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ABSTRACT
Our understanding of the relationship between city morphology, materiality, and urban 
microclimate has been limited due to the lack of availability of urban microclimate 
data. In order to better understand the influence that building geometries, trees, or 
topographical variations play in urban microclimates, it is necessary to utilize measuring 
techniques that gather higher spatial resolution urban environmental data rather than 
data provided by weather stations or static sensor networks. With this purpose, this 
research proposes to utilize accessible low-cost technologies for environmental 
sensing coupled with dynamic devices. A custom sensor kit to record temperature, 
humidity, and CO2 concentrations, has been mounted to a bike for pedestrian level 
microclimate sensing. The same sensing kit has been attached to an Unmanned Aerial 
Vehicle (UAV) for the vertical gradient profile measurements. Image, video processing 
techniques, and GIS data have been utilized to visualize the recorded measurements 
and to parameterize the urban properties (green areas, impervious surfaces, and 
building masses) around the acquisition trajectories. The correlation of the acquired 
measurements and the urban parameters, show that maximum CO2 concentrations 
mainly peak in road intersections. Building masses and greenery also appear to affect 
the distribution of pollutant concentrations both in the pedestrian level and in the 
vertical profiles. While dynamic sensing attains sufficient spatial resolution, it does 
not provide high temporal resolution. With the aim to improve data accuracy through 
data redundancy, the proposed DIY sensing kit utilizes readily available sensors and 
operates on open-source platforms to encourage the engagement of larger audiences.
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INTRODUCTION

The World Health Organization reported that in 2012, around 7 million people died—
one in eight of the total global deaths—as a result of air pollution. This finding more 
than doubles previous estimates and confirms that air pollution is now the world’s largest 
single environmental health risk. Thermal pollution and pollutant concentration peak in 
cities, as opposed to the countryside, as much due to growing anthropogenic activities 
as to the formal and surface materials that construct the cities. Luke Howard, a British 
chemist and meteorologist, was one of the first scientists who addressed this evidence 
through observatory work in 1830s; since then, the research on air pollution has been 
ongoing in the sciences of urban climatology (Howard 2012).

Despite the fact that the science of urban climatology is nearly two centuries old, the 
translation from scientific knowledge to technique, and architectural design processes, 
has been rare and often not successful. The reasons for this slow progression are mani-
fold and include problems that are to be addressed by the scientific community as well 
as by designers and planners. On the one hand, one of the obstacles in convergence 
of methods has been the complexity of the physical phenomena of the Atmospheric 
Boundary Layer (ABL) and the limited comprehension of such processes by designers. 
On the other hand, scientists’ lack of awareness regarding the socio-political and cultural 
concerns that are part of multidisciplinary urban design and planning processes, has 
contributed to the disconnected research trajectories (Oke 1984).

The practice of formatting scientific data as microclimate maps has contributed to the 
establishment of a dialogue between city climatology and urban planning processes. 
Originally proposed by Rudolf Geiger in 1965, the Klimaatlas was devised as a synthetic 
tool to relate environmental and planning data. Composed by a juxtaposition of a pair of 
maps, the first one displayed the structure of the local climate in relation to characteristic 
land use areas or climatopes, while the second map drew out policy recommenda-
tions. Based on this method, in one layer the repetitive climatic patters (humidity and 
temperature gradients, pollutant concentrations and wind directionality) as well as land 
features were registered, while in the second layer a planning proposition was sketched 
informed by the zonal climate specificities. The Klimaatlas or urban climate map, allowed 
connecting meteorological studies to urban growth projections and policies. 

In the last decade, Geographic Information Systems (GIS) have enabled the overlap-
ping of urban data with climatic data for a more comprehensive urban planning study. 
GIS has been proven successful in managing diverse sets of data for a multidisciplinary 
field such as, urban planning. However, there are limitations in regard to the availability 
of data related to urban climatology, especially when the required level of information 
zooms from the zoning scale to  the building scale, where a higher spatial resolution 
of microclimatic data is necessary. Lack of availability of this data limits the capability 
of architects and urban designers to fully analyze the role design parameters such as 
building geometries, street directionalities, the presence of trees, and topographical 
variations play in local microclimate and air quality.
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Environmental data collected from weather stations and climate monitoring sensor 
networks have been widely used for the study of atmospheric physics. However, the 
space resolution obtained from these sources is often insufficient to analyze urban 
microclimate (Stroh 2007; Zheng 2009). Therefore, when operating at the building and 
neighborhood scale, the coarseness of the available atmospheric data, requires either 
complementation with numerical models (which are computationally highly demanding) 
or field measurements (which are often very expensive to implement and still do not 
provide sufficient information of the area under study) (Stewart 2011). Consequently, 
in order to satisfy the needs of urban designers or architects, an exploration of alterna-
tive means of capturing quantitative environmental data at a finer spatial resolution is 
necessary.

Sensor controlled systems have become an integral part of our everyday devices (Aky-
ildiz 2002; Rogers 2011). In recent years, there have been numerous studies focusing 
on the incorporation of everyday dynamic objects such as private vehicles, bicycles and 
mobile devices in the data collection process. Building upon the concept of dynamic 
sensing, this research proposes to develop environmental field measurements with the 
coupling of a customized air-quality sensing kit to a bike and an Unmanned Aerial Vehi-
cle (UAV). Through this dynamic sensing data collection method and deployment of low 
cost sensing technologies, the research aims at the collection of high spatial resolution 
microclimate data. While this method attains sufficient spatial data, the dynamic sensing 
does not provide high temporal resolution. Thus, the proposed sensing kit is utilizing 
readily available sensors which operate on open-source platforms. The DIY nature of 
the sensing kit as well as the collection method, aims at the utilization of a larger user 
community. The larger user group would result in data collection redundancy which 
would accumulate accuracy of the archived data (Figure 1).

Figure 1
Static (distributed weather station collection) vs. dynamic (utilization of mobile devices and readily available sensors) climatic data 
collection comparisons.
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The following research explores dynamic sensing through the coupling of a sensing kit 
to a bike and UAV to measure street temperature and CO2 concentration. The mea-
surements have been gathered on and around the University of Southern California 
campus in Los Angeles, and Princeton University campus in Princeton. In both locations, 
pedestrian level measurements have been collected with the aid of a bike, and vertical 
profile field measurements have been taken with the aid of an UAV. Coupling GIS data 
with the graphic user interface of the coding platform of Processing (Figure 2), allows 
plotting of the recorded measurements over the neighboring urban parameters (green 
area, impervious surface, building volumes). Through the deployment of a 3D urban 
map where the urban parameters and the recorded microclimatic data are highlighted, 
we aim at a direct qualitative and quantitative visual feedback of the influence of urban 
design parameters on immediate urban microclimates.

URBAN MICROCLIMATE AND AIR POLLUTION

Since the early 1920s, air pollution has been regarded as one of the central problems 
that concern urban climatologists were pioneers in studying the phenomena of urban 
fog (Shaw 1925), and many have followed in their footsteps to research air pollution 
in cities. Britain, as the “first industrial nation,” was the first to become predominantly 
urban and consequently the place in which the modern idea of pollution was recog-
nized (Thorsheim 2006). The meteorological foundation initiated the Committee for 
the Investigation of Atmospheric Pollution in 1912, establishing the first independent 
group to document the pollutant concentration in cities. The first air quality policy was 
established in the UK—The Clean Air Act of 1956—which was followed by the US clean 
air act in 1963. Under United States Environmental Protection Agency (EPA) legislation, 
the National Ambient Air Quality Standards (NAAQS) are currently established and 
enforced for carbon monoxide, nitrogen dioxide, sulfur dioxide, ozone, particulate lead, 
and suspended particulate mass. However, more than 70 communities throughout the 
United States have been found to violate the NAAQS standards (Federal Register 1987; 
Code of Federal Regulations 1994; Chow 1993).

Figure 2
Workflow diagram of the customized dynamic sensing method.

ACADIA 2015 | COMPUTATIONAL ECOLOGIES



It is known that substantial health risk could be associated with high particulate matter 
(PM) concentrations in ambient air (Dockery 1993; Kunzli 2001). Presently, a major 
branch of research focuses on urban environment concentration and composition of 
PM (Particle Matter) that originates to a significant extent from traffic sources (Schauer 
1996). High concentration areas usually happen in street canyons, given their lack of 
ventilation potential (Van Dingenen 2005). Despite the fact that major pollutant concen-
tration in urban environments is originated to a significant extent from traffic sources, the 
concentration levels often depend on the surface properties (surface structure, surface 
materiality, and land coverage). Architectural features modify pollutant concentration 
by affecting airflow patterns, turbulence intensities, and atmospheric instabilities (Oke 
2012). High concentrations of automobile exhaust in urban street canyons are typically 
associated with low wind velocities or conditions where the urban morphology and the 
street orientation block the air access to street canyons (Kastner-Klein 2001). Therefore, 
the role of urban surface properties in street ventilation has to be taken into account 
when studying mechanisms to improve urban air quality.

Carbon dioxide (CO2) is the primary greenhouse gas emitted through anthropogenic 
activities, and while CO2 emissions come from a variety of natural sources, human-
related emissions are responsible for the increase that has occurred in the atmosphere 
since the industrial revolution (NRC 2010). CO2 emissions in the United States increased 
by about 7% between 1990 and 2013 (EPA CO2 Trends). Going forward, CO2 emissions 
in the United States are projected to grow by about 1.5% between 2005 and 2020 (U.S. 
Department of State 2007). The excess of CO2 can cause harmful health effects by 
reducing oxygen delivery to the body’s organs and tissues. At high levels, CO2 can cause 
deaths (EPA CO2 guidelines). The effect the emission of greenhouse gases produce in 
global warming and the health risks associated with exposure determine the necessity 
for the regulation and monitoring of CO2 concentrations in urban environments.

Along with CO2, thermal pollution is another important aspect to take into account in 
urban climatology. Urban roughness and the presence of impervious surfaces promotes 
the accumulation of thermal pollution in the urban canopy layer (UCL) contributing to 
the urban heat island (UHI) effect in cities (Cui 2012; Oke 2012).

Near-surface pollution concentrations have been documented in several cities across the 
world to evaluate the dynamics of atmospheric CO2 and thermal entrapment (Chandler 
1965; Berry 2003; Nasrallah 2003; Velasco 2005; Vogt 2006). Vertical concentration pro-
files of CO2 have been reported by Vogt (2005) for a street canyon in Basel, Switzerland; 
and Kanda (2005) developed field measurements for wind velocity and temperature 
profiles in a 29 meter- tall tower in a residential area in Tokyo.

Previous studies show that pollutant concentration gradients vary significantly in time 
and space. Therefore urban field measurements should be gathered at a range of 
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different sites, at several times of the day as well as in different seasons to fully under-
stand the fluxes of CO2, temperature, as well as the fluxes of other pollutants.

However, the cost and technical complications associated with field experiments are 
to be taken into account. This is the reason why the investigation into the influence of 
urban geometry on pollutant concentration has been mainly developed through wind 
tunnel experiments and numerical simulations. Furthermore, given the lack of spatial 
resolution of the available field measurements, few site studies have concurrently com-
pared urban neighborhood morphologies and pollutant concentrations to determine 
the amount, pollutant concentrations peak in relation to urban features and whether 
any increases are sustained and consistent from neighborhood to neighborhood. The 
cost and technical difficulties get aggravated to obtain vertical profile measurements. 
Therefore, to understand the influence of architectural morphology and materiality on 
pollutant concentration, high spatial resolution field measurements are still to be devel-
oped both at the pedestrian level and vertical profiles.

DISTRIBUTED VERSUS DYNAMIC SENSING

Dynamic sensing, or “measuring trips” as Albert Kratzer called them, were remote sens-
ing techniques that were devised to obtain high spatial resolution microclimate data 
of cities. Temperature curves were plotted through the city profile looking for a bet-
ter understanding of the temperature variability in the city landscape. The pioneering 
studies were undertaken by Schmidt (1927) across the city of Vienna, Peppler (1929) 
in Karlsruhe and Budel (1933) in Munich. As Krazer (1937) described for all these trips, 
and for those that followed, the automobile and the bicycle rendered service in bringing 
the observer to even the most widely dispersed locations in the area quickly enough.

Toni Chandlers developed extensive research on the urban climatology of London fol-
lowing the footsteps of Luke Howard. Chandler’s work “The Climate of London” (1965) 
developed a climatological survey that composed one of the most spatially intensive 
climatological studies of the time. He used a mobile recording station mounted on a car 
which he drove at different times of the day along the streets of London. He measured 
the heat fluxes to reflect on the heat island effect as well as the pattern of air pollution. 
In his concluding paragraph, among other points, he summarizes the positive influence 
of the presence of green for the reduction of temperatures and pollutant concentra-
tions. He also promotes urban climatology as applied science: “It is to be hoped that 
enlightened planning might do something in future years to reduce further unconscious 
deterioration of London’s urban climate.” 

In the last decades, the increasing curiosity concerning our environment has started to 
add to the number of sensors used in everyday objects, resulting in more information 
collection for better analysis (Akyildiz 2002; Rakotonirainy 2003; Rogers 2011). For 
instance, twenty years ago, the typical automobile had approximately five sensors; but, 
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today, over fifty sensors are used to control navigation, safety, and emission. It was 
discussed in the Internet of Cars panel at the 2014 SXSW festival that “the cars we drive 
nowadays are giant sensors on wheels, generating tons of data.”

Bikes are also integral parts of our cities. Already proven in New York and London, 
city bike initiatives are being adopted in many cities world-wide aiming at reducing 
the amount of traffic congestion and pollutant concentration in urban environments. 
The growing presence of bikes in cities as well as the potential they offer for further 
applications, are motivating experimental projects. This is the case for the Copenhagen 
Wheel initiative (Outram 2010) where the dynamic energy of physical effort is stored 
and used to power environmental CO, NOx, temperature, noise (dB), humidity, and 
location sensors. 

Public transport such as trains, trams and buses are also adequate horizontal environ-
mental mapping vehicles. This was the motivation for the Open Sense project in Zurich 
(Li 2012), where the environmental sensing kits were attached to the city trams. 

Various strategies can be deployed for horizontal environmental mapping in cities; how-
ever, the possibilities to develop vertical or three dimensional readings are more limit-
ing. Tower-stations have been deployed in urban environments to record the vertical 
temperature, wind velocity, or pollutant concentration profiles (Rotach 2005). However, 
given the fixity of the tower stations, the number of vertical readings that can be gath-
ered is often constraining.

As drone technologies are becoming more accessible and affordable (Valavanis 2007; 
Steffen 2008; Fetterman 2011), we can start to classify them along with devices that 
facilitate transportation and efficient navigation. Their 3-dimensional mapping capabil-
ity opens new possibilities for urban sensing. UAV’s are suitable devices to gather data 
of vertical profiles that with traditional systems are complicated to record especially in 
urban settings. Therefore, despite their short stay aloft time, it is sufficient to perform 
vertical environmental readings. Their 3-dimensional quality and movement flexibility 
make drones superior to other techniques for such purposes.

CASE STUDIES

This paper presents the technical setup for the dynamic data collection and analysis of 
two extreme climatic settings: the campus of the University of Southern California in Los 
Angeles and the campus of Princeton University in New Jersey (Figure 3).

The experiments were conducted in the first and second week of March (on the USC 
and Princeton campus respectively). Two recordings one in the morning and another 
one in the afternoon were collected during five days for each location. GIS data was 
utilized for geolocation and visualization purposes and to extract data related to roads, 

Figure 3
a) Aerial view of the University of Southern California; b) 
Aerial view of Princeton University.

12.0 ECOLOGICAL URBANISM 2 | BOGOSIAN  + MUNITXA

488_489



green areas, location of trees, building geometries, and topographical information. In 
both campuses several recording trajectories were performed to understand the vari-
ability in the area. 

Customized Sensor Kit
The sensing kit is composed of an Arduino Uno Board, an Arduino GPS shield, an infra-
red CO2 sensor, and a temperature and humidity concentration sensor (Figure 4).

An essential aspect of this sensing kit is that using a GPS shield enables to geotag the 
data sampling intervals. Using these geolocations, all the collected data are overlaid on 
the GIS based 3D model. The collected data are stored in a micro SD card. 

Field Measurements 
For the horizontal collection process, the sensing kit is attached to a bicycle. For both 
locations, the collection paths define a complete loop that starts from the center of the 
campus continuing along the high traffic streets to document the whole variation range. 
The same sensor kit is placed in a customized package that is mounted to the bottom 
of a UAV for the vertical collection process. The UAV has been equipped with a built in 
GPS and Gyro boards and a Wi-Fi spy aerial vision camera. These built in systems allow 
tracking and documentation of the experiment. Flight elevation is kept between the 
pedestrian level and 1.5H in order to obtain the variability between the street canyon 
and over the urban canopy layer (UCL).

Figure 4
a) Sensor kit wiring diagram (Humidity/Temperature + CO2 
sensors) + GPS shield; b) Portable sensor kit.

Figure 5
a) Collected data types; b) An instance of collected data on the University of Southern California campus.
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Urban Parameterization
A number of urban parameterization schemes, often used in meso-scale models to 
approximate the effects of the urban canopy, have been locally computed based on 
the GIS data to cross-correlate generic urban parameters with the recorded pollutant 
concentrations. Parameters such as the built to total area ratio, height variability, or 
built-to-green ratio, have been computed around the measuring acquisition points. The 
recorded CO2 and Temperature values have been visualized and compared against the 
urban parameterizations (Figure 6).

Results
CO2 measurements, collected from the bicycle measurements in the USC campus, 
showed large differences between the campus promenades and perimeter traffic roads, 
especially when in close proximity to the 110 freeway on the east side of the cam-
pus. The increase on building height variability also appeared to be correlated with a 
reduction in CO2 concentration while the increase of λAB and λAR appears to induce an 
increase in CO2 concentration (Figures 7, 8). Street directionality also seems to affect the 
concentration levels. North-South oriented street canyons show lower CO2 concentra-
tions. These differences are most likely due to the wind directionality that dominated 
in the days in which the measurements were taken. 

For the case of the temperature gradient, traffic does not appear to play a decisive role 
while the temperature variations appear to be sensitive to λAB and λAR (Figures 7, 8).
 
The vertical gradient of CO2 shows little variability between the pedestrian level and 
1.5H. The vertical variation in temperature appeared to be most sensitive to the building 
height variability, λAP and λAB. At 1H, the temperature consistently drops in relation to 
the pedestrian level (Figures 9, 10).

The CO2 measurements collected in Princeton show similar trends. Given that traffic 
concentration on the Princeton campus is more distributed than on the USC campus, 
the concentration differences between main and secondary roads in the case of Princ-
eton are not as large. The dispersed nature of the urban fabric in the Princeton campus 
complicates the rationalization of the data, however as shown in Figure 11 and Figure 

Figure 6
Urban parameterization: a) Average building height; b) Built to total area ratio; c) Height variability; d) Built to green ratio; e) Road 
to green ratio.
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Figure 8
a) 3-dimensional plot of the University of Southern California Temperature reading; b) 
3-dimensional plot of the University of Southern California CO2 reading.

Figure 10
Multiple CO2 and temperature samplings of Z altitude using UAV technology on the University of 
Southern California campus at 30 feet intervals.

Figure 12
a) 3-dimensional plot of the Princeton campus temperature reading; b) 3-dimensional plot of the 
Princeton campus CO2 reading.

Figure 14
Princeton campus and surrounding area parameter correlation map: a) Temperature landscape; 
b) CO2 landscape.

Figure 7
a) Bicycle mounted sensor kit + camera on the University of Southern California campus. Image 
processing based on dynamic data collected using bicycle (pixel color: temperature variation, 
pixel scale: ppm concentration variation); b) Aerial view of collected Data (line color: temperature 
variation, line scale: CO2 variation).

Figure 9
a) Image processing based on dynamic CO2 and temperature sampling in Z altitude 0-120 feet, 
using UAV technology on the USC campus (pixel color: temperature variation, pixel scale: CO2 

variation); b) CO2 and temperature sampling chart of a Z altitude sampling using UAV technology 
on the USC campus.

Figure 11
a) Bicycle mounted sensor kit and camera on Princeton campus. Image processing based 
on dynamic data collected using bicycle (pixel color: temperature variation, pixel scale: ppm 
concentration variation); b) Aerial view of collected Data (line color: temperature variation, line 
scale: CO2 variation).

Figure 13
Princeton campus and surrounding area parameter correlation map: a) Distilled; b) Green 
topology.
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12, the increase in λAP, λAB and λAR appears correlated with higher CO2 levels. The 
pedestrian level temperature variability on the Princeton campus appears to be most 
sensitive to the variability in the topography

CONCLUSIONS

The presented work has aimed at increasing the engagement of urban designers and 
architects on the question of microclimate and air quality in our cities. Environmental pol-
icies are most commonly addressed from high level authorities that often disregard the 
role of architectural geometry and materiality in urban microclimates. However, recent 
research has shown that architecture plays a decisive role in the shaping of neighboring 
microclimates, and therefore, the environmental quality of cities would substantially 
benefit from an active role of architects on the exploration of the influences of different 
design decisions on the immediate urban microclimates.

Having addressed the lack of availability of high spatial resolution environmental data of 
our cities, a sensing kit has been prepared and attached to bikes (for horizontal record-
ings) and UAV technologies (for vertical collection) to obtain higher spatial resolution 
environmental data. UAV technologies have proved to be adequate vehicles to record 
vertical profiles.

The recordings have been compared against an initial set of urban parameterizations. 
The data comparisons have shown that architectural and urban design features influence 
pollutant concentrations. However, further data collection is required to identify more 
specific trends on the relation between architecture, urban parameters and air quality. 
In order to encourage an incremental and scalable data collection platform, DIY sensing 
technologies have been used and the architectural and climatic information has been 
collapsed in the open source processing platform which has been linked to a GIS data-
base. The interactive graphic interface of Processing has been considered appropriate 
to reveal urban design questions in relation to the recorded air quality information in a 
3D design and analysis environment.

Future work will be focused on the development of an open platform to enable larger 
communities to participate in the acquisition as well as in the data rationalization process.
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