building
materials and the functioning of the zones. Some classes were
merged to form sub classes as suggested in Stewart and Oke
(2012). About 17 LCZ were therefore classified covering the

whole urban area (Fig. 3). Factors that led to this classification
include its coastal location, available industries, land forms
and its use. Table 3 describes the characteristics and location
of some of the climate zones. Poor planning has led to many
inhabitants to live in the lightweight low-rise zone (LCZ 7)
and its hybrid of lightweight low-rise with scattered trees
(LCZ7B). These areas are ubiquitous since almost 70 % of
Dar es Salaam is unplanned settlement, and the ‘Swahili’ style
of single-storey, six-room houses was observed to dominate
the architectural design (Lupala 2002; Brennan and Burton
2007). However, much of the central business district (CBD)
consists of compact mid-rise (LCZ 2) and its variants of
compact mid-rise with open high-rise (LCZ 24) and partly
open mid-rise (LCZ 4). The current densification of the city

Fig. 2 Extent of urbanisation of
Dar es Salaam city from 1975 to
2002
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could soon modify the CBD to the compact high-rise zone
(LCZ 1). Its coastal location and topography, that include
forests and some hills in the outskirts, contribute to zones like
dense trees (LCZ A), sands on beaches (LCZ F) and a water
zone (LCZ G).

Meteorological observation in Dar es Salaam

A dense network of meteorological measurement is of utmost
importance for the sake of quality research of urban climate in
any city. Long-term availability of meteorological data is
indispensable for understanding the spatial and temporal anal-
yses of climate variability and local climate change in cities
and nearby surroundings. So, instrumental meteorological
observation in Dar es Salaam dates back the end of the
nineteenth century. In 1929, the British East African
Meteorological Service was formed to oversee meteorological
observation in East Africa. Various socioeconomic activities
have influenced the meteorological observation in Dar es
Salaam, including the advent of international air mail and
passenger services by flying boats in 1937, land-based air-
craft, agriculture, the needs for water sanitation and the second
world war, where meteorological observation were under the
Royal Air Force (Bargman 1970).

The main synoptic meteorological station in Dar es Salaam
started to operate at Kurasini and moved to the Old Airport
near Chang'ombe before it shifted at the new International
Airport (JNIA) in 1954 (Bargman 1970; Brennan and Burton

2007), about 13 km south-west from the city centre. Weather
stations were also established at the university (UDSM), about
10 km north-west from the city centre, and at Kurasini, which
operates as the sea station till now. Rain gauges were also
established for various purposes in different areas, including
those at the veterinary and malaria laboratories. Recently,
Tanzania Meteorological Agency has installed a rainfall radar
in order to enhance its rainfall forecasts in Dar es Salaam and
the surrounding areas. The radar is situated near the gauge at
Pugu hills (see Fig. 1).

Additionally, though, an upper air station is available at the
synoptic station, it does not operate continuously due to the
lack of facilities and defect of hydrogen-generating pot
(Tanzania Meteorological Agency 2013). Rainfall is therefore
the only meteorological parameter which has been adequately
sampled (Sumner 1979, 1984a; Sumner 1984b). Nonetheless,
the available infrastructure is a base platform for the meteoro-
logical observation and comprehensive understanding of the
urban climate of Dar es Salaam.

Air quality studies in Dar es Salaam

Urban air pollution is an environmental problem in many
cities, and it can be very serious in developing countries which
lack proper air quality monitoring in their urban centres. In
Tanzania, the problem of air pollution began following the
efforts to modernising the agriculture through pesticide use
and industrialization in 1970s (Ezaza 1990). Research on air

Table 2 Mean monthly climatic condition for Dar es Salaam

Parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Mean air temperature (°C) 27.8 28 27.5 26.4 25.6 24.4 23.6 23.6 23.9 25 26.1 27.2 25.8

Mean diurnal air temperature range 8.3 9.0 9.2 8.3 8.6 10.1 10.7 11.3 11.9 11.2 10.0 8.6 9.7

Mean maximum air temperature (°C) 30 31 31 30 30 29 29 29 29 29 30 30 30

Mean minimum air temperature (°C) 25 25 24 23 22 20 19 19 19 20 22 24 22

Absolute maximum
air temperature (°C)

32 34 35 34 33 31 31 31 32 32 34 33 35

Absolute minimum
air temperature (°C)

20 20 21 21 18 16 16 15 16 17 19 21 15

Mean relative Humidity (%) 74 75 77 82 78 73 72 70 68 67 71 73 73

Mean rainfall (mm) 71 64 120 280 303 35 33 25 29 49 79 91 117

Maximum rainfall (mm) 260 201 346 525 600 161 221 108 71 235 331 285 1531

Minimum rainfall (mm) 1 1 12 44 1 1 1 1 1 2 5 1 438

Maximum rainfall in 24 h (mm) 60 105 115 136 152 45 37 25 37 118 70 76 152

Rain days 6 5 9 16 12 5 3 5 3 5 7 8 84

Mean sunshine (h) 251 241 217 156 192 231 251 242 243 254 270 267 2815

Potential evaporation (mm) 154 139 148 137 125 100 91 92 92 110 129 151 1468

Mean wind speed (m/s) 4.1 3.3 2.3 1.8 2.3 2.8 3.1 3.1 3.3 3.1 3.1 3.1 3.1

Wind direction NE NE NE S S S S S SE E E NE

Source: www.urbanclimate.net
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quality in many developing countries is driven by the fact that
air pollution is regarded as the current pressing issue given the
intense industrialization and traffic congestion (Roth 2007). In
Dar es Salaam, air pollution is considered as a long-term
problem due to traditional anthropogenic combustion from
shifting cultivation, cooking fires, burning of organic wastes,
natural dust storms and sea-salt sprays (Ezaza 1990). The
purpose of this section is therefore to discuss the major issues
regarding air quality research in Dar es Salaam.

Generally, past research on air pollution in Dar es Salaam
focused on the high levels of urban air pollutants (e.g. partic-
ulate matter, aerosols, ozone and volatile organic compounds)
caused by emissions from motor vehicles, industrial and

domestic activities (Mbuligwe and Kassenga 1997; Mkoma
et al. 2012; Jonsson et al. 2004; Bennet 2009). Many past
studies (see Table 4) attempted to identify the probable
sources of air pollution. The most common sources of air
pollution in the city include a range of different urban activ-
ities, including industrial processes, traffic, domestic (biomass
burning), sea spray and soil (dust) (Ezaza 1990; Mbuligwe
and Kassenga 1997; Koleleni 2002; Bennet et al. 2005;
Jonsson et al. 2004; Mkoma et al. 2012; Othman 2010).
Most of the sources are attributed to anthropogenic activities
with the exception of sea spray and, to some extent, the soil
dust. The industrial processes are mainly from oil refinery,
cement production and quarrying activities. Domestic

Fig. 3 The local climatological
zones of Dar es Salaam urban area
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Table 3 Characteristics and typical locations of some of the 17 local climate zones of Dar es Salaam, as classified according to Stewart and Oke (2012).
LCZ 7 is attributed to poor urban planning and accounts to about 70 % of urban settlements

Local climate 

zone (LCZ)

Satellite image from Google 

Earth®

Picture Characteristics and typical 

areas in Dar es Salaam

1. Compact mid-

rise (LCZ 2)

A dense mix of mid-rise 

buildings (3–9 stories). Few 

trees and paved surface. 

Concrete, stone, brick, tile 

materials. Commercial and 

residential e.g. in Kariakoo.

2. Lightweight

low-rise (LCZ 7)

Small buildings, corrugated 

iron roofs, densely packed, 

narrow streets, mostly 

unpaved, swampy compact-

surfaces. Residential use e.g. 

Manzese and Sinza.

3. Large low-rise

(LCZ 8)

Large low-rise buildings, 1-3 

stories. Few or no trees, 

mostly paved. Steel, metal, 

stone and concrete materials.

Industrial park, bus terminal, 

airport and ware houses

4. Heavy industry

(LCZ 10)

Low-rise and mid-rise 

industrial structures (towers, 

tanks, stacks). Mostly paved. 

Metal, steel, and concrete 

materials, e.g. Cement 

factory, oil refinery, mills. 

5. Dense trees 

(LCZ A)

Heavily wooded landscape of

deciduous and/or evergreen 

trees. Land cover mostly 

pervious. Coastal forest at 

Selander bridge, Pugu hills, 

Pande reserve.

6. Bare soil or 

sand (LCZ F)

Featureless landscape of soil 

or sand cover. Few or no 

trees. E.g. at the beaches, 

abandoned quarries in Tegeta 

and Kuduchi.
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(biomass burning) is, to a large extent, attributed to high use
and dependence on charcoal as cooking energy.

With the traffic congestion and less efficiency of second-
hand imported cars in Dar es Salaam, traffic is regarded as the
most contributing factor of urban air pollution, in addition to
industrial activities (Mbuligwe and Kassenga 1997; Koleleni
2002; Bennet et al. 2005; Jonsson et al. 2004; Mkoma et al.
2012). Poverty and lack of sound knowledge on environmen-
tal management were also singled out as main factors that
promote the problem of air pollution in Dar es Salaam (Ezaza
1990). Focus on urban environmental management needs to
be a priority in order to avoid the experience of poor air quality
which occurred in the past in other megacities (Mayer 1999).

Attempt to identify the composition of pollutants from
various sources was also done, where (Koleleni 2002) pollut-
ants were characterised according to combustion processes,
industrial processes, top soil activities, marine processes and
other sources. Air pollutants associated with automobile pro-
cesses were found to be sulphur dioxide (SO2), carbon mon-
oxide (CO), nitrogen dioxide (NO2), nitrous oxide (NO),
suspended particulate matter (SPM) and particulate lead (Pb)
(Mbuligwe and Kassenga 1997; Jackson 2005; Bennet et al.
2005; Mkoma et al. 2012). In particular, measurements con-
ducted at three sites using the detector tube method found that
concentrations of mono-nitrogen oxides (NOx) and CO were
less than 2 ppm and between 5 and 7 ppm, respectively
(Mbuligwe and Kassenga 1997). Furthermore, Jackson
(2005) found that an ambient hourly average of pollutant
concentrations for SO2, SPM and Pb were above the recom-
mended guideline values by World Health Organization
(WHO). The high concentrations corresponded well with the
period of high traffic-flow rate. In another study, the elemental
concentrations from anthropogenic sources particularly indus-
trial and traffic were higher at the urban site than at the rural
site (airport) for both wet and dry seasons (Fig. 4) (Jonsson
et al. 2004).

Although biomass burning could be the main source of
particulate matter (PM10) atmospheric aerosols, measure-
ments conducted during the wet season of 2005 at two loca-
tions in Morogoro and Dar es Salaam found a significant
contribution of traffic exhaust too (Mkoma et al. 2009). The
contribution of secondary inorganic aerosols (non-sea-salt
sulphate, nitrate and ammonium) was at the minimum level.
Road dusts associated with motor vehicle operations are also a
potential source of pollutants, and earlier observation of high
levels of up to 20 times of elemental concentrations were
found (Bennet et al. 2005).

Past research was limited to a sampling data of pollutants,
and it is hard to ascertain the weekly trends of pollutants for
further analysis. However, by combining the results of PM for
the months of August 1996, February and May 1997
(Koleleni 2002), a low concentration of PM is noticed during
the weekends (Fig. 5). Similarly, it should be noted that theT
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spatial distribution of pollutant concentration to the level
harmful to human depends largely on the sources of the
pollutants. Places with congestion and metal process activity
in city centres like Kariakoo and Gerezani had relatively high
levels of pollutants, while those far from pollutant sources like
the Kunduchi beach and Muhimbili recorded low levels of
pollutants (Fig. 6) (Othman 2010). Further, areas within the
city centre, along the major roads and other busy roads with-
out tarmac are highly susceptible to pollution (Jonsson et al.
2004; Mkoma et al. 2012).

In order to understand the effect of meteorological condi-
tions on air quality, past research relied on field data collected
in both wet and dry periods of the year (Bennet et al. 2005;
Jonsson et al. 2004; Koleleni 2002; Mkoma et al. 2012).
Though, the data span a short period of mostly one month,
variation of the local weather and climate do influence air
pollutant concentration in Dar es Salaam. However, reliable
time series analysis indicating the effects of weather condi-
tions could not be evaluated from the past research.

Particular meteorological conditions influencing the con-
centration of air pollution in Dar es Salaam include urban heat
island (UHI), wind speed and direction, rainfall, air tempera-
ture (temperature inversions) and relative humidity (Ezaza
1990; Jonsson et al. 2004; Koleleni 2002; Mkoma et al.
2012). While high atmospheric stability was associated with
positive UHI, the level of particulate matter was affected by

UHI and wind speed (Fig. 7) (Jonsson et al. 2004). Moreover,
the presence of high levels of atmospheric particles during the
dry season is attributed to the prevailing weather conditions
like air temperature inversions, soil dust dispersal by wind and
the absence of rain washdown (Mkoma et al. 2012). Though,
no correlation analysis was done, the daily variation of
suspended particulate matter is attributed to the variation of
the wind field (Fig. 8) (Koleleni 2002). It is difficult to deny
the existence of the relationship, the method is crude however.
Surprisingly, no influence was found between wind speed at
the airport and at the urban station on the sea spray particles of
chlorine (Cl) (Jonsson et al. 2004).

It can therefore be noted that use of field data only limited
the past research in air quality in Dar es Salaam, and perhaps
some important relationships between pollutant concentration
and meteorological condition could not be revealed. Such data
were mainly collected during the wet and dry seasons.
Besides, the lack of long-term data affects air quality moni-
toring research especially in most cities in the developing
countries (Mayer 1999). The temporal variation in terms of
inter-seasonal, annual and daily patterns of air quality coupled
with meteorological conditions need to be explored in detail.
Future research can therefore focus on the areas that were less
studied in the past research such as the spatio-temporal distri-
bution of air pollutants and perhaps the use of chemical
transport modelling of air pollution.

Fig. 4 Proportions of pollutant
concentrations during the wet
(May) and dry (October) seasons
from various pollutant sources.
Source: (Jonsson et al. 2004)

Fig. 5 Daily trends of PM concentrations in Dar es Salaam during the months August 1996, February and May 1997 representing the dry and wet
seasons. Source: (Koleleni 2002)
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Studies on thermal biometeorological conditions in Dar es
Salaam

With humanity increasingly more urban, research on human
thermal biometeorology is becoming even more important in
many urban areas. Urban areas can display a distinct charac-
teristic of its urban climate (Georgii 1969). Important phenom-
ena already studied in Dar es Salaam that describe its urban

climate include the UHI, sea–land breeze system and variabil-
ity of climatic elements like incoming longwave radiation, air
temperature and humidity, wind, rainfall and visibility. In this
section, the characteristic of the urban climate over Dar es
Salaam is described as studied from the past research and
how it impacts human life in terms of human thermal comfort.

Though quantified with data collected during the wet and
the dry seasons, the night-time phenomenon of urban climate,
UHI, was found to range from 2 to 4 °C in May (MAM
season) and a midday urban cooling island (UCI) in October
(Fig. 7) (Jonsson et al. 2004). Dar es Salaam also experiences
a sea–land breeze system, prevailing in March, early April,
September and October months (Nieuwolt 1973; Dubi 2001).
The sea breezes are more dominant from November to
February while the land breezes exert much control in mid-
April to August. Its effect on air temperature and humidity
may significantly influence the physiological comfort condi-
tions (Nieuwolt 1973). Besides, the sea breezes could pene-
trate inland for about 16 km (Bargman 1970). The large-scale
southeast seasonal winds prevailing during the period of May
to the end of September are responsible for the cool season
due to its long maritime passage when the heating power of

Fig. 6 Concentrations of various gaseous pollutants in different parts of the city and times of the day indicating the spatial–temporal distribution of
pollutants in Dar es Salaam. Source: (Othman 2010)

Fig. 7 The diurnal characteristic of the UHI over Dar es Salaam as
observed in May and October 2001. Source: (Jonsson et al. 2004)
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the sun is minimum (Bargman 1970). While the December to
early March period is relatively hot due to a short sea passage
of the northeast winds, and the sun is nearly overhead at
midday.

Understanding the variation of the components of the sur-
face energy budget is important especially in studying the
boundary layer of the urban atmosphere. The outgoing
longwave radiation (OLR) in Dar es Salaam was found to
significantly vary with the sky view. Further, the multiple
regression analysis attributed the mean high values of long
wave radiation with the observed high values of air tempera-
ture and humidity, while the total suspended particles (TSP)
do not influence it significantly (Jonsson et al. 2006).
Actually, variations of air temperature and humidity are very
low (Jonsson et al. 2006).

While visibility over Dar es Salaam has been observed to
be generally good throughout the year, past research has also
described the characteristics of many climatic parameters
(Bargman 1970). These include rainfall, clouds, sunshine,
and length of the day. Past research has also established that
the characteristics of these elements are largely influenced by
the topography, particularly its proximity to the sea. Rainfall
events for example are related to a prevailing gradient wind.
Most storms occur when a convergence between locally gen-
erated land or sea breezes and the gradient wind is pronounced
(Sumner 1984a; Sumner 1984b).

The impact of the thermal environment on human is an
important research area in urban climate studies. Several
human thermal indices have been applied in past research to

assess the human thermal comfort in Dar es Salaam and
regional climate as well. The thermal indices (see Table 5)
include effective temperature (ET), a predicted 4-h sweat rate
(P4SR), relative strain (RS), still-air temperature (SAT) and air
temperature–humidity index (THI). Comfortable or cool con-
ditions were found to prevail in July (i.e. at 21 °C of ETat day
time, P4SR of 1 L in 4 h at day time, 40 % of RS at day time
and 55 SAT at night-time). Rather in January, all indices
indicated slightly higher values, meaning that January is rel-
atively uncomfortable (Terjung 1967). This study was done at
a large scale, hence its thermal bioclimate assessment gives a
general picture.

The tolerable limits of heat stress in an outdoor environ-
ment were determined in Dar es Salaam using the P4SR
thermal index. This was done in order to provide a guidance
to heat stress and rest allowances in outdoor manual work
environments. It was found that around midday, the tolerable
limit of 3.0 for P4SR was always exceeded (Hall 1971). From
the results of a 14-month observation, it can be deduced that
afternoon is an uncomfortable period for outdoor manual
work, and most manual workers in such environments prefer
to have a rest. This study however has no detailed temporal
analysis, and it is possible that the situation may be different
from month to month or season to season.

Human body comfort is very subjective since it basically
depends on a relationship between temperature, humidity, the
strength of the wind or degree of ventilation, the degree of
physical activity and the clothes worn (Bargman 1970).
However, the human thermal comfort charts provided in

Fig. 8 Influence of wind speed on pollutant concentrations as highlighted by the measurements taken in August 1996 and February 1997. Source:
(Koleleni 2002)
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Bargman (1970) basically described the comfort conditions in
terms of air temperature and humidity conditions. The period
of December to April was rated as "uncomfortably HOT"
throughout the day and "uncomfortably HUMID" throughout
the night. From June to October, much of the morning and the
evening periods were dominated by comfortable thermal con-
ditions, although the dawn period was "Uncomfortably
HUMID" and the mid-afternoon period was "Uncomfortably
HOT". Using the air temperature–humidity index (THI), ther-
mal physiological conditions for Dar es Salaam was higher
even in the time of well-developed sea breezes (i.e. afternoons
of October to December). The same study suggested that high
wind speeds could modify thermal comfort condition on
elevated places within the city like the University of Dar es
Salaam campus (Nieuwolt 1973).

Assessment of human thermal comfort conditions using UTCI
and PET thermal indices

The past research on human thermal comfort in Dar es Salaam
applied mostly simple indices of air temperature and humidity.
In order to comprehensively understand the human thermal
condition over Dar es Salaam, new human thermal assessment
was done to complement the past assessment. Two modern
thermal indices based on human energy balance were applied,
namely, universal thermal climate index (UTCI) (Jendritzky
et al. 2012) and physiologically equivalent temperature (PET)
(Mayer and Höppe 1987). The input meteorological data
spanned the period of 2001 to 2011, which is a bit longer than
that used in the past assessments. The application of PETwas
considered since it has been previously used in other hot–
humid sub-tropical climates (Lin et al. 2010; Omonijo et al.
2013). UTCI was also considered as it is the recent thermal
index, and it could enhance the reliability of the thermal
assessment though it also bases on human thermal budget,
with a slight different assessment scale.

Though solar radiation at hourly frequency is not reliably
sampled at the airport station, a micro-scale model, RayMan,
estimates the radiation flux from cloud observation
(Matzarakis et al. 2007, 2010). The two indices, PET and
UTCI, were calculated by using the model. The model is

actually credited to accurately estimate the mean radiant tem-
perature at high sun elevation (Thorsson et al. 2007), and this is
the critical period of human thermal heat stress in low latitudes,
including Dar es Salaam (Ndetto and Matzarakis 2013).

The assessment was only done at 6 and 15 local standard
time (LST). The 15 LSTwas used to serve as a representative
time of the day in the afternoon during the local maximum air
temperature and the 6 LSTassessment for comparison reasons
at which daily air humidity is alsomaximum. In order to know
how often the human is subjected to certain thermal comfort,
frequency analysis was employed as shown in Figs. 9
(afternoon) and 10 (morning). The frequencies of moderate
heat stress for each 10-day interval during afternoons (15
LST) were observed to be above 70 % from October to May
for UTCI (32–38 °C) and above 50 % from November to
April for PET (35–41 °C). Extreme heat stresses (above 41 °C
PETand above 38 °C UTCI) were observed within this period
with up to 5 % in each 10-day interval.

In the mornings (Fig. 10), the situation was observed at a
large extent to be in comfort condition for both UTCI and PET
indices. Over 70% of air temperature according to UTCI scale
is within comfort conditions of 9–26 °C class. For PET, nearly
over 80 % of air temperature is within 18–23 °C throughout
the year. These results demonstrate that outdoor thermal stress
in Dar es Salaam can mostly be experienced during the after-
noon hours.

Discussion and conclusion

It has been argued that urban air pollution is an important
constituent that forms an urban climatic system, which is a
complicated system created with many constituencies
(Brechler and Halenka 2003). In fact, the gaseous and partic-
ulate components emitted into the atmosphere lead to a change
in the composition and transparency of the air in cities
(Georgii 1969). Since air pollution is a critical environmental
problem in many urban areas, a comprehensive review of the
local climate in such areas needs to consider both the compo-
nents of air pollution and thermal climate. While air pollution
is mainly responsible for the modification of the local climate,

Table 5 Summary of human bioclimatic indices once applied to assess human thermal comfort in Dar es Salaam

Reference City/Area Bioclimatic index Year (dates)/duration Comments

Terjung (1967) Africa ET, RS, SAT, P4SR 5 years Large-scale study to study thermal
climate of Africa

Bargman (1970) Dar es Salaam Air temperature-humidity chart The charts provide mean climatic conditions

Hall (1971) Dar es Salaam
(countryside)

P4SR 1968–69 (14 months) Thermal indices applied for daytime only

Nieuwolt (1973) Coastal Tanzania THI 1968–1971 Data based on hourly means
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the thermal climate component gives an insight on how
humans respond to the modified local climate. This study
reviewed the past research on general urban climate in the
Dar es Salaam city; and here, further discussion is done on
salient issues about the past research on urban climate in Dar
es Salaam. This study has particular contribution not only on
the synthesised information about the urban climate of the
hot–humid city, but it also provides a focus for future research
(Goldreich 1992).

The air quality research in Dar es Salaam seems to begin in
as early as 1990s when pollution was seen as the main and
immediate direct problem to the environment. Its direct impact
to human life is also noted as another driver to the research
(Philemon). Perhaps one of the successes of air quality research
in Dar es Salaam is the identification of the probable sources of
high-level urban air pollutants (e.g. particulate matter, aerosols,
ozone and volatile organic compounds). It is noted to be mainly
due to emissions from motor vehicles, industrial and domestic

activities (Mbuligwe and Kassenga 1997; Mkoma et al. 2012).
The research has also been able to determine the concentrations
of certain pollutants present in the air and be able to evaluate it
in comparison to WHO standards (Mbuligwe and Kassenga
1997; Mkoma et al. 2012; Othman 2010; Jonsson et al. 2004;
Bennet et al. 2005; Bennet 2009).

One of the issues that need attention for future research is
the use of long-term data. Observations done in past research
were mostly done in duration of months. Such studies could
not be able to capture the full dynamics of pollutants for the
whole year since data was collected mainly on the two seasons
of the wet (MAM) and dry (OND) seasons (Mkoma et al.
2012; Jonsson et al. 2004). It shows that Dar es Salaam lacks a
proper mechanism for monitoring air quality despite air pol-
lution already been identified as a problem. Perhaps, future
research on air pollution modelling could complement to
understand the full dynamics of pollutants at a local scale
and at a regional level. Further study on the inter-

Fig. 9 Range of heat stress over Dar es Salaam as indicated in terms of frequencies of occurrence using the thermal indices of UTCI (a) and PET (b) at
15 LST for the period 2001–2011

Fig. 10 Range of heat stress over Dar es Salaam as indicated in terms of frequencies of occurrence using the thermal indices of UTCI (a) and PET (b) at
06 LST for the period 2001–2011
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relationship between pollutant concentrations and meteoro-
logical conditions is indispensable too. However, the previous
study has established the foundation for future research (Han
and Naeher 2006).

In the area of human thermal comfort, it is noted that
several simple indices were used to assess the thermal condi-
tions in different times. The current assessment by PET and
UTCI complements well with the past assessment. The readily
availability of air temperature and humidity as input meteoro-
logical data influenced the use of such simple indices (Terjung
1967; Roth 2007). However, a comprehensive assessment
needs to integrate four climatic parameters, namely air tem-
perature, humidity, wind speed and radiation (Terjung 1967;
Mayer and Höppe 1987). For this case, a new human thermal
assessment by UTCI and PET indices was done to comple-
ment the earlier assessment. Interestingly, the current and the
past assessments indicate that the afternoon period is the most
thermal stressful period of the day in Dar es Salaam.

Definitely, the need for a new human thermal assessment is
indispensable as the past assessment was done in 1970s. The
city has expanded enormously as was discussed in the
“Demography and growth of Dar es Salaam city” section.
Certainly, changes in micro-climate is expected due to the
observed land use and land cover changes (increased built-
up areas) (Huang et al. 2008). Possible changes in local
climate could significantly affect the human bioclimate as-
sessment. Besides, the deduced human thermal assessment
from some of the studies was done at a course resolution
(Terjung 1967). In most cases, daily or monthly datasets were
used, and the duration was for about 3 years.

Analyses of individual climate elements indicate a good
observation of rainfall due to a relatively dense network of
rain gauges. Sky view factor accounts much for the variation
of long-wave radiation than air temperature and humidity
(Jonsson et al. 2006). The land–sea breeze system at Dar es
Salaam is not always acting in the usual manner that one
component may dominate the other in certain seasons. In
depth study of the boundary layer characteristics could also
be a problem due to the lack of a permanent upper air sound-
ing. In Tanzania, there are three upper air stations, namely Dar
es Salaam, Kigoma and Mtwara towns, but all are currently
not working (Tanzania Meteorological Agency 2013).

The maximum quantified UHI of 4 °C only portrays the
micro-climate conditions in one season. Data for this analysis
was obtained in May and October months (Jonsson et al.
2004). Nonetheless, the value is very significant, and future
research needs to examine the drivers of urban heat island
(Huang et al. 2008). The implications of UHI on urban plan-
ning and energy use in the city needs to be explored too.
Further investigation of UHI characteristics in terms of its
spatial and temporal evolution including the intra-urban vari-
ation is desirable as the city transforms into a large urban
agglomeration.

This review on the urban climate of Dar es Salaam consid-
ered a holistic view, considering urban air pollution as an
important component of the urban climate system, in addition
to the thermal climate. This context is important especially if a
comprehensive understanding of local climate in urban areas
is desirable. Particularly, in many urban areas in developing
countries, air quality monitoring is poor due to the lack of real-
time measurements of environmental parameters. Past re-
search in Dar es Salaam indicates that air pollution is a
problem, mainly due to traffic and industrial emissions, and
this impacts on the urban climate through changes in the
composition of the air above. Additionally, the increase of
the built-up areas also influences the urban climate. Notably,
different human thermal indices indicated the afternoon pe-
riods as the uncomfortably hot period (thermal stress) in Dar
es Salaam. This study therefore contributes in identifying the
challenges of better understanding the urban climate of a
typical African city, taking Dar es Salaam as an example, in
an integrating approach of considering urban air pollution as
an important constituent of the urban climate system. This is
of particular relevance to the focus of future research, as well
as to urban planning especially in many fast-growing cities in
Africa, for the sustainability and quality of life.
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