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ABSTRACT  

Climatological information is crucial to the development of any Model for Sustainable 

Urban Built Environment. Traditionally the diverse geo-climatic environments prevailing 

in India have given rise to diverse vernacular architectural traditions, all of which are 

resource conserving, climatically appropriate and sustainable. In recent times though the 

traditional building typology as a whole has lost in popularity to the modern mass 

producible construction materials and fast and efficient techniques. In the effort towards 

economizing the building stock, the attention hitherto received by the climate 

responsiveness of the design solution has waned.  

The role played by climate responsive attitude towards sustainable development in the 

building design and construction activity has been accepted widely even at international 

forums. Collaborative efforts between users, builders, governments, NGOs, teachers and 

design professionals are need; for successful implementation of strategies emerging from 

scientific knowledge, traditional wisdom, innovative high and low-tech building solutions; 

in order to reduce the rate of energy consumption and pressure on the environment. 

Conversely even if the buildings are designed with utmost respect to climatic 

consideration, they do participate in modulation of local climate to a certain extent. 

Lack of climatic information pertaining to the growing number and size of urban 

settlements, in readily usable form acts as impedance in the generation of the scientific 

knowledge required for identifying strategies appropriate in those respective settlements. 

It is impractical for the state legislative to prescribe a separate climatic analysis for every 

settlement in view of the complexity entering the process due to the absence of contextual 

climatic data. The climatic classification map hitherto referred for prescribing design 

strategies is based on obsolete size of data, and as such fails to represent the diverse geo-

climatic environment prevailing in India. 

In the aforementioned context this research inquiry tries to answer the following 

questions: 

o How do thermal comfort requirements vary with geographical regions of India? 

o How do ambient climatic conditions provide a basis for selecting passive design 

strategies for achieving thermal comfort in urban built environment? 
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o Do existing building legislation, regulations, codes and standards support the 

successive modulation of ambient climatic conditions? 

The proposed Climatography Model is aimed at enabling modulation of ambient climatic 

conditions; through incorporation of appropriate passive design strategies in building 

regulations for achieving a sustainable urban built environment. The objectives identified 

for fulfillment of this aim are as follows:  

1. To Formulate a framework for collation of climate information useful in thermal 

comfort analyses, at scales of regional geography and urban built environment.  

2. To Delineate regions within India based on prevalent thermal stresses, requiring 

specific combinations of responsive passive design strategies, (a) for standardizing 

mandatory compliance criteria and (b) for identifying appropriate urban built form.  

3. To Recommend revisions in building byelaws, town planning and state energy 

conservation regulations for,  

o (a) including identified strategies as mandatory compliance criteria and 

o promoting built form design interventions in the context of study area 

o  (b) standardizing building performance evaluation criteria  

Having introduced the research context the First Chapter then proceeds with a discussion 

on Research Approach and concludes by describing the scope, limitations and thesis 

outline. The research approach is briefly discussed using a diagram of nested frames 

ranging in detail from School of Thought at the broadest scale to Strategies at the 

intermediate scale and then moving to Tactics at the narrowest scale. The details at the 

scale of School of Thought include the three domains supporting the aim of enabling a 

sustainable urban built environment; namely Climatology, Responsive Building Design 

and Building Legislation. The details at the scale of Strategies include trifurcation of the 

tree domains as follows. Strategies in the domain of Climatology are detailed out as 

analyses at ‘Regional Level’, ‘Local Level’ and ‘Typical Level’. In correspondence to these 

strategies, the domain of Responsive Building Design is detailed out into ‘Combinations of 

Responsive Strategies’, ‘Appropriate Urban Built Form’ and ‘Base Case for Building 

Performance Simulation’ respectively.  Whereas in the domain of Building Legislation, 

‘National Building Code’, ‘Building Byelaws’ and ‘Energy Conservation Building Code’ have 
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been identified as the documents which will be informed by the aforementioned 

strategies in the domain of Climatology and Responsive Building Design. 

Chapter Two is an exposition of detailed concepts in the domains of Climatology, 

Responsive Building Design and Building Legislation. Concepts dealt at length in the 

domain of Climatology include, Climatography as a branch to Climatology; Scales of 

Climate Study, and Climate Data. While exploring the various scales of climate study, one 

gets introduced to, the basis of Koppen climate classification, the notion of geographical 

regions, and the concepts of Urban Climate and Local Climate Zones. A review of various 

concept related to Climatic Data starts with secondary aspects such meteorological 

parameters, collected vide the automatic weather station and urban climate networks, 

and leads to the computation of climatic normals. These aspects are a precursor to the 

primary aspect of diagraming and mapping, as part of which one is introduced to 

composite climate charts (used for representing temporal variation in multiple 

parameters together), geographical climate maps (use for representing composite charts 

of multiple cities together), and finally the development of agro-climatic zones. After the 

study of Agro-climatic zones one understands the use of derived parameters (based on 

interpolated data) in identifying spatial zones having geo-climatic conditions favorable 

for achieving high yield of various crops.  

Concepts dealt at length in the domain of Responsive Building Design include, the 

frameworks for understanding the linkages between various elements involved in as well 

as impeding or enabling the application of climatology to various scales of built 

environment ranging from the region, to the settlement, and down to building element. 

Other concepts dealt here, include the various diagrams (called bioclimatic charts) used 

for identify thermal stresses experienced at a place though out the year, that help in the 

selection of appropriate design strategies.  The finer aspects related to Climatic Suitability 

of Built Environment also include Psycho-Physiological model of thermo regulation 

related to the idea of thermal preference as well as the cyclic method in which the 

architectural design strategies are implemented for modulating the ambient climatic 

conditions. 

Concepts dealt at length in the domain of Building Legislation include, the phenomenon of 

Urbanization, Constitutional provisions enabling urban local bodies for regulating 
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construction activity (with the help of building codes and standards) as well as general 

environmental conditions (with the help of environment impact assessment of 

development projects), Urban and regional plan formulation and implementation 

guidelines. The finer aspects related to the concept of Energy Conservation Building Code, 

include the various compliance criteria as well as the typical weather file required in the 

whole building performance method of compliance. Here, the scant number of typical 

weather files available for India is identified as a concern. The Green rating systems are 

closely related to various sustainable concepts including energy conservation. Last but 

not the least the review deals with the standardized development control regulations at 

national and state level that can be targeted as vehicles for implementing responsive 

design strategies. 

Chapter Three is a compilation and comparison of alternative case studies used for 

selecting components in the research framework. The climatic classification criteria 

available across the world are distinguished into forward analysis and backward analysis 

on the basis of the stage in the design process where it is to be implemented. Finer 

aspects in the concept of Climatic Data Modeling include, Spatial Interpolation, Physical 

basis of variation in Urban Climate, and Temporal Interpolation. The finer aspects in the 

concept of Climate Modulation Strategies include the Design Matrix of all possible 

strategies, Mahoney Tables criteria of prioritizing between conflicting requirements and 

detail exploration of specifications related to the built form, building envelope and 

opening design. Lastly the finer aspects related to the concept of GIS are described, 

including physical and human geography, continuous and discrete data, interdisciplinary 

subsystems.  

The literature review conducted in Chapter Two and Three lays the platform for 

fulfillment of the First Objective achieved in Chapter Four through the formulation of 

analytical framework. The analytical framework consists of three inter connected 

analytical workflows. Second objective of this research is completed after implementing 

two workflows, namely Regional Climate level analysis and Local Climate level analysis.  

In the Regional Climate level analysis published interpolated (temperature extremes) and 

modeled (relative humidity) climate data is used to perform cartographic modeling in GIS 

application on the basis of Mahoney Table criteria and compile thermal stress maps. In 
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the next step the stress maps are subjected to positional notational codes to generate 

strategy maps. Finally the eight strategy maps are superimposed to delineate Thermal 

Comfort Design (TCD) Zones.  

In the Local Climate level analysis on the one hand Local Climate zones (LCZ) are to be 

delineated in selected city by performing supervised classification on remote sensing 

images as per WUDAPT procedure, while on the other hand diurnal micro-meteorological 

measurements are to be collected from various LCZ.  In the next step LCZ map and diurnal 

measurements are to be correlated using Energy Flux model to obtain Modeled Local 

Climate Data. A second iteration of regional climate level analysis is to be performed using 

this Local Climate data to identify Appropriate Urban Built Form.  

In the Typical Climate level analysis climatic normals or collated gridded data are used as 

input in an automated spreadsheet based on a published algorithm to generate local 

typical weather file based on the paper translated from Portuguese attached as APPENDIX 

3. The base case used in building performance evaluation is to be designed as per the 

applicable TCD Zone. Whole building simulation completed using base case designed as 

per TCD Zone and Local typical weather file completes part (b) of Third Objective.  

The TCD Zones are assessed and discussed at length in Chapter Five. Google Earth app 

enables the straight forward identification of the unique combination of responsive 

design specifications at any location across India with the help of a pop-up that appears 

when one searches and clicks besides that location. All major cities (population more than 

1 million) are located within 31 out of 62 TCD Zones delineated across India. Only 16 of 

these TCD Zones encompass 5 or more major cities. Flyers for these 16 TCD Zones 

containing spatial extents, duration of climatic indicators and recommended design 

specifications are attached as APPENDIX 1. 

Spatial analysis using uniform Hexagonal grid and Thiessen Polygons around existing 

Typical weather file stations is useful for identifying neighborhoods with high TCD Zone 

variability. Generation of additional local typical weather file is recommended for cities 

located in these neighborhoods. Detailed spatial analysis has been done for the extents of 

Maharashtra State to enable regionalization of Development and Control Regulations. Out 

of the 12 TCD Zones found across Maharashtra, 5 TCD Zones are restricted to the Konkan 
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region, which signifies the role of TCD Zone in identifying regional thermal comfort 

requirements. List of 254 ULBs of Maharashtra along with their assigned TCD Zone has 

been included in APPENDIX 2 along with the matrix of design strategies applicable in each 

zone. The matrix is useful for identifying the variation in DC&P Rules with respect to 

individual TCD Zone. Recommendations have been made in the Sixth Chapter for 

including the identified strategies as part of Building Byelaws, which completes part (a) of 

the Third Objective. Future Scope for extension of this research has been enumerated in 

the Conclusion Chapter. 

Thus all objectives identified for achieving the aim of this research have been fulfilled.  
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GLORRARY OF TERMS 

Thiessen Polygons: or Voronoi polygons define individual areas of influence around each 

of a set of points. Thiessen polygons are polygons whose boundaries define the area 

that is closest to each point relative to all other points. Mathematically they are 

defined by the perpendicular bisectors of the lines between all points.1 

Fenestration: all areas (including the frames) in the building envelope that let in light, 

including windows, plastic panels, clerestories, skylights, glass doors that are more 

than one-half glass, and glass block walls.2 

Skylight roof ratio (SRR): the ratio of the total skylight area of the roof, measured to the 

outside of the frame, to the gross exterior roof.2 

                                                        

1 http://www.ian-ko.com/ET_GeoWizards/UserGuide/thiessenPolygons.htm 

2
 Kumar, S. et al., 2009. Energy Conservation Building Code (ECBC) User Guide USAID 

ECO-III Project, ed., Bureau of Energy Efficiency. 
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1.1. Preamble 

For centuries indigenous (vernacular) buildings provided thermally comfortable built 

environments in different climatic zones in India and world over [57] [7] [74] [30]. These 

buildings were constructed using locally available materials and methods (local building 

technology) developed by trial and error over centuries in response to prevalent geo-

climatic conditions. In recent decades various phenomenon like population growth and 

outsourcing of industrial processes by developed nations lead to a trend of influx of large 

populations to various old and new towns in the developing countries. The increased 

housing demand led to scarcity of and inflation in prices of resources like land and 

traditional building materials. Alternative building materials costing less and consuming 

lesser space gained popularity and are often outsourced from other places. 

1.1.1. Earth’s Finite Resources 

The finiteness of earth’s resources came to fore during the oil crises of 1970’s. 

Consequently the use of fossil fuels in general for energy generation caused 

unprecedented environmental pollution and efforts to avert climate change were 

initiated. It gave an impetus to the research for assimilating the ancient knowledge about 

climate modulation without the use of energy driven appliances [6,110]. The ensuing 

debate was between reverting to improvised older construction technology and limiting 

the use of climatically unsuitable elements while continuing with active climate 

modulation [71].  

1.1.2. Millennium & Sustainable Development goals  

Millennium Development Goals 2000 as well as the Sustainable Development Goals 

adopted at the international forum acknowledge the need for a paradigm shift to climate 

responsive architectural design [146,147]. In order to achieve these goals, a thorough 

understanding of climatology needs to be developed for its appropriate application in the 

practice of architectural design.  

1.1.3. Climate Responsive Architecture Pledge 

Architects from across the world participating at an international workshop on 

“Sustainability through passive and low energy: climate responsive architecture” pledged  
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Figure 1-1 Physical map of India superimposed with administrative boundaries Based on [45,153] 
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commitment to the challenges of creating better performing buildings and sustainable 

future[71]. They acknowledged the importance of controlling the energy consumption 

and demands on environment through collaborative efforts between users, builders, 

governments, NGOs, teachers and design professionals. They held that buildings designed 

without using strategies emerging from scientific knowledge, traditional wisdom, 

innovative high and low-tech building solutions unnecessarily exert pressure on the 

environment. 

1.2. Research Context 

Legislative measures esp. the Energy Conservation Building Code [23] are in place to 

reduce the reliance on fossil fuels for construction and operation of buildings. In case the 

mandatory and tradeoff compliance criteria are not met whole building simulation 

approach is available, which regulates per unit area energy consumption in proposed 

design to be less than standard design (ECBC, clause 10.1.2). However the pattern of 

energy consumption changes with geo-climatic conditions within existing climate zones. 

Legislative measures are yet to be developed for implementation of climate responsive 

design strategies.  

1.2.1. Sustainability is contextual 

For a sustainable future, design decisions and construction practices about the built 

environment must go well beyond technical correctness, by their aesthetic inquiry as well as 

by their community responsibility[31]. Jeffrey Cook [31] emphasizes that in order to 

implement “design with climate” we need to utilize a “design with place” matrix of 

performance expectations that matches international expertise with local resources. He 

also quipped; Climate zones to describe appropriate building design should be different 

from those invented for agriculture or aeronautics [30].  

1.2.2. Successive climate modulation 

Elaborate frameworks for the use of climate information in successive climate modulation 

by means of planning of regions, settlement and design of buildings [16] have existed 

since a few decades, but its practical implementation has been hindered due to certain 

barriers transfer of knowledge [39] from experts to other stake holders.   
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1.2.3. Climatic Diversity of India 

India is a vast and humanly too complex a country for any facile generalization or 

comprehension to be meaningful, and it is difficult to grasp it and understand it in its 

entirety [130]. By using regionalization approach Singh et al [130] demonstrated that the 

dictum – the whole can be understood through its parts – holds good for India. Diverse 

regional climates are experienced across India – mainly due to the uneven spatial and 

seasonal distribution of solar radiation, moisture and precipitation over its unique terrain 

comprising following four macro level natural regions [130] as shown in Figure 1-1: 

1. The mountain wall consisting of the Himalayan Range  

2. Northern plain or the Indo-Gangetic Plain  

3. Peninsular plateau consisting of Malwa, Chhota Nagpur and Deccan Plateaus and 

Chhattisgarh Plains 

4. Coasts and islands extending from Rann of Kachch, Kathiawar Peninsula, Konkan, 

Malabar and Coromandel Coasts, Northern Circars, Lakshadweep and Andaman & 

Nicobar Islands 

1.2.4. Inter-relation between Climatic Diversity and Ethnicity 

Diverse regional climates are responsible for increased human ethnic diversity [27]. 

India’s National Anthem [135] is an epitome acknowledgement of the plural ethnicity of 

its people – evident from religious, linguistic and regional or sectional diversities – which 

we have resolved to transcend [141]. Ethnic groups [142] of India built up their 

distinctive ways of living – including their dwellings in response to the natural climatic 

and  techno-cultural environments which are part of climo-cultural determinant of  

thermopreferendum [4]. 

Absence of sufficiently detailed climatic information needed for assessing comfort 

requirements across India and within urban settlements; impedes the implementation of 

strategies for successive modulation of climate that are at the disposal of respective urban 

local bodies, town planning departments and energy regulation authorities. In order to 

achieve a sustainable urban built environment it is important not only to implement the 

appropriate responsive passive design strategies, but also to assess their performance. 
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1.3. Research Framework 

1.3.1. Research Questions 

Traditionally the diverse geo-climatic environments prevailing in India have given rise to 

diverse vernacular architectural traditions all of which are resource conserving, 

climatically appropriate and sustainable. In this context it is important to know… 

o How do thermal comfort requirements vary with geographical regions of India? 

o How do ambient climatic conditions provide a basis for selecting passive design 

strategies for achieving thermal comfort in urban built environment? 

o Do existing building legislation, regulations, codes and standards support the 

successive modulation of ambient climatic conditions? 

1.3.2. Aim  

The proposed Climatography Model is aimed at enabling modulation of ambient climatic 

conditions; through incorporation of appropriate passive design strategies in building 

regulations for achieving a sustainable urban built environment. 

1.3.3. Objectives 

The following objectives were identified to enable fulfillment of the aim of this research:  

4. To Formulate framework for collation of climate information useful in thermal 

comfort analyses, at scales of regional geography and urban built environment.  

5. To Delineate regions within India based on prevalent thermal stresses, requiring 

specific combinations of responsive passive design strategies, (a) for standardizing 

mandatory compliance criteria and (b) for identifying appropriate urban built form.  

6. To Recommend revisions in building byelaws, town planning and state energy 

conservation regulations for,  

o (a) including identified strategies as mandatory compliance criteria and 

o promoting built form design interventions in the context of study area 

o  (b) standardizing building performance evaluation criteria  
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1.4. Research Methodology  

A research methodology has been developed for sequential exploration of interlinked 

datasets and analytical techniques from climatology, responsive design and building 

legislation to achieve research objectives. Datasets and analytical methods appropriate 

for interlinking different levels of climate study with design sequence and existing 

legislative instruments are identified and put together in an analytical framework. The 

research approach shown in Figure 1-2 has been structured under three heads namely, 

system of inquiry, strategy and tactics [55] as follow: 

ANALYTICAL FRAMEWORK (OBJECTIVE 1b)

CONCLUSION

PROBLEM IDENTIFICATION
INITIAL STUDIES, JUSTIFICATION FOR THE STUDY, RESEARCH FRAMEWORK, SCOPE AND LIMITATIONS, THESIS OUTLINE

LITERATURE REVIEW (OBJECTIVE 1a)
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Figure 1-2 Research Approach 
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System of inquiry – At broader level, this research explores the synergetic 

interdependence between concepts of climatology, responsive design and building 

legislation for enabling sustainable urban built environment. 

Strategy – The strategy adopted for this research is to evolve an iterative workflow of 

thermal comfort analyses at three levels (in order of development) regional climate, local 

climate and typical climate.  

Tactics – The strategy of iterative analyses necessitates selection of appropriate datasets 

to cater a range of considerations from general to more specific. To begin it is essential to 

establish the climatic diversity of a country like India from thermal comfort perspective. 

a. Initially various climatic datasets applicable to cross country thermal comfort analysis 

are collated and analyzed to identify all possible combinations of prescribed 

responsive building design specifications. 

b. In the next iteration possibility of establishing variations – within this climate 

classification based on thermal comfort design prescription – due to existence of Local 

Climate Zones is explored. Workflow for synthesizing local climate data for a given city 

is developed. Energy flux modeling (based on supervised land use / cover 

classification of temporal satellite images) and micrometeorological field survey is use 

in this workflow.  

c. The climate classification at two levels is used not only for stipulating prescriptions, 

for settlement (built form) and responsive building design but also for base cases used 

in whole building performance simulation. Workflow for synthesizing local typical 

weather year files for a given location is developed. In this workflow hitherto collated 

climatic datasets and modeled solar radiation data is substituted in an algorithm 

established for (temporal interpolation) estimation of hourly climate variables.  

This analytical framework has been further elaborated in Chapter 4. 

1.5. Scope and Limitations 

This research is an inquiry into the causal loop of climate – adaptive comfort – responsive 

design – built form – (micro) climate, shown in Figure 1-3. Scope encompasses the 
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overlap between the domains of Climatology, Responsive Design and Building Legislation 

(Regulations Codes and Standards), as shown in Figure 1-4. 

Though various sub divisions of the domain of Climatology are found in literature [159], it 

has been trifurcated into levels namely, Regional, Local and Typical as shown in research 

approach (Figure 1-2) for establishing their linkages with various levels identified the 

other two domains. In the case of Regional Climate Level an in-depth review of 

interdisciplinary concepts has been done. Responsive Design theory has been extended to 

utilize interpolated climatic data and an application of the theory has been developed in 

GIS. While on the other hand, in the case of remaining two levels of study in Climatology 

exploratory review of the state of the art has been done. 

 

 

Figure 1-3: Causal Loop 

 

Figure 1-4: Diagram of Scope 

Adaptive thermal comfort limits established in Mahoney tables for assessing monthly day 

time and nighttime thermal stress are dependent on factors like annual mean 

temperature, monthly humidity group; and as such broader in range unlike those used for 

energy performance assessment which are found in literature to be constantly under 

review [17]. Rather than establishing the suitability of various permutations and 

combinations of detailed element design, based on duration of stress conditions available 

in literature [33], the recommendation of various building design specifications has been 

limited to distinguished broad strategies [68,71] in order to identify the variety of 

combinations applicable across India.  

Though a variety of building regulations codes and standards developed by organizations 

like Bureau of Indian Standards (BIS), Bureau of Energy Efficiency (BEE) and State 
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Directorate of Municipal Administration (SDMA) are in force at the national, state and 

urban local body levels; the scope of this research has been limited to climate responsive 

aspects of following Building Legislations: 

1. National Building Code of India 2005 [24]. 

2. Energy Conservation Building Code 2007 [23]. 

3. Standardized Development Control and Promotion Regulation for various types of 

ULBs in Maharashtra 2013[150,151]. 

1.6. Thesis Outline 

This thesis report is organized in six chapters, beginning with ‘Introduction’ providing 

statement of research context, aim and objectives of this research and methodology 

follows. In the Second chapter titled ‘Background Theory’; linkages between 

climatography, historical and contemporary sustainable practices for built environment 

and role of climatology in legislative provisions pertaining to the same have been 

established. The background study opens up avenues for exploring state of the art in 

various disciplines dealt in the next chapter. 

The Third chapter titled ‘Modeling: approach and techniques’; starts with a discussion 

on climate classification for building design, followed by a review of physical basis of 

climate variation, and explores state of the art in multi-level strategies of climate 

modeling. Methodologies for climatic data collection, collation and analysis pertaining to 

application of climatography to sustainable urban built environment have been reviewed 

in detail.  The review lays the foundation for the development of multi level ‘Analytical 

Framework’ discussed in Chapter Four, wherein the advances in climatic data modeling 

have been extended using GIS to determine the variety of adaptive thermal comfort limits 

prevailing in and responsive design strategies suitable for identified regions of India in 

order to inform relevant building regulations, codes and standards. 

The Fifth chapter elaborates on ‘Assessment and Discussion’ on efficacy of the developed 

analytical framework in achieving the objectives of this research. ‘Conclusions’ including 

recommendations for implementing the findings of the research through building 

legislations and scope for future research are discussed in Chapter Six. 
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CHAPTER 2.  BACKGROUND THEORY 
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2.1. General 

To start exposition of the background theory it is necessary to defining elements of the 

main premise of the argument in question [19]. The central argument of this thesis is that 

climatography needs to be employed for regionalizing building design legislation based 

on forward analysis of thermal stresses and climatic indicators. In this chapter linkage 

between climatography, historical and contemporary sustainable practices for built 

environment and role of climatology in legislative provisions pertaining to the same have 

been established.  

Until the last quarter of the twentieth century, Climatology or ‘climate science’ had a 

limited scope as a branch of meteorological science as it was dealt largely by government 

departments. In stark contrast to its previous role, it grew in scope due to various 

catalysts enumerated by Carleton [26]. These include; the revelation of an integrated 

climate system encompassing atmosphere, biosphere, cryosphere and hydrosphere 

interlinked by various feedback processes; a perceived increase in extreme weather and 

climate anomalies; a growing awareness of the potential and real impacts of human 

activities in some climate change; application of the physical and mathematical 

underpinnings of meteorology and atmospheric science to climate modelling; the 

availability of new sources of data, derived both remotely from satellites and intensively 

from field programs; the growing accessibility to climate-data, as well as its statistical 

analyses over the internet [26].  

Bryson [22] explains that the way a segment of the world is studied not only depends on 

rational analysis but also on how the topic is defined relative to the expertise of the 

scientist and the historical precedents of the scientist’s discipline. This also explains the 

definitions and biases that affect the study of the topic. First one must deal with various 

facets of Climatology in general and Climatography in particular from perspective of 

sustainable urban built form. Relevant advances and case studies from India and abroad 

are discussed to elucidate the research context. Later, aspects of climatology relevant to 

sustainable urban built environment are discussed, followed by the current legislative 

setup available for the implementation of the same. 
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2.2. Climatography 

Climatology is a study of atmospheric conditions over periods of time measured in years 

or longer. It includes the kinds of weather that occur at a place. It is concerned not only 

with the most frequently occurring types, the average weather, but the infrequent and 

extreme events as well. Dynamic change in the atmosphere brings variation and 

occasional extremes that have long-term as well as short-term impacts. A recent 

definition states that, climatology is the study of the processes of, and the interactions and 

feedbacks between, the physical and human components of the climate system at a variety of 

temporal and spatial scales [143]. 

The study of the actual distribution of climates over the earth, as distinguished from that of 

climate in general, is sometimes called climatography [136]. A later definition states, 

climatography consists of the basic presentation of climatic data and its verbal or 

cartographic description [107]. Climatography has been applied widely in the preparation 

of climate zone maps for policy formulation regarding various human concerns including 

but not limited to health [94], agriculture [84], water resource planning [118], solar 

energy resource planning [128], energy conservation in building industry 

[3,7,17,58,102,125], urban planning [1,2,38,44,48,86,121], and disaster mitigation 

[67,80]. A combination of climatic variables, derived indices, land form, soil types, land 

use - land cover, etc may be used as classifiers in the various climate zone maps [95].  

2.2.1. Scales of climate study 

While resolving the complexity of issues comprising climate study McGuffie and 

Henderson-Sellers [87] gave the analogy of a 3×3 Rubik’s Cube. They (arbitrarily) divided 

the 3 axes representing 3 domains of climate study namely time, space and human 

perception, into 3 levels of detail namely fine, intermediate and coarse. As shown in 

Figure 2-1 they divided the domain of time into, a year, decade and millennia, while, the 

domain of space into, local, regional and global; whereas, the domain of human perception 

into, synthesis of observations, personal observations and model prediction.  Oke [103] 

plotted various atmospheric phenomenon across a range of spatial and temporal scales as 

shown in Figure 2-2 where he also elaborates the role of urban built form in causing or 
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modifying phenomenon ranging from Small scale turbulences to Local winds leading to 

significant variations in urban local climates as compared to rural surroundings.  

 

Figure 2-1 The Climate Cube  
(Source: [87]) 

 

Figure 2-2 Time versus Horizontal space scales of various 
atmospheric phenomena 

(Source: [103]) 

M. M. Yoshino [158] derived a general consensus regarding nomenclature used to define 

ranges of the atmospheric continuum as shown in Figure 2-3 by clarifying the confusion 

that existed due to its long and interdisciplinary evolution [108]. Depending upon the 

geographical location and extent one or more Macroclimate/s could exist across a 

country. Urban areas could exit in several favorable Mesoclimates developed due to 

proximity to geographical features such as seas, mountains, valleys, plains etc. Multiple 

Local climates and Microclimates occur simultaneously in any given urban area and hence 

factors causing these variations also need to be studied for climate responsive design 

strategy adoption. Facets of various scales of climate study relevant to urban built form 

are described in the following. 
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Figure 2-3 An example of micro-, local, meso-, and macroclimatic phenomena. 
M1-M11: Microclimate, L1-L5: Local climate, S1-S2: Mesoclimate and A1: Macroclimate Source:[158] 

2.2.2. Macro-scale 

Macro-scale the broadest scale of study and, is used to provide an overview of the entire 

climate of the world [108]. Factors studied to understand phenomena at this level include 

planetary energy and water balance, global wind and ocean circulation patterns, nature 

and hazard of extreme events, etc.  

There is a diurnal and seasonal pattern to the amount of solar radiation received across 

the earth due to its inclined axis shown in Figure 2-4, which causes seasonal variations in 

climate [108]. The earth’s hemisphere where radiation is incident heats up and in turn the 

atmosphere in contact with the surface gets heated up; the differential energy flux in the 

atmosphere and surface drag due to rotational motion of the earth causes global wind 

patterns that are seasonal in nature as shown in Figure 2-5. 

Seventy per cent of the earth’s surface is covered with water, and solar heat gain results 

in evaporation and formation of clouds; when global or local winds travel inland they 

carry these clouds with them. The uplift of air with clouds causes adiabatic heat loss 

resulting in precipitation, completing the atmospheric leg of hydrological cycle as shown 

in Figure 2-6. Climatography at the macro climate scale can be recognized essentially as 

an orderly description of world climates based on quantitative methods to categories 

distribution of climatic elements like say monthly mean temperature, monthly mean 

precipitation and mean annual temperature. 
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Figure 2-4 The astronomical seasons Source:[108] 

 

 

Figure 2-5 Patterns of global wind circulation and seasonal reversal Source:[108] 
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Figure 2-6 Cloud uplift (a) orographic, (b) convective, or (c) cyclonic and (d) hydrological cycle Source: [108] 

Table 2-1 Description of Köppen climate symbols and defining criteria Source: [115] 

 
* Pthreshold = varies according to the following rules  
(if 70% of MAP occurs in winter then Pthreshold = 2 x MAT,  
if 70% of MAP occurs in summer then Pthreshold = 2 x MAT + 28, 
otherwise Pthreshold = 2 x MAT + 14).  

 
*MAP = mean annual precipitation, MAT = mean annual temperature, Thot 
= temperature of the hottest month, Tcold = temperature of the coldest 
month, Tmon10 = number of months where the temperature is above 10, 
Pdry = precipitation of the driest month, Psdry = precipitation of the driest 
month in summer, Pwdry = precipitation of the driest month in winter, 
Pswet = precipitation of the wettest month in summer, Pwwet = 
precipitation of the wettest month in winter, Summer (& winter) is defined 
as the warmer (& cooler) six month period of ONDJFM or AMJJAS. 

2.2.2.1. Köppen classification system 

Köppen classification map shown in Figure 3-7 is an example of macro scale 

climatography. The classification system was initially developed based on temperature 

observations, in relation to plant growth. It was established as a quantitative method after 
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being proposed, modified and re-modified over decades of research. Köppen intended to 

provide a triple order world pattern of climates using simple observations of selected 

climatic elements listed in Table 2-1 [108].  

2.2.3. Mesoscale 

At the intermediate level, Meso scale climates are frequently identified with a distinctive 

geographic region. In such a region, the physical controls of climate are similar and not 

modified by major differences within the region [108].  

 

Figure 2-7 Geographic regions of India Source: [130] 
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2.2.3.1. Geographic Regions 

As shown in Figure 2-7 India has been divided into four macro regions and its 192 sub 

regions listed in Table 2-2; based on distinct geology, structure, & physiographic relief, 

Table 2-2 Geographic regions of India Source:[130] 
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together with the positional factor (longitude, altitude & continentality) [130]. 

Climatography for delineating Agro-Ecological regions [84,127] and development of 

“Typical Year” weather file for 59 locations in India [61] are examples of studies at the 

meso climate scale.  

For the purpose of practical crop planning; Agro-Ecological regions were delineated as 

shown in Figure 2-8. These regions were based on geographic regions of India grouped, as 

shown in Table 2-3 and superimposed with soil types, bio-climate and length of growing 

 

Figure 2-8 Agro-Ecological Sub-regions of India Based on: [39,127] 
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period (LGP) grouped, as shown in Table 2-4. State of the art in criteria for Agro-

ecological classification system has been discussed in section 0. 

Table 2-3 Letter Codes used for grouping of regions in Agro Ecological studies Source: [39,127] 

 

Table 2-4 Ordered Letter & Numeral Codes used in delineation of  AER Source: [39,127] 

 

The geographical context is also a significant factor in the selection of architectural design 

strategies as it governs the availability of raw materials for building construction as well 

as the climatic conditions to which it will be subjected. As will be discussed at length in 
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section 2.5.5.2, Huang et al. [61] selected meteorological observatories (see Figure 2-12) 

that were representative of various geographical regions, considering meso scale 

variability of climate; while developing “Typical Year” weather files required in building 

performance assessment. 

 
Figure 2-9 Schematic of climatic scales & vertical layers found in urban areas: planetary boundary Source: [105] 

2.2.4. Local scale 

The next level of climate study shown in Figure 2-3 is Local-Scale. Variety of Local 

climates are formed due to occurrence of micro-climates in close proximity to each other; 

under the influence of a variety of natural and man-made land covers such as forests and 

urban areas [108]. Simple comparison of the conventional meteorological elements 

(temperature, humidity, wind, precipitation) measured in a town and at an outlaying 

airport, has long been pointed out to be an inadequate analytical tool to establish local 

urban climatic difference [79]. Best practices for the selection of sites, the installation of a 

meteorological station and the interpretation of data from an urban area have since been 

established [105]. 

2.2.4.1. Urban Climatology 

Considering a time period of one day the energy exchange near the earth’s surface is 

restricted to a shallower layer of atmosphere called (planetary) boundary layer. In urban 
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areas the (urban) boundary layer is sub-divided into surface layer, roughness sub layer 

and urban canopy layer as shown in Figure 2-9 [105]. Accordingly methodology was 

developed for detailed classification of natural and manmade elements affecting mixing in 

the roughness sub layer for differentiating between varieties of local climates [131]. 

2.2.4.2. Local Climate Zones 

For assisting detailed assessment of measurements recorded in urban climate studies, the 

local climate zone (LCZ) classification has been developed based on 10 types of built 

structures, 7 types of vegetation found in urban areas and 4 types of land cover properties 

occurring due to seasonal changes [131]. 

 
Figure 2-10 Built-up, land cover and surface typologies for LCZ classification Source: [131] 

2.2.5. Micro scale 

Micro-scale is the finest level of climate study shown in Figure 2-3. At this scale 

phenomenon of heat exchange occurring within the urban canopy layer (shown in Figure 

2-9) may be analyzed on a sub-hourly basis. The participation of various land cover types 
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and canyon geometry in the energy and water balance are measured and simulated at this 

scale as shown in Figure 2-11 [5].  At this scale energy balance is studied in terms of four 

types of heat fluxes namely, sensible, latent, storage and anthropogenic; whereas water 

balance is studied in terms of precipitation, runoff, infiltration, diffusion and drainage 

outside the system. Physical properties of various surfaces and soil types play a role in the 

net radiation and hydrological budget at a given study area. 

 

Figure 2-11 Scheme of the SM2-U energy and water budget models Source: [5] 
(a) 7 surface types and 3 soil layers. (b) Energy budget of paved surfaces. 

At this scale the differences in micro climatic conditions may be found around buildings 

depending on whether the measurement is done on the windward-leeward side, exposed-

shaded from radiation, Albedo of the horizontal and vertical surfaces in the vicinity, sky 

exposure, pervious-impervious surfaces, type of vegetation cover etc. Well ventilated 

spaces may not have distinct micro-climates, due to frequent air changes. It is the 

obstruction of air movement that primarily leads to creation of micro-climates in urban 

areas. 
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2.3. Climatic Data 

Unlike meteorology, climatology involves a study of meteorological parameters, 

measured at a place, over long periods. Though most parameters are measured / read on 

sub hourly basis, they may be recorded and reported as hourly measurements, daily 

extremes or monthly normals. Meteorological stations collect and publish a great deal of 

information on the weather of a region. Only a small part of it is required for building 

design. the choice is dominated by the need to obtain a picture of typical weather 

conditions to be expected at different seasons [144]. 

A structural engineer must base his calculations on the worst possible case of structural 

load. However it is not practicable for an architect to design for the worst possible 

climatic stress; it would result in buildings that are uninhabitable during normal weather 

conditions or lead to completely uneconomical installations for heating and cooling. 

Climatic design of building must be based on typical or normal, not on extreme 

conditions. Monthly means of daily maxima and minima of parameters listed in Table 2-5 

are enough for the purpose [144]. 

Table 2-5 List of parameters required in climatic design of buildings Source: [144] 

Air Temperature °C Relative Humidity % Precipitation and Wind 

Monthly mean maximum Monthly mean maximum a.m. Rainfall, mm 
Monthly mean minimum Monthly mean minimum p.m. Wind direction prevailing 
Monthly mean range Monthly average Wind direction secondary 
Annual mean temperature  (from 8 cardinal directions) 

2.3.1.1. Meteorological Parameters 

The parameters reported by meteorological stations include, air temperature, humidity, 

cloud amount, rainfall, mean wind speed and direction, weather phenomenon and 

visibility. A combination of climatic variables, derived indices, land form, soil types, land 

use - land cover, etc may be used as classifiers in the various climate zone maps [95].  

Data on air temperature and humidity provide an idea of the climatic stress to be 

expected. Information on the daily and annual ranges of temperature and measurements 

of rain and wind complete the picture and, at the same time, indicate possible sources of 

relief [144]. 
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2.3.1.2. Climatic normals used in climatology 

Meteorological observations aggregated using typically 30 year long data are called 

Climate Normals and are used in climatic studies. Climatological Normals are long term 

statistical averages of atmospheric parameters measured at Weather Stations. Every 10 

years IMD revises charts of climatological normals prepared by analyzing past 30years of 

meteorological data. A recently published dataset [63] contains data from 417 weather 

stations across India marked in Figure 2-12. The weather stations used for preparation of 

typical weather files [61] are indicated separately and Thiessen Polygons around each of 

these stations show the area of its neighborhood. 

 

Figure 2-12 IMD / ISHRAE Weather Station Location Map of India based on [61,63] 
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2.3.1.3. Automatic Weather Stations 

World Meteorological Organization guidelines govern the positioning of automatic 

weather stations installed for the measurement of regional meteorological data [154]. The 

instruments are usually located at a place where readings are not affected by special 

topographical features, nearby buildings or vegetation.  

2.3.1.4. Urban Climate Network 

In order to enable location of sufficient number of weather stations required for studying 

spatial variation in urban climate; placement criteria were adapted for urban areas by 

WMO [104]. Permanent urban - atmospheric monitoring programs such as the Oklahoma 

City Micronet (OKCNET) deployed across the Oklahoma City metropolitan area have 

resulted in improved understanding of the impacts of urban areas on atmospheric 

processes, as shown in Figure 2-13[8]. 

 

The temperature values (in °C) from traffic signal sites (& Oklahoma Mesonet sites at 9 m) are displayed in 
black (& white). Analyzed wind vectors are displayed as black arrows, and analyzed temperature are 
represented as color contours with (white) contoured isotherms every 0.5 degC. 

Figure 2-13 OKCNET observations from 14 December 2008 at 1940 UTC as a strong cold front propagated 
through Oklahoma City Source: [8]  

Installation of permanent instrumentation for urban micro climate monitoring being rare 

and time consuming [8], most researchers seem to rely on temporary stationary 

instrumentation and mobile surveys using instruments mounted on vehicles [54,66,117]. 
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2.3.2. Climate diagrams & maps 

Distribution of one or more climatic parameters may be analyzed with reference to time,  

w.r.t. each other or w.r.t. geographic location using various Climatographs, Climographs /  

Climograms and Climate maps [95]. Climographs used to show the influence of climatic 

conditions on human activity are also known as Bio-climatic charts and are discussed in 

section 2.4.3. Relevant climate maps are discussed in the following. 

2.3.2.1. Composite Charts 

Composite graphs of precipitation and temperature drawn in combination with climatic 

maps serve the purpose of understanding effects of seasonal phenomenon; like the 

macro-scale reversal of wind patterns occurring in June and December, collectively called 

the Asian Australian Monsoon. Unlike simpler wind maps shown in Figure 2-5 (b) and (c); 

maps of atmospheric pressure (isobars) combined with seasonal wind directions across 

Asia and Australia shown in Figure 2-14 help to explain the moisture and temperature 

regimes experienced in Calcutta and Thursday Island [159]. 

 
Figure 2-14 Climate Map explaining the Asian Australian Monsoon Source: [159] 

2.3.2.2. Geographical Climate Maps 

The monthly variation in climatic parameters viz. temperature extremes, mean relative 

humidity and rainfall, used to be shown in the form of composite charts at floating near 

the city location on a geographical map of the country.  

Figure 2-15 describes variation in climate normals across India, in terms of graphs [130].  
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Figure 2-15 India Climatic Condition Source:[130] 

 
Figure 2-16 Normal rainfall pattern over India during 4 seasons Source: [64] 

 
Figure 2-17 Seasonal temperature distribution over India  Source: [64] 
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Interpolated patterns of normal rainfall during different seasons and monthly 

temperature isopleths are also being superimposed with points of interest as shown in 

 

Figure 2-16 & 

 

Figure 2-17.  

These types of maps are especially useful for describing climatic normals across growing 

number of city locations or cumulatively across states [64].  

2.3.2.3. Development of Agro-Climatic Zones  

Various Agro-climatic zones were developed for agricultural planning in India. The 

Planning Commission of India identified 15 Agro-Climatic Resource Development Regions 

during the VIIth Plan 1985-90, as shown in Figure 2-18. The Indian Council for 

Agricultural Research (ICAR) delineated 127 Agro-climatic zones, under the National 

Agricultural Research Project as shown in Figure 2-19. The classifications have been done, 

using an indirect method based on soil type, climate (temperature), rainfall and other 

agro meteorological characteristics[96,97]. 
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Figure 2-18 Agro-Climatic Regions as per Planning 
Commission Source: [97] 

Figure 2-19 Agro-Climatic Zones as per ICAR Source: 
[96] 

Later ICAR established 20 Agro-Ecological Regions and 60 Agro-Ecological sub-regions 

shown in Figure 2-8 by superimposing geographical regions with natural resources; like 

soils, climate and length of growing period for crops and other associated parameters 

classified into broad and narrow categories respectively [46,127]. To reach near the 

ground reality of crop performance by utilizing improved knowledge base on natural 

resources Figure 2-20 and analytical tools Figure 2-21, the Agro-ecological classification 

system is further being revised as shown in Figure 2-22 [84]. 

Similarly, for achieving a sustainable built environment improvisation with respect to 

latest available datasets and analytical tools is necessary for improving the climatic 

classification for building design as discussed in section 2.5.5.2. 
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Figure 2-20 Updated soil map of IGP region Source: [84] 

 

Figure 2-21 Reanalyzed hydraulic conductivity of 
IGP region Source: [84] 

 

Figure 2-22 Revised Agro-Ecological Sub-Regions 
of IGP Source: [84] 

2.4. Sustainable Urban Built Environment 

2.4.1. General 

Goals pertaining to the Built Environment adopted in UN’s 2030 agenda for sustainable 

development [146] are listed in Table 2-6. Among others the identified targets include 

development of technological expertise for, building sustainable and resilient buildings 

using local materials; and achieving more sustainable patterns of (energy) consumption.  
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Table 2-6 Sustainable Development Goals 11 & 12 Source:[146] 

Goals Facts and Figures Targets 

G
o

a
l 

1
1

: M
a

ke
 c

it
ie

s 
in

cl
u

si
ve

, s
a

fe
, r

es
il

ie
n

t 
a

n
d

 s
u

st
a

in
a

b
le

 

o Half of humanity – 3.5 billion people – lives in cities 
today. 

o By 2030, almost 60 per cent of the world’s 
population will live in urban areas 

o 95 per cent of urban expansion in the next decades 
will take place in developing world 

o But the high density of cities can bring efficiency 
gains and technological innovation while reducing 
resource and energy consumption 

 Support least 
developed countries, 
including through 
financial and technical 
assistance, in building 
sustainable and 
resilient buildings 
utilizing local 
materials 
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o Despite technological advances that have 
promoted energy efficiency gains, energy use in 
OECD countries will continue to grow another 35 
per cent by 2020. Commercial and residential 
energy use is the second most rapidly growing area 
of global energy use after transport. Households 
consume 29 per cent of global energy and 
consequently contribute to 21 per cent of resultant 
CO2 emissions. 

 Support developing 
countries to strengthen 
their scientific and 
technological capacity 
to move towards more 
sustainable patterns of 
consumption and 
production 

There has been a shift in focus of applied climatology from earlier concern of statistical 

distribution of climates to the interaction between physical and human components of 

climate system [143]. In order to reduce human impacts on the climate system, building 

planning, design and construction practices need to be informed according to prevailing 

climatic conditions. 

2.4.2. Climatology Applied to Built Environment 

Methodologies have been developed for effective implementation of climate knowledge in 

the planning, design and construction of built environment [15], and status of application 

have been evaluated [37]. 

Bitan [15] provided a methodology for applying climate knowledge to planning and 

building at the levels of region, settlement and building as shown in Figure 2-23. The 

methodology lists bioclimatic strategies to be implemented at all levels based on 

pertinent climatic analysis. 
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Figure 2-23 Methodology for applying climatology to planning and building design 

 

Figure 2-24 Scope for improvement in application of climate knowledge to planning and building design 

Eliasson [37] linked explanatory variables and identified constraints governing the 

precursory “state of application” of climate knowledge in urban planning and building, 

and proposed actions as shown in Figure 2-24 for improving the same. She enumerates 

the need to improve communication, of existing climate knowledge (available with 
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climatologists) to all concerned stake holders, and argumentation for supporting its use. 

Mills [89] cautions that sustainable built environment requires a coherent strategy that 

applies planning and design tools at the appropriate scale and ensures that actions at one 

scale are not counteracted at another scale [156]. Bioclimatic charts are often used in 

argumentation in support of implementing climate responsive best practices [125]. 

2.4.3. Bioclimatic Charts 

Climograms used in thermal comfort analyses are called Bioclimatic charts.  In a 

bioclimatic chart physiological effects of climate on man are indicated by plotting relative-

humidity values in relation to temperature[95].   

 

Figure 2-25 Schematic bioclimatic index Source: [106] 

Thermal comfort zone and corrective measures are established on the bioclimatic chart. 

Olgyay and Givoni developed such bioclimatic charts to identify thermal stresses 

prevailing at a place and suggest corrective actions referred to as climate responsive 

passive design or bioclimatic design strategies [106] [47]. 
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Olgyay[106] assembled the effects of wind, moisture and solar radiation around the 

comfort zone plotted on a graph built up with DBT as ordinate and relative humidity as 

abscissa as shown in Figure 2-25 . 

Givoni’s chart was first published in 1969[47]. In this chart a psychometric chart 

depicting Absolute humidity, relative humidity and dry-bulb temperature (DBT) is used 

as base. The psychometric chart has been marked with polygons where four different 

bioclimatic strategies used to achieve thermal comfort (natural ventilation, high mass, 

high mass with night ventilation and evaporative cooling) are effective. The bioclimatic 

strategies can be recommended for a place by plotting the outdoor climatic conditions 

prevailing around the year on Givoni’s chart. 

Various researchers developed & adapted these charts into variants that require variety 

of time steps and formats of input data, and that cater variety of design strategy 

assignment criteria and various mediums of output recommendations [78,91,125]. 

 

Figure 2-26 Givoni chart with strategies illustrated for Brazilian building legislation Source:[77] 

Lamberts [78] used the charts as shown in Figure 2-26 to illustrate bioclimatic design 

strategies in support of Brazilian building legislation. While delineating bio-climatic 

regions across Brazil Roriz et al. [125] adjusted the criteria for design strategy selection 

as shown in Figure 2-27.  
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Figure 2-27 Givoni chart adapted for Brazilian bioclimatic zone delineation Source: [125] 

Hourly readings of temperature and humidity can be plot on a Givoni (psychometric) 

chart using Climate Consultant software [91] as shown in Figure 2-28, to assess the 

effective duration of recommended bioclimatic strategies throughout the year.  

 

Figure 2-28 Climate_Consultant_3.0 interface for identifying bioclimatic strategies on hourly basis Source: [91] 

Evans [42] proposed a graphic tool called ‘Comfort Triangles’ to identify and select 

bioclimatic strategies according to climate conditions and comfort requirements for a 

particular space. The Comfort Triangle use two key variables, average daily temperatures 

and temperature swings, to relate outdoor daily temperature variations with the 

modification of thermal performance achieved indoors. The four different comfort zones 

identified, for sedentary activities, sleeping, circulation and extended circulation have 

been labeled as A, B, C and D, respectively in Figure 2-29. This tool is useful for evaluating 

the need for implementing strategies in spaces assigned to specific uses. 
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Figure 2-29 The comfort triangle with zones for identified activities Source: [42] 

2.4.4. Climatic Suitability of Built Environment 

Ratti et al. corroborate Oke’s view that climate analysis for comfort requirement also 

referred to as forward analysis, shall precede any built form performance analysis [119] 

referred to as backward analysis. The choice of comfort requirement is dependent on the 

behavioral thermoregulation in various geographical regions.  

2.4.4.1. Psycho-Physiological Model of Thermoregulation 

Auliciems states that the natural climatic and techno-cultural environments collectively 

termed climo-cultural determinants, determine the thermal expectation and – as a 

consequence feeling of dis/satisfied with thermal affect leading to – thermopreferendum  

(see Figure 2-30) of people residing in different geographical regions [4]. 

2.4.4.2. Thermal Preference 

Earlier Bedford [10] had reported variation in the thermal preference or ‘comfort zone’ 

based on average monthly outdoor temperature, called adaptive comfort range which was 

further investigated by Humphrey and Nicole[62], Evans [40] and Brager & Dear [16]. The 

Adaptive comfort range shown in Figure 2-31 has been part of the ASHRAE Standard 55 

since 2004. 
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Figure 2-30  Psycho-Physiological Model of Thermoregulation Source:[4] 

It has been pointed out that despite the extreme subjectivity expected in the concept of 

comfort, analysis of comfort votes – taken from large number of people subjected to 

identical conditions – produced remarkable agreement on the limits beyond which at 

least 70 per cent of the test subjects complained of discomfort [69]. The area between 

these limits is referred to as ‘comfort zone’. Since these limits vary with annual mean 

temperature and humidity group of a particular month due to thermopreferendum; and 

during daytime and nighttime, due to variation in activity, metabolic rate and clothing; as 

illustrated in Figure 2-32; these are referred to as adaptive comfort limits. Koenigsberger 

et al  [69] used adaptive comfort limits as selection criteria while formulating climate 

responsive design strategies.  
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Figure 2-31 Adaptive Comfort Limits as per ASHRAE Standard 55 

 
Figure 2-32 Adaptive Comfort Limits as per Mahoney Tables 

2.4.4.3. Architectural Design Strategies 

Use of relevant climatic data and information for carrying out built form analysis in the 

architectural design process at all stages, is of interest both from the ethical and from the 

practical points of view [134]. The method of environmental control is to rely on 

structural (passive) controls, which may obviate the need for any mechanical (active) 

controls, to ensure best possible indoor thermal conditions; even if mechanical controls 

do have to be resorted to, their task will thereby be reduced to a minimum [68]. Szokolay 

[134] proposed the responsive design approach using Koenigsberger et al.’s [68] 

successive climate modulation strategies including settlement pattern and site planning, 

passive design strategies, day lighting and natural ventilation and building envelope 

design.  
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Krishan et al. [71] describe a cyclic process shown in Figure 2-33 (a) for implementation 

of climate-responsive design iteratively at each level of design Figure 2-33 (b). 

 
Figure 2-33 Cyclic Design Process (a) graphic representation (b) iterative levels of interventions Source: [71] 

Various steps of design process where climate variables and thermal comfort 

requirements should inform the bioclimatic design process shown in Figure 2-34 [42]. 

The steps can be distinguished into three stages where the trio of “analysis-synthesis-

evaluation” is repeated [68], namely; forward analysis, plan development and element 

design (including design tools and checking tools – called backward analysis). 

 

Figure 2-34 Stages for bioclimatic intervention in design process in three iterative stages Based on: [42] 
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2.5. Building Legislation: Regulations, Codes and Standards  

The potential for energy conservation and reducing greenhouse gas emission from the 

building sector especially in urban settlements has been well documented by 

Intergovernmental Panel on Climate Change [65]. Though urban settlements are engines 

of growth, they are deficient in resources like land water and energy, they also lay 

tremendous stress on the environment. Following the Millennium Development Goals 

(MDG) and Sustainable Development Goals (SDG), Indian government has been 

promoting the use of Climate Knowledge in planning and building through Building 

Codes, Standards, including NBC, ECBC, MoEF EIA. The building codes and standards 

currently address the building envelope specifications and mechanical thermal comfort 

interventions, and their efficacy can be improved by incorporating climate knowledge on 

responsive design strategies.   

 
Figure 2-35 Average annual growth rate of urban 
population across all countries 

 
Figure 2-36 Percent urban population of World  
Source: [145] 

2.5.1. Urbanization 

As will be seen in this section population growth and outsourcing of industrial processes 

by developed nations lead to a trend of influx of large populations to various old and new 

towns in the developing countries like India. Figure 2-35 describes average annual 

growth rate of the urban population of India between 1950 and 2014 (blue line), as 

compared with the average annual growth rates of the urban population of all countries 

of the world (gray area) [145]. The figure illustrates that urban growth rates between 

1950 and 2014 were positive in the great majority of the countries of the world. Only a 
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few countries had negative urban growth rates, indicating that their urban population 

declined between 1950 and 2014.  

Figure 2-36 illustrates, Proportion of urban population in 2014 – what level of 

urbanization – India (blue line) has, compared to Southern Asia (red line) and Asia (green 

line), as well as compared to all other countries of the world (gray area).  

 
Figure 2-37 Percent urban population of India 
compared to Asia Source: [145] 

 
Figure 2-38 Percent urban versus rural population 
in India Source: [145] 

 

Figure 2-39 Rural versus urban population 

size  

Source: [145] 

 

Figure 2-40 Urban population size by city 

size class  

Source: [145] 

2.5.1.1. Trend of Urbanization 

Figure 2-37 describes proportions of urban population in India as compared to Southern 

Asia and Asia. The proportion is expressed in per cent of the population between 1950 

and 2050 [145]. As can be seen though India was as much urbanized as South Asia and 
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Asia in 1950; the growth of urban populations in the other regions has been faster than 

that in India. 

Proportions of urban and rural population in India in per cent of the total population, for 

the period 1950 to 2050 are described in Figure 2-38 [145]. As may be seen, the 

estimated Indian urban population will exceed 35 percent in 2020 and equal the rural 

population by the year 2050.  

Plot in Figure 2-39 describes urban and rural population size in India for the period 1950 

to 2050 [145].  As can be seen by the year 2020, while 850 million people are estimated to 

live in rural India, another 500 million people will be living in urban areas. Plot in Figure 

2-40 describes urban population of India by size class of its urban agglomerations for the 

period 1950 to 2030 [145]. The light blue area is a residual category, which includes all 

cities and urban agglomerations (UA) with a population of less than 300,000 inhabitants. 

Table 2-7 Definition of Urban Settlement  Source: [99] 

 

2.5.1.2. Class-I Urban Settlements in India 

The definition of urban area as per Census of India 2011 [99] is given in Table 2-7.  The 

total urban population in the country as per Census 2011 is more than 377 million 

constituting 31.16% of the total population. The 468 UAs/Towns which have population 

of at least 1,00,000 persons as per Census 2011 are categorized as Class I UA/Town. The 

corresponding number in Census 2001 was 394. 
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Figure 2-41 Class - I UAs / Towns in India Source: [100] 

264.9 million persons, constituting 70% of the total urban population, live in these Class I 

UAs/Towns. The proportion has increased considerable over the last Census. In the 

remaining classes of towns the growth has been nominal. The locations of these 

UAs/Towns have been taken shown in Figure 2-41. 

2.5.1.3. Distribution of urban population 

As shown in Figure 2-42 Maharashtra has the highest urban population size among the 

states and UTs, followed by Uttar Pradesh and Tamil Nadu [101] 
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Figure 2-42 Distribution of urban population size across India  Source: [101] 

Being created in the year 1960 [28] by consolidating territories from the erstwhile 

Bombay, Hyderabad and Madhya Pradesh States, Maharashtra also has the earliest legal 

structure for urban governance in the form of Bombay Municipal Act 1888 and MRT&P 

Act 1966. Like all other states the building construction practice in Maharashtra too is 

govern by various legislative provisions starting from the Constitution and other acts at 

national level, to the standardized development control and promotion regulations 

(DC&PR) at national as well as state level, up to the DC&PR notified as part of 

Development Plans formulated by urban local bodies. 

2.5.2. 73rd and 74th Constitution Amendment Act 1993 

Through the 73rd and 74th Constitution Amendment Act 1993 the Constitution of India 

bestowed power to the people to plan for themselves and participate in the decision 
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making process by making provisions for the establishment and operation of local self 

governments both in rural as well as urban settlements. Provisions in the 74th 

Constitution Amendment Act of 1993 entrust Local Self governments in various types of 

urban settlements (including Nagar Panchayats) with functions listed in the Twelfth 

Schedule [137]. 

Table 2-8 List of functions entrusted to ULB's as per XIIth Schedule Source: [137] 

  

2.5.2.1. XIIth Schedule 

The various functions entrusted to local self-governments are listed in Table 2-8 and 

include the following items pertaining to the design, construction and maintenance of a 

sustainable urban built environment; (i) Regulation of land-use and construction and 

buildings, (ii) Urban forestry, protection of the environment and promotion of ecological 

aspects, and (iii) Provision of urban amenities and facilities such as parks, gardens, 

playgrounds. 

2.5.3. Urban Development Plan 

The ministry of urban development, Government of India has formulated the Urban and 

Regional Plan development formulation and implementation (URDPFI) guidelines to 

enable various urban local bodies to discharge their functions listed in XIIth Schedule 

[137].  
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Table 2-9 Structure of URDPFI guidelines Source: [137] 

 

2.5.3.1. URDPFI 

The structure of URDPFI guidelines is illustrated in Table 2-9. One hand the guidelines 

refer to climatic analysis for the purpose of implementing sustainability guidelines, 

infrastructure planning and simplified development promotion regulations; while on the 

other hand they prescribe use of detailed form based codes, involving zoning of the city 

into different transects based on land use intensity, density, building disposition, building 

configuration, building function, standards, mixed use and neighborhood. 

The URDPFI guidelines specify the requirement of clearance from environmental agencies 

after verification of Environmental Impact Assessment of projects formulated under 

various development plans. 
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2.5.4. Environmental Impact Assessment 

Depending on the extent of their impact on environment, industry, infrastructure and 

construction projects in regional plan area have been brought under the ambit of 

Environmental Clearance (EC)[93]. Prior EC is required for projects in 39 development 

sections including the few listed in Table 2-10 .  

Table 2-10 List of selected ten out of thirty-nine sectors requiring prior environmental clearance Source: [93] 

S.No. Sector S.No. Sector 
1 Mining 6 Asbestos 
2 Mineral Beneficiation 7 Highways 
3 Ports and Harbours 8 Coal Washery 
4 Airports 9 Aerial Ropeways 
5 (A) Building Construction 

(B) Townships 
10 Nuclear: Power Plants, Fuel Processing 

Plants & Waste Management Plants 

The guidance manual for performing Environmental Impact Assessment of ‘Building, 

Construction, Townships and Area Development’ refers the applicants to provisions 

related to energy conservation method in a section titled ‘Alternative Technologies. The 

applicant is required to apply for GRIHA rating discussed in section 0 or show compliance 

with the ECBC discussed in section 2.5.6. Environmental clearance of projects in urban 

settlements with notified development plans is governed by their respective Development 

Control Regulations. 

2.5.5. Building Codes and Standards 

Regulations such as, Energy Conservation Building code[23][85]; National Building Code 

Part XI Approach to Sustainability [14] and GRIHA Certification [92] are already in place 

to cater the sustainability targets discussed in 2.4.1 i.e. to promote energy conservation in 

building industry.   

2.5.5.1. National Building Code of India 

National Building Code provides comprehensive guidelines for all building construction 

activities carried out across various climate zones of India shown in Figure 2-43. The code 

has been split into 10 Parts namely I - X. Climatic factors which generally help in deciding 

the responsive design strategies in buildings to get desirable benefits of lighting and 

ventilation inside the building are covered in Part VIII. 



 

53 

 

 
Figure 2-43 Building Climate Zone boundaries superimposed with classified weather stations  

(based on: [76] [3]) 

2.5.5.2. Climate Classification for Building Codes 

For specifying regional climate responsive best practices, these codes refer to the Climatic 

zones for building design developed at CBRI, based on heat flow computations, to 

communicate zone wise basic design features in buildings. While classifying Building 

Climate Zone Map of India Figure 2-43, monthly mean maximum air temperature and 

relative humidity values were compared with human thermal comfort range [3,24]. 

By analyzing ‘mean monthly maximum temperature and relative humidity’ data of 225 

weather stations, Ali et al. [3] assigned one of the four seasons (viz., ‘hot-dry’, ‘warm-

humid’, ‘temperate’ and ‘cold’) to individual month.  
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Each station was assigned to a Climate zone named after the season prevalent at that 

station for 6 or more months. Climate zone boundaries encompassing weather stations 

with similar climate types differentiate between regions experiencing predominance of a 

particular mode of heat dissipation and calls for certain specific features in building 

design. Greater part of India falls under ‘Composite’ climate type with dominant feature 

being change in seasons from hot-dry, warm-humid, cold and temperate for varying 

periods within a year. Ali et al. [3] posited that a building should go beyond its primary 

objective of sheltering its occupants from harsh weather conditions and the building 

envelop should be designed to make acceptable habitat. Accordingly they used thermal 

comfort range of human body compared with monthly mean maximum air temperature 

and relative humidity values (climate normals) recorded at a given station to classify each 

month into one of four season’s vis. Hot-dry, Warm-humid, Temperate and Cold.  

2.5.5.3. NBC Part XI: Approach to Sustainability 

The approach to sustainability in Part XI of NBC has been prepared with the objective of 

using India’s ancient wisdom and practices, building in harmony with nature through 

regional common knowledge, consuming as little as necessary, applying low cost 

technology innovations, using recycled materials, and recognizing performance (not 

intent) through easily measurable parameters [14]. The approach was to consolidate 

from various parts of NBC, the due considerations given to important dimensions of 

sustainability.  Like in building planning, design and construction provisions for effective 

utilization of natural light and ventilation; in material selection including use of low 

gestation plantations and agriculture and industrial wastes; recyclability and reusability 

aspects; design approach; proper management practices; efficient building and plumbing 

services; energy conservation; rain water harvesting; etc. All these were duly interwoven 

throughout the Code for addressing both the issues of embodied energy and the 

operational energy [14].  

While aspects of sustainable site planning have been touched upon briefly, NBC part XI 

refers to the same requirements for building envelope prescribed in ECBC. This code 

should have ideally recommended climate responsive building design specifications 

pertaining to the various climatic conditions found across India. 
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2.5.6. Energy Conservation Building Code 

As provided for in The Energy Conservation Act (EC Act) of 2001, Government of India in 

consultation with the Bureau of Energy Efficiency (BEE) prescribed the Energy 

Conservation Building Code (ECBC) 2006, with intent to promote efficient use of energy 

and its conservation in buildings or building complexes [Section 14 (p) ,50]. While ECBC 

defines norms and standards of energy consumption in terms of per square meter of the 

area wherein energy is used and includes the location of the building [Section 2 (j) ,50]; 

the GOI or state government can amend these norms and standards for a particular region 

or location to suit the regional and local climatic conditions [Section 14(q) & 15(a) ,50]. 

The ECBC stipulates compliance requirements for Building envelope, HVAC, Service water 

heating and pumping, Lighting and Electrical power including motors; and takes in to 

account five climate zones of India specified by NBC. Apart from the mandatory 

requirements in each segment, compliance for some of the requirements can be achieved 

either by Prescriptive method (including envelope trade-off option) or Whole Building 

Simulation method. 

Kumar et. al. [76], provide a detailed discussion on the provisions of the Energy 

Conservation Building Code in the ECBC User Guide. Various compliance requirements 

pertaining to Building Envelope that have been regionalized based on climatic zones have 

been discussed in the following. 

2.5.6.1. Mandatory requirements 

As part of mandatory requirements for building envelope, the data and procedure for 

determining U-factors of opaque construction has been prescribed. Calculation of U-factor 

and SHGC of glazing and maximum limit of air leakage has been prescribed for 

fenestration systems [76]. 

2.5.6.2. Prescriptive requirements for Building envelope  

Unique requirements for building thermal comfort and architectural responses based on 

climate profile were compiled for the different climate zones for easy reference [76]. 

Based on these responses, the minimum specifications for four components of Building 

envelope including Roofs, Opaque walls, Vertical fenestration and Skylight, prescribed by 
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ECBC have been regionalized for individual climatic zone [76], as described in the 

following. 

The prescribed U-factor and R-value requirements for roof assembly and opaque wall 

assembly are shown in Table 2-11 and Table 2-12 respectively.  Separate values are 

prescribed for 24-Hour use and Daytime use buildings.  

Table 2-11(4.1 of ECBC) Roof assembly requirements Source:[76] 

 

Table 2-12 (4.2 of ECBC) Opaque Wall Assembly Requirements Source: [76] 

 

The prescribed U-factor and SHGC requirements for vertical fenestration; and SHGC “M” 

factor adjustments for overhangs and fins are shown in Table 2-13 and Table 2-14 

respectively. Separate values for maximum SHGC have been prescribed for WWR ≤ 40% 

and 40% < WWR ≤ 60% respectively in Table 2-13; the minimum VLT values expected for 

various window wall ratios have also been prescribed in Table 2-15. As can be observed 

only two classes of Wall Window Ratios have been acknowledged for all climatic zones 

irrespective of the need for air movement experienced in climatic zones with overheating 

stress (or protection from heat loss required in zones with under heating stress). 
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Table 2-13 (4.3 of ECBC) Vertical Fenestration requirements Source:[76] 

 

Table 2-14 (4.4 of ECBC) SHGC “M” Factor Adjustments for Overhangs and Fins Source:[76] 

 

Table 2-15 (4.5 of ECBC) Minimum VLT Requirements Source:[76] 

 

The maximum U-factor values and SHGC values prescribed for various climatic zones are 

shown in Table 2-16. Separate U-factor values have been prescribed for skylights with 

curb and without curb. Also separate SHGC values have been prescribed for with SRR 

between 0 -2 % and 2.1- 5%. Extreme climatic conditions exist where exposure to sky 

even to the extent of 5% may not be practicable; these conditions cannot be identified 

from the current climatic zone classification criteria. 
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Table 2-16 (4.6 of ECBC) Skylight U-Factor and SHGC Requirements Source:[76] 

 

2.5.6.3. Whole Building Simulation 

Whole building simulation analysis is carried out by testing thermal response and 

estimated energy consumption, in case of selected envelope configuration called Proposed 

design; against those in case of implementing the Standard design prescribed as per ECBC 

requirements. One of the primary datasets for energy simulation in this analysis is the 

reference climate data file called ‘Typical Weather file” for the location being tested or its 

prescribed equivalent [76]. 

2.5.6.3.1. Typical Weather File 

Table 13.2 in Appendix E of ‘ECBC user guide’ lists the climate zones of 58 major Indian 

cites for which typical weather files have also been developed by ISHRAE [61]. Weather 

data from most of these cities were used in the climatic classification of India [3]. These 

classified weather station points have been superimposed on the Climatic zone map of 

India shown in Figure 2-43. For the purpose of regionalizing climate based prescriptions, 

the climatic zone map was digitized by ECBC [76] based on NBC [3,24]. As may be seen 

some of the station points (circles) classified to a particular zone are not encompassed 

within the polygon boundary corresponding to their zone. A list of weather stations with 

climatic zones assigned as per NBC and ECBC is presented in Table 2-17, mismatch in the 

zone assignment as per the two publications are highlighted. Identification of the climate 

zones applicable to cities not listed in the ECBC User Guide seems not only difficult but 

also error prone, due to subjectivity existing in the delineation of zone boundaries 

between classified weather stations. 
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Table 2-17 Issues in implementing ECBC recommendations as per Weather File and Climatic Zones  
(also compared with NBC) 

 

2.5.6.4. Status of implementation 

Presently, ECBC is in voluntary phase of implementation. State governments have the 

flexibility to modify the code to suit local or regional needs and notify them. About 22 

states are at various stages of mandating ECBC as shown in Table 2-18 [23] 

Table 2-18 State wise status of activities for the implementation of ECBC Source: [23] 

S.No.  Status of Activities Name of States/UTs 

1 Notification Issued Rajasthan, Odisha,  Uttrakhand, Punjab, Karnataka, 
Andhra Pradesh and UT of Puducherry 

2 Amended ECBC to suit their local 
and regional climatic condition 

Uttar Pradesh, Kerala, Chhattisgarh, Gujarat, Bihar, 
Tamil Nadu, Haryana, Maharashtra and West Bengal 

3 In process of amendment Himachal Pradesh, Assam, Tripura, Mizoram, 
Jharkhand, Goa and Madhya Pradesh 
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2.5.7. Green Rating Systems  

Apart from the ECBC, various private and government organizations have initiated energy 

and environmental assessment and rating systems [75] [53] [92] [52]. 

Leadership in Energy and Environmental Design (LEED) managed in India by the Indian 

Green Building Council (IGBC) promotes a whole-building approach to sustainability by 

addressing performance in the following five areas: (1) sustainable site development, (2) 

water savings, (3) energy efficiency, (4) materials selection and (5) indoor environmental 

quality. The LEED rating system largely focuses on air-conditioned buildings.  

2.5.7.1. GRIHA 

Green Rating for Integrated Habitat Assessment (GRIHA) was developed by The Energy 

and Resources Institute (TERI) for assessing non-air-conditioned, new commercial, 

institutional and residential buildings. This rating System contains 34 evaluation criteria 

with 100 points.  These criteria have been categorized into following groups: 

(i) Site Planning includes conservation and efficient utilization of resources, health and 

wellbeing during building planning and construction stage.  

(ii)  Water Conservation  

(iii) Energy Efficiency includes embodied & construction energy and renewable energy  

(iv) Waste Management including waste  minimization,  segregation,  storage,  disposal  

and  recovery  of  energy  from waste  and  

(v) Environment for good health and wellbeing.   

Additional criteria for innovative developments such as alternative transportation, 

environmental education, enhanced accessibility for physically / mentally   challenged are 

also awarded points.   

GRIHA  consisting  of  some  core  points, which are mandatory to be met while the rest 

are optional point that can be earned by complying with  the  commitment  of  the  

criterion  for  which  the  point  is  allocated. Different  levels  of  rating  (one  star  to  five  

stars)  are  awarded  based  on  the  number of points earned. The minimum points 

required for rating is 50. Buildings scoring 50 - 60 points, 61 – 70 points, 71 - 80 and 81 – 
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90 points will get one star, two stars, three stars, and four stars, respectively.  A building 

scoring 91 - 100 points will receive the maximum rating, which are five stars.  

To achieve any GRIHA rating it is mandatory to fulfill a criteria requiring optimization of 

building design to reduce conventional energy demand which can earn maximum 6 

points. Whereas additionally up to 12 optional points can be earned for optimizing energy 

performance of building within specified comfort [92]. 

While GRIHA is applicable to buildings / projects with built-up area more than 2500 

sq.m.; SVAGRIHA is a guidance-cum-rating system developed for small stand alone 

buildings with a cumulative built-up area of 2500 sq.m. or less. Residences, commercial 

offices, motels, dispensaries, schools etc. may be assessed under SVAGRIHA [53].  

GRIHA LD is a framework created to assess the environmental performance of larger 

developments, with total site area greater than or equal to 50 hectares that form the 

singular units which together make up cities – neighborhood/townships [52]. 

Urban local bodies have started conscious effort towards promoting sustainable 

development and wise use of natural resources by adopting GRIHA as part of their 

development control regulations [114]. 

2.5.8. Development Control Regulations 

Development Control Regulations also known as Building Bye-Laws are legal tools used to 

regulate various aspects of buildings so as to achieve orderly development of an area. 

They serve to protect buildings against fire, earthquake, noise, structural failures and 

other hazards by regulating their coverage, height, building bulk, and architectural design 

and construction. The Town and Country Planning Organization (TCPO) had prepared 

“Model Building Bye-Laws- 2004” for the guidance of the State Governments, Urban Local 

Bodies, Urban Development Authorities, etc., where the regulatory mechanism is absent 

[139]. 

2.5.8.1. Model Building Bye-Laws by TCPO 

Model Building Bye-Laws were revised and updated in view of emerging issues, including 

resilience to climate change [140]. Environmental clearance has been integrated into the 
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Model Building Bye-laws with various provisions being made mandatory depending upon 

the category of project listed in Table 2-19 . 

Table 2-19 Categories of buildings for environmental clearance 

SN. Conditions for Built-up Area 

1)   Category ‘A’ Buildings 5000 sqmt – 20000 sqmt  

2)  Category ‘B’ Buildings 20000 sqmt – 50000 sqmt  

3)  Category ‘C’ Buildings 50000 sqmt – 150000 sqmt  

As per provisions of model building bye-laws buildings under category ‘C’ need to satisfy 

the following conditions related to energy efficiency for procuring environmental 

clearance: 

 Use the concept of passive solar design of buildings. Architectural design approach should 

be to minimize energy consumption in buildings by integrating passive design elements, such 

as building orientation, landscaping, efficient building envelope, appropriate fenestration, 

increased day lighting design and thermal mass with the conventional energy-efficient 

devices, such as mechanical and electric pumps, fans, lighting fixtures and other equipment.  

The concept of passive solar design is deeply rooted in the use of natural resources for 

achieving thermal comfort in buildings. This signifies the necessity to regionalize building 

bye-laws as per the various geographical regions where existence of natural resources 

varies, resulting in various climates and thermal stresses. 

2.5.8.2. Standardized DCR for Municipal Councils in Maharashtra State  

Though there is an emphasis on regionalized building byelaws at National level, recently 

standardized development control regulations (SDCR) were adopted at State level in 

Maharashtra [150][151]. This disparity in emphasis may be attributed to inadequate 

understanding about the significant variation in climatic stresses across the state or its 

warranting variation in responsive design strategies. 

The 254 urban local bodies of Maharashtra (230 covered under SDCR) are assigned to one 

of four climatic zones (see Figure 2-43) but as compared with Figure 2-44 the assigned 

climatic zones do not share any resemblance to the administrative divisions of 

Maharashtra which are based on geographic regions (see Figure 1-1).  
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Figure 2-44 Maharashtra administrative divisions  Source:[51] 

2.6. Summary 

Different kinds of climatic data are required in the climatic analyses for planning various 

human activities ranging from agriculture to architectural design. Climate data is 

continuously collected at several meteorological stations across India. Individual cities for 

which climatic data is unavailable generally use data from nearby city where it is 

available. At present the population of India is growing in small and large urban 

agglomerations located sporadically across various geographical regions. Environmental 

stresses in these cities are bound to increase due to urbanization, unless formulation of 

building legislation in each city is informed by appropriate passive design strategies 

identified based on prevailing climatic stresses.  

As discussed in section 2.4.4.3 passive design strategies need to be identified based on 

regional climatic conditions, to inform building legislation, especially Development 

Control & Promotion Regulations (DC&PR) for implementation by Local self-governments 

concurrently with the state governments [111]. Municipal corporations can notify and 

modify the DC&PR applicable in their jurisdiction in consultation with Town and Country 

Planning Organization and state government, based on recommended climate responsive 

design specifications [138]. Similarly state governments can notify new or modification in 
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existing Standardised DCPRs of smaller towns and regional plan areas for incorporating 

such recommendations [148][149]. 

The building legislations rely upon the Building Climate Zone Map of India [3,24] for 

regionalizing the energy conservation measures applicable in each zone. Few gaps have 

been identified in the existing Climatic Classification for Building Design in India [113].  

1. The Climate Zone Map does not help in arriving at climate responsive design 

recommendations.  

2. The map does not benefit from the best available interpolated climatic datasets. 

Implementation of appropriate energy conservation measures depends on the 

identification of correct climate zones and the availability of appropriate weather file. 

3. The map needs to be redrawn considering ‘adaptive comfort range’ which varies with 

residents at various geographical regions acclimatized to various annual mean 

temperatures, as shown by Bedford [10,40,62]. 

4. Delineation of simplified zone boundaries between the few classified weather stations 

seems to be based on intuitive knowledge of macro level geographical regions. 

Incorrect identified climate zone leads to implementation of incorrect energy 

conservation measure; while use of inappropriate weather files lead to incorrect 

estimation of energy consumption. 

The map does inform building codes and standards about the type and duration of 

prevailing thermal stress but does not expressly help architects in selection of thermal 

comfort design strategies. Variations are observed within the delineated building climate 

zones due to geographical peculiarities [129] [34]. 

Interpolated climate data like the one used for development of Agro-ecological zones may 

be useful for developing climate zones based on building design criteria. The background 

literature reviewed in this chapter helps in establishing the inter relation between 

various domains and developing the reasoning for selecting components of the analytical 

framework discussed in Chapter Four. The component parts namely, modeling 

approaches, tools and techniques for climatic data analyses for building design available 

from literature will be discussed in Chapter Three. 
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CHAPTER 3.  MODELING : APPROACH AND TECHNIQUES 
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3.1. General 

This chapter starts with a discussion on various climatic classification criteria for building 

design prevalent in different countries. It then deals with state of the art in climate 

modeling, and explores multi-level strategies of interpolation based on physical basis of 

climate variation. Methodologies pertaining to application of climatography to urban 

design and sustainable built environment have been reviewed in detail.  Several case 

studies relevant to selection of an appropriate approach to climate study for responsive 

built-environment are dealt in this chapter, along with their inherent techniques. A later 

section in this chapter is dedicated to an important tool called geographical information 

system which has been used extensively for climatic data collection, collation and 

analysis.  

3.2. Climate Classification for Architecture 

Activities involved in the design process are classified by various model proponents in 

different ways. One may accept the broad categorization of these activities into three 

types namely analysis, synthesis and evaluation. Analytical work which precedes the 

formulation of a design solution (analysis phase) is described as forward analysis; as 

opposed to the analytical work applied to a design hypothesis (evaluation phase) is 

described as backward analysis. As discussed in section 2.4.4.3 the type of climate class 

assigned to a location may inform design decisions at two stages namely: forward analysis 

and backward analysis. The criteria for climatic classification for building design used 

worldwide are based on either of these stages of analysis. 

The climatic classification for building design prevalent in India discussed in section 

2.5.5.2 is used for defining energy conservation requirements discussed in section 2.5.6, 

based on backward analysis criteria similar to those discussed in the following. 

3.2.1. Backward Analysis Criteria 

In the backward analysis stage the proposed design solution (hypothesis) is suitably 

represented as a model and its performance is evaluated (tested) against relevant criteria. 

In case the design under performs in certain aspects the need for design modification 

pertaining to that aspect is identified. 
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3.2.1.1. Building energy climate classification in America  

The climatic region map of USA has been classified into 8 zones for supporting 

implementation of energy conservation codes and standards based on the criteria of 

heating degree days and cooling degree days [17]. As seen from Figure 3-1 some of the 

eight climate zones have been further divided into sub-types namely marine, dry or moist 

based on listed climatic criteria. 

 

Figure 3-1 International Energy Conservation Code (IECC) climate regions Source: [17] 

Based on the thermal stresses prevailing in each zone, energy conservation requirements 

have been specified for various building element listed in Table 3-1. The list includes 
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specifications for heat loss coefficients for fenestration & skylight; heat gain coefficient for 

glazed fenestration; and thermal resistance of ceiling, various types of walls and floors. 

Table 3-1 Comparison of energy conservation requirements in IECC climate zones Source: [116] 

 

a. R-values are minimums, U-factors and SHGC are maximums, R-19 batts compressed into a nominal 2 x 6 framing cavity such that 
the R-value is reduced by R-1 or more shall be marked with the compressed batt R-value in addition to the full thickness R-value.  

b. The fenestration U-factor column excludes skylights. The SHGC column applies to all glazed fenestration.  

c. “15/19” means R-15 continuous insulated sheathing on the interior or exterior of the home or R-19 cavity insulation at the 
interior of the basement wall. “15/19” shall be permitted to be met with R-13 cavity insulation on the interior of the basement 
wall plus R-5 continuous insulated sheathing on the interior or exterior of the home. “10/13” means R-10 continuous insulated 
sheathing on the interior or exterior of the home or R-13 cavity insulation at the interior of the basement wall.  

d. R-5 shall be added to the required slab edge R-values for heated slabs. Insulation depth shall be the depth of the footing or 2 feet, 
whichever is less in Zones 1 through 3 for heated slabs.  

e. There are no SHGC requirements in the Marine Zone.  

f. Basement wall insulation is not required in warm-humid locations as defined by Figure 301.1 and Table 301.1.  

g. Or insulation sufficient to fill the framing cavity, R-19 minimum.  

h. “13+5” means R-13 cavity insulation plus R-5 insulated sheathing. If structural sheathing covers 25 percent or less of the exterior, 
insulating sheathing is not required where structural sheathing is used. If structural sheathing covers more than 25 percent of 
exterior, structural sheathing shall be supplemented with insulated sheathing of at least R-2.  

i. The second R-value applies when more than half the insulation is on the interior of the mass wall.  

j. For impact rated fenestration complying with Section R301.2.1.2 of the IRC or Section 1608.1.2 of the IBC, maximum U-factor 
shall be 0.75 in Zone 2 and 0.65 in Zone 3. 

Data from one weather station representing each administrative unit called county has 

been used in the classification and the whole county is classified under one climate zone. 

This method is too general for areas with high climatic variability like California State.  

3.2.1.2. California Climate Zones 

California has the most diverse set of climatic conditions of any state in the U.S., and 

perhaps of any other administrative region of its size anywhere [58]. The long Pacific 

coast line experiences a variety of weather conditions due in part to the differences 

between areas with coastal plains and areas where mountain ranges drop right to the 
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beach. Along these coastal plains the marine influence diminishes as the distance from the 

ocean and the elevation increase. Portions of the vast interior valley are strongly 

influenced by marine air, while other portions and other interior valleys are isolated from 

such tempering influences. The state's many ranges of mountains not only separate 

climatic regions but form, themselves, another climate [58]. California energy commission 

developed weather data files corresponding to 16 climate zones in the state as shown in 

Figure 3-2 to support diverse energy performance criteria specified in ‘Title 24 building 

permit ordinance’ [25] [109]. 

  
Figure 3-2 California Climate Zones Source: [109] Figure 3-3 Heating and Cooling Loads for a 2000 sq.ft. 

Homes designed specifically for 16 California Climate 
Zones (kBTU/sq.ft.year) Source: [90]  

Energy consumption resulting from heating load and cooling load estimated in “Title 24 

Compliant” and “More Energy Efficient homes” designed specifically for 16 California 

Climate Zones, has been compared in Figure 3-3. The bars representing heating was well 
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as cooling load are shorter on right hand side as compared to corresponding bars on the 

left hand side, which proves the effectiveness of additional strategies implemented in 

“More Energy Efficient” homes [90]. Such detailed investigation can be used to inform the 

code compliance criteria in each zone. Distinct weather files need to be compiled for each 

climate zone. 

3.2.1.2.1. Weather Files 

Different countries have used different methods of compiling weather files from long 

term meteorological record to represent the most probabilistic climatic conditions at a 

station[36]. A comparison between different methods used in weather file compilation 

helps in listing the implications as shown in Table 3-2. When weather files generated for 

location ‘A’ are used for simulating performance of buildings at location ‘B’, the estimated 

energy usage or hours of overheating etc. may be unrealistic. Appropriate method 

available for compilation of more realistic weather files has been discussed in 3.3.3. 

Table 3-2 Implications of using representative weather files for building simulation Source: [36] 

 

3.2.2. Forward Analysis Criteria 

In the forward analysis stage data are collected, sorted and processed, in order to 

accumulate and present all the information necessary for the synthesis of a formal 

solution. Mahoney Tables is one of the methods in forward analysis using which one can 

prioritize between climate responsive design strategies even in case of conflicting thermal 
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stress across the year. In this method thermal stresses are analyzed separately for day 

time and night time as well considering significant variation in clothing and activity levels 

[41]. Three ranges of annual mean temperature and four groups of monthly average 

humidity are used in this analysis.  

Data on thermal stresses and original climatic information define six bioclimatic design 

indicators namely, Air movement essential, air movement desirable, rain protection 

necessary, thermal capacity necessary, outdoor sleeping desirable, protection from cold, 

which help in the selection of elemental design recommendations from outdoor space, 

building form through to roofs, walls and openings [68] [134] [41].  

As will be demonstrated in the next section, following advantages of Mahoney Tables 

signify its appropriateness for developing bio-climatic zones: Clarity, Speed, Simple Input, 

Output for design and Elemental recommendations. 

3.2.2.1. Architectural climatic zones in Nigeria 

Nine ‘Architectural climatic zones’ were identified in Nigeria based on unique 

combination of environmental stresses [102]. As seen from Figure 3-4 thirty weather 

stations located across Nigeria were classified into their respective climate zone based on 

varying duration of remedial actions warranted by the environmental conditions existing 

at these stations. 

 

Figure 3-4 Climatic zones for architectural design in Nigeria Source: [102] 

Set Theory was applied to identify the various combinations of architectural responses 

for each zone based on environmental conditions as shown in Table 3-3. While using such 
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a climate classification, it is difficult to ascertain applicability of identified architectural 

responses to other cities due to lack of information related to spatial variation in climate 

between the classified cities. 

 

Table 3-3 Sets of Architecture responses corresponding to environmental circumstances Source: [102] 

 

3.2.2.2. Brazilian Climate zone map  

Roriz et al [125] resolved the problem of climatic information between weather stations 

by  applying grid interpolation technique. They used gridded climatic data of Brazil to 
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delineate 8 bioclimatic zones, based on Givoni and Mahoney tables’ criteria as shown in 

Figure 3-5 [125]. Maxima and minima of monthly climatic parameters were plotted on the 

adapted bioclimatic chart as shown in Figure 2-27, to determine percentage duration of 

applicable (adapted) bioclimatic strategies of each zone [125]. However the duration of 

bioclimatic strategies applicable in each climatic zone do not help to explicitly determine 

recommended architectural responses.   

 

Figure 3-5 Brazilian Bioclimatic Zoning 

From above case studies were instrumental in the identification of scope for delineating 

climate zones explicitly related to building design recommendations, by combining the 

approach of using gridded climate data, with the approach of identifying extents of 

thermal stresses warranting unique combinations of architectural responses. 

Availability of spatially and temporally interpolated climatic data is crucial for forward 

and backward analyses instrumental in the development of climate classification criteria 

for building design, hence state of the art in climatic data modeling will be discussed in 

the following section.  
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3.3. Climatic Data Modeling 

As discussed in section 2.2.1 using Figure 2-1 The Climate Cube, climate studies may be 

trifurcated into three levels each from the domains of ‘time’, ‘space’ and ‘perception’. Most 

studies in climate data modeling deal with only one level of detail in space, time and 

perception [87]. Studies initiated to assess climates over the entire land surface of the 

world (space) spatially interpolate historic climatic normals synthesized (perception) 

from 30 years of weather station data (time) collected in a Global Climate Network [59] 

[115]. Studies initiated to assess thermal stresses in urban environments (perception) 

cover entire neighborhoods (scale) and predict thermal stresses in afternoon of the 

hottest season (time) [43][88]. 

Few studies though have modeled climatic data across two levels of time/perception 

while maintaining the level of detail in the domain of space. Algorithms have been 

developed to estimate hourly (time/perception 1) temperature and humidity values for 

any location of the earth (space) based on monthly means climatic normals synthesized 

from 30 years of data (time/perception 2) [124]. Recently a model has been developed for 

predicting heat wave formation (time/perception 1) through the summer months 

(time/perception 2) across various land use types of an urban agglomeration (space) 

[123]. For discussion the aforementioned case studies have been framed on the basis of 

spatial and temporal interpolation in the following. 

3.3.1. Spatial Interpolation of Data 

Spatially interpolated climate data on grids, generally referred to as ‘climate surfaces’, are 

used in many applications, particularly in environmental, agricultural and biological 

sciences [125][115]. The spatial resolution of the climate surfaces used in a particular 

study depends on the needs for that application and on the data available. For many 

applications, data at a fine (≤1 km2) spatial resolution are necessary to capture 

environmental variability that can be partly lost at lower resolutions, particularly in 

mountainous and other areas with steep climate gradients [59]. For this purpose climatic 

normal parameters were interpolated over a spatial grid of 30 arc s covering the entire 

land surface using a high resolution digital elevation model. Long-term data (at least 10 

years from the period 1950–2000) of precipitation, mean temperature and maximum or 
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minimum temperature, of weather stations across the world as shown in Figure 3-6 were 

collated from large number of global, regional, national, and local sources[59].  

 

Figure 3-6 Distribution of weather stations used in interpolation of parameter (A) precipitation (47,554 stations); 
(B) mean temperature (24,542 stations); (C) maximum or minimum temperature (14,930 stations) Source: [59] 

The world map of Köppen classification system based on a complex classification criteria 

described in Table 2-1 was updated as shown in Figure 3-7, by applying raster analysis on 

such an interpolated grid in GIS platform [115]. 

The air temperature and precipitation data listed in Table 2-5 is available from 

aforementioned dataset. Monthly and annual average relative humidity GIS data at one- 

degree resolution of the World is also available from NASA [133].  

 

Figure 3-7 World map of Köppen-Geiger climate classification Source:[115] 
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3.3.2. Basis of Urban Climate Variation 

In an attempt to establish physical basis of urban climate variation, some studies have 

succeeded in quantifying urban greenery proportionate to areal units using various 

indices [56,155]. However various studies have been able to substantiated the extent of 

variation with in an urban agglomeartion [88,132] with the help of physical classification 

system called Local Climate Zone discussed in section 2.2.4.2.  

3.3.2.1. Field survey and numerical modeling 

A mobile field survey was conducted across Vancouver, along a 48 km long traverse 

through varying elevation and LCZ locations, to quantify temperatures [132]. The 

nocturnal temperature profile (shown in Figure 3-8) for 4 November 1999, a night with 

clear skies and low wind speeds, shows strong thermal patterns. In LCZ 1, temperatures 

are 5–7 K higher than LCZ D, giving rise to a heat island (TLCZ 1−D) of about 6K. As the 

traverse moves from LCZ1 (city centre) to A (forested park), temperatures drop by 4K; 

and when it moves from LCZ6 (residential zone) to D (cropped fields) temperature drops 

by another 5K. 

 

Figure 3-8 Heat island magnitudes (TLCZ X−D) for Vancouver during a nighttime traverse in calm, clear weather 

Thick horizontal lines indicate the distance travelled through, and the average temperature in, the LCZs of 
Vancouver. Surface relief and building height/density are shown along bottom axis. Source: [132] 

Data from the aforementioned field survey from Vancouver and similar ones in Nagano, 

and Uppsala were used in comparison with data from numerical simulations described in 

the following to substantiate signature thermal behaviour of individual LCZ class. 
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Figure 3-9 LCZ Schematic representation of OSU-CAPS and TEB Source: [132] 

Temperatures for all classes in the ‘built’ series (LCZs 1–10) were modelled with the 

atmospheric portion of the Oregon State University Coupled Atmosphere-Plant-Soil (OSU-

CAPS) scheme coupled to the Town Energy Balance (TEB) urban surface scheme as show 

in Figure 3-9; to obtain a simple but complete representation of heat, moisture, 

momentum, and radiation exchange between the surface and atmosphere above each LCZ 

class [132].  

Hourly LCZ temperature differences between the observed and modelled datasets cannot 

be compared because; hourly model temperatures are not comparable among LCZ classes 

due to the divergence of LCZ thermal states after appropriate spin-up time in a (1D) 

column model. Hence diurnal temperature range (DTR) is used to express LCZ thermal 

differences, and to aid comparability of the modelled and observed data.  

For the observed data, DTR is defined as the difference between the daily maxima and 

minima, and for the modelled data, as the average temperature range over the final two 

diurnal cycles of a simulation (i.e. two heating periods and two cooling periods). The same 

baseline class (LCZ D: low plants) is used to aid comparison with the observational data in 

Vancouver, Nagano, and Uppsala as shown in Table 3-4. The DTR for each class is 

therefore presented as a departure from the DTR for LCZ Dd. 
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Table 3-4 Comparison of modelled and observed diurnal temperature range (DTR) 
 in selected locations and local climate zones (LCZ)  Source: [132] 

 

As seen from Table 3-4 modelled DTR values for several LCZ classes show general 

agreement with observed values from other cities and datasets. It is notable in this 

comparison that modelled DTR values are consistently lower than observed values for 

LCZs having an open form, a point that suggests TEB is less appropriate for these zones. 

Despite these discrepancies between and within the observed and modelled datasets, the 

most important finding in this study is that all LCZ classes are thermally unique, and all 

classes exhibit temperature contrasts that are largest at night, over dry surfaces, and in 

calm, clear weather. From the above discussion it is clear that LCZ classification is useful 

for assessing desirable urban built form between the various existing LCZs. 
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3.3.2.2. 3D CFD Based Modeling 

A 3D Computational Fluid Dynamics (CFD) based surface-plant-air interaction model 

named ENVI-met, that can predict spatial and temporal variation in temperature, 

humidity and wind speed across the modeled urban neighborhood has been developed by 

Bruse et al [21]. This model was used to simulate spatial distribution of air temperatures 

in  5 types of LCZ combined with three landscape scenarios[88]. The simulation 

experiment was validated using true scale prototype courtyards in the CAP LTER North 

Desert village landscaped with the three scenarios. The combinations of LCZ and 

landscape scenarios namely, xeric, oasis and mesic modeled in ENVI MET are shown in 

Figure 3-10. The estimated air temperature at 2m AGL around 1400 hours in all the 

modeled scenarios are shown in Figure 3-11.  

 

Figure 3-12 Diurnal 2-m air temperature curve for each combined urban form and landscaping scenario 
 spatially averaged with error bars and averaged standard deviation  Source: [88] 

As can be seen from Figure 3-12 the maximum standard deviation in diurnal air 

temperature is found in scenario CHS xeric while the minimum standard deviation is 

found in scenario OLS mesic. This means that air temperature varies most in CHS xeric 

neighborhood while it varies the least in OLS mesic neighborhood. From Figure 3-13 it 

can be seen that the extreme temperatures may exist in various neighborhoods in varying 
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extents, and it is difficult to assume that the variation is high enough to cause great 

variation in thermal stresses. 

 

Figure 3-13 Histogram for 2-m air temperature distribution 

For each scenario (rows), the occurrence of temperatures (rounded to 0.5 ◦C) in percent (columns) is mapped 
(val. = validation run) Source: [88] 

The level of detail information required in ENVI-met model will be unavailable for many 

Indian cities; hence it would be difficult to assess the most desirable urban built form in 

these cities using ENVI-met. A model capable of simulating atmospheric parameters based 

on sparser LCZ information would be more suitable for Indian cities. A standardized 

protocol called WUDAPT has been developed recently for applying the LCZ classification 

to multiple cities across the world [29]. 

3.3.2.3. Energy Flux Modeling 

Recently a faster energy flux based model called Urb-Clim has been developed for 

predicting temperatures across various land use types across an urban agglomeration 

[123]. Urb-Clim uses land cover types and vegetation cover fraction scheme shown in 

Figure 3-14. The percentage urban land cover is obtained from Urban Soil Sealing raster 

data files at 250m resolution distributed by the European Environment Agency and 

vegetation cover fraction Normalized Difference Vegetation Index (NDVI) acquired by the 

MODIS instrument on-board the TERRA satellite [123].  
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Figure 3-14 UrbClim Input parameters LU type and Vegetation Cover at Toulouse Source: [123] 

Micro-meteorological measurements from core city and rural areas are used to validate 

the distribution of day time and night time heat flux obtained by simulating Urb Clim 

coupled with forcing data from European Centre for Medium Range Weather Forecasting 

(ECMWF) as shown in Figure 3-15.  

 

Figure 3-15 UrbClim Output simulated Heat flux at Toulouse 1200 and 0000 UT Source: [123] 

LCZ classification of selected city using WUDAPT workflow can also be utilized in UrbClim 

model, to estimate monthly mean minimum and maximum temperature and relative 

humidity values required in local climate level analysis [122].  
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3.3.3. Temporal Interpolation of Data 

Hourly values of climatic parameters throughout the year are required for detailed 

analyses of thermal and energy performance of buildings (see 2.5.6.3). Currently typical 

weather files are available for limited number of locations. Nevertheless these files can be 

generated for other locations for which monthly climate normals are available, by 

performing temporal interpolation.  Roriz [124] developed algorithms to estimate typical 

hourly values of temperature and humidity as a function of climatological normal tables 

for each place irrespective of latitude and times of the year. The research paper originally 

published in Portuguese language has been translated by this author and attached 

herewith as APPENDIX 3.  

3.4. Climate Modulation Strategies 

Traditionally, exposition of methods of achieving comfort conditions inside buildings 

through natural means used to be categorized – on the basis of thermodynamic principles 

– into heating, cooling, combined heating and cooling, humidity control and day lighting 

methods [6,20].  Several architects also contributed to the establishment of climate as 

basic paradigm of architectural design [30,71,106]. A scientific process had also been 

developed for designing constituent elements of building and built environment in a 

sequential but cyclic manner, considering climate as a basic parameter in decision 

support [72]. It is relatively easy to arrive at climate responsive design recommendations 

if the analysis of normal climatic pattern reveals a hot-dry or warm-humid climate type 

[47]. However when contradictory performance requirements emerge from the analysis 

of composite climate type, it becomes necessary to use a weighting system like Mahoney 

Tables [82] to assess the relative importance of conflicting requirements [68]. 

3.4.1. Design Matrix 

A design matrix provided by Krishan et. al. [72], lists various optional strategies available 

for each building element and uses a shaded color code (see Table 3-5) to indicate the 

most desirable & least desirable options appropriate in case of various thermal stress 

conditions. A mixed color gradient had been used to indicate strategies appropriate for 

cases of multiple thermal stress conditions. 
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Table 3-5 Color Codes for indicating most and least desirable strategy in specific stress condition 

Stress Conditions / Color Code for: Most Desirable option Least Desirable option 
Over heated condition Dark Yellow Light Yellow 

Under heated condition Dark Blue Light Blue 
Over heated humid condition Dark Green Light Green 

Day lighting Dark Pink Light Pink 
 

 

The climatic factor/s determining the choices of design options as well as those possibly 

affected by the choice of appropriate design option were both listed in columns besides 

every design element. The design matrix can be used effectively for choice of design 

options; when the climate of a place leads to any one predominant stress condition. 

Design options suitable for various stress conditions for individual constituent element 

listed in the design matrix have been discussed in sections 3.4.3 through 3.4.5. Krishan, 

Jain, Rajgopalan, et al. [73] used Mahoney Tables analysis as an illustration while 

discussing the responsive design strategies relevant to case study cities representative of 

each climatic zone of India. The criteria for selection of each building element, provided in 

Mahoney Tables have been discussed alongside respective options discussed in sections 

3.4.3 through 3.4.5.  

3.4.2. Mahoney Tables 

More often than not the climatic conditions lead to more than one stress conditions 

becoming dominant during different seasons. In such cases the designer has to rely on 

extraneous decision support for choice of design option (see section 2.4.4.3) such as that 

available in the form of Mahoney Tables. For prioritizing between conflicting stress 

conditions Mahoney Tables [69] provide decision support criteria based on three 

humidity and three aridity indicators derived from various primitive, combined and 

derived climatic parameters listed in Table 3-6. Annual rainfall is a primitive climatic 

parameter, while monthly mean relative humidity is a combined parameter. Monthly 

mean temperature range and humidity group are examples of derived parameter. The 

monthly humidity group is determined using the ranges given in legend below Table 3-6. 

The concept of adaptive comfort limits discussed in section 2.4.4.2 is applied in the 

determination of monthly daytime and nighttime stresses. The identified humidity group 

and monthly stresses form criteria for ascertaining applicability of 4 climatic indicators 

out of 6. 
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Table 3-6 Climatic Indicators as per Mahoney Tables Source: Koenigsberger et al. [69] 

 

3.4.3. Specifications for built form 

Aspects such as Building layout, Orientation, spacing between buildings and configuration 

of exterior spaces; may be considered as constituents of a climate responsive built form. 

       

       
 

Figure 3-16 Design options for building layout and orientation  Based on: Krishan et. al. [72] 

3.4.3.1. Specification options for building layout and orientation 

The plan elements most desirable in predominant stress conditions are shown in Figure 

3-16. The selection from these plan elements may be done based on feasibility of 

incorporating building layout recommended as per Table 3-6 and Table 3-7.  

Compact courtyard planning is a must where the monthly mean temperature range is 

above 10 degC for more than 10 months and there is monthly daytime cold stress for up 

to 4 months. On the other hand N-S orientation is recommended for all other conditions, 

however courtyards with or without verandah have also been recommended for climate 

modulation in overheated or humid overheated conditions respectively. Figure 3-16 also 

lists most desirable street orientation in case of both overheated and under heated 

conditions. 
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Table 3-7 Climatic criteria for building orientation and layout  Source: Koenigsberger et al. [69] 

 

3.4.3.2. Specification options for spacing between buildings 

Spacing between buildings is determined by, street widths and orientation. Along with 

desirable configurations of open spaces, the most desirable streets widths for particular 

stress conditions are listed in Figure 3-17. 

 

Figure 3-17 Design options for spacing between buildings Based on: Krishan et. al. [72] 

The criteria for selecting appropriate spacing between buildings are shown in Table 3-8 

with reference to H1 climatic indicator shown in Table 3-6. Compact layout of estates is 

recommended where air movement is essential (H1) for up to 1 month. Open spacing for 

breeze penetration is recommended for rest of the conditions. However protection from 

hot or cold winds is recommended when air movement is essential from 2 to 10 months. 

Table 3-8 Climatic criteria for spacing between buildings  Source: Koenigsberger et al. [69] 

 

3.4.3.3. Specification options for exterior spaces 

The selection from options of ground cover and texture and colors for exterior finishes 

shown in Figure 3-18, design options for building exterior spaces should be determined 

considering the overall radiation budget and air temperature respectively. The selection 

from these options may affect the daylight available in the surrounding buildings. 
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Figure 3-18 Design options for building exterior spaces Based on: Krishan et. al. [72] 

The criteria available in Mahoney tables for exterior spaces are shown in Table 3-9; these 

recommend provisions of outdoor sleeping space and rain protection. No criteria are 

available for selection of ground cover or wall finishes. 

Table 3-9 Climatic criteria for building exterior spaces  Source: Koenigsberger et al. [69] 

 

Most decisions in the subsequent levels will be determined to a certain extent based on 

the selected / possible options from built form specifications.  

3.4.4. Specifications for building envelope 

Roofs, walls and floors passively participate in climate modulation as they constitute the 

building envelope. 

3.4.4.1. Specification options for roof design 

As shown in Figure 3-19 two aspects roof design, namely roof form and roof materials 

need to be considered in response to the prevalent thermal stresses. While airflow and 

daylight have been identified as factors determining choice of roof form; the selected roof 

form will in turn determine the amount of exposure to solar radiation. The choice of 

thermal capacity and u-value of selected roof material is determined by the amount of 

incident solar radiation that needs to be reflected, absorbed, retained and (re)radiated to 

the inside/outside. 
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Figure 3-19 Design options for roof design Based on: Krishan et. al. [72] 

While the roof design options suitable for predominant thermal stress have been 

indicated using color and shade codes, the criteria for assessing suitable option in case of 

conflicting stresses is has been shown in Table 3-10. 

Table 3-10 Climatic criteria for roof design Source: Koenigsberger et al. [69] 

 

 

Figure 3-20 Design options for walls and floors Based on: Krishan et. al. [72] 

3.4.4.2. Specification options for walls and floors 

As shown in Figure 3-20 three aspects of wall and floor design, namely ‘surface area to 

volume ratio’, wall materials and additional controls need to be considered in response to 

the prevalent thermal stresses.  

While solar radiation has been identified as factors determining choice of surface area to 

volume ratio; the selected S/V ratio will in turn determine the amount of exposure to 

solar radiation. The wall material can then be selected in response to radiation budget. 

Some additional controls have been listed for selection in response to under heating 
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stress conditions while avoiding air flow. Climatic criteria for selecting appropriate wall 

and floor design are listed in Table 3-11.  

Table 3-11 Climatic criteria for design of walls and floors Source: Koenigsberger et al. [69] 

 

3.4.5. Specifications for opening design 

Openings in walls provide light and ventilation to the interior spaces, but in appropriate 

positioning, sizing and lack of protection may lead to undesirable speed and amount of air 

movement, heat gain / loss. Various design options are available for each component. 

 

Figure 3-21 Design options for opening position and air movement Based on: Krishan et. al. [72] 

3.4.5.1. Specification options for opening position & air movement 

The speed and quantity of air movement may be controlling as per prevailing stress 

conditions using options of fenestration configuration, structural controls and other plan 

elements as shown Figure 3-21. 

The criteria for establishing the requirement of air movement either throughout the year, 

during particular season of the year or never during the year are shown in Table 3-12.  

Table 3-12 Climatic criteria for design of opening position & air 
movement  

Source: Koenigsberger et al. [69] 
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3.4.5.2. Specification options for opening size 

Radiation budget, airflow requirement and daylight requirement are the factors 

determining the fenestration orientation and pattern. As shown in Figure 3-22 the 

selection of various options will help to determine the size of opening to achieve the 

desirable quality of daylight. 

 

Figure 3-22 Design options for opening size Based on: Krishan et. al. [72] 

The opening size as percentage of wall area can be selected based on the duration of 

requirement of thermal storage balanced with the duration of access to solar exposure 

required to counter cold season problem Table 3-13 

Table 3-13 Climatic criteria for design of opening size  Source: Koenigsberger et al. [69] 

 

3.4.5.3. Specification options for opening protection 

Various components shown in Figure 3-23 may be selected to provide opening protection. 

 

Figure 3-23 Design options for opening protection Based on: Krishan et. al. [72] 
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 The choice will depend upon the conditions of air temperature, radiation and airflow. The 

necessity of the type of protection required is determined with reference to duration of 

rainfall and cold season as shown in Table 3-14.  

Table 3-14 Climatic criteria for design of opening protection  Source: Koenigsberger et al. [69] 

 

 
Figure 3-24 Variability of administrative unit size across India  Based on: [60] 
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3.5. Geographical Information System 

Geographical Information System (GIS) offers a practical and relevant working 

environment for the integration, analysis visualization and management of spatial data 

from the field of climatological and meteorological together with other spatial data 

sources [35]. A commercial GIS application named Arc Map was used for spatial analysis 

aspects of this research. Constituent aspects of GIS pertaining to this research are 

discussed in the following. As the name suggests GIS consist of three major aspects 

namely, ‘Geography’ dealing with the location of phenomenon on earth. ‘Information’ 

dealing with measurements of various physical and environmental parameters at the 

particular location on earth and a ‘System’ dealing with the various software and 

hardware components required to put the geographical information together for human 

understanding. 

3.5.1. Geography 

Climatological and meteorological data has a strong relationship with the physical space, 

the natural and human aspects of which fall under the purview of geography. For 

instance, air temperature is clearly correlated with the height above mean sea level, 

distance from water bodies, slope, aspect, longitude and latitude. 

3.5.1.1. Physical 

Geophysical data such as elevation (with slope and exposure of the area), land cover (with 

parameters dependent on and independent of the season of the year), hydrography and 

soils is not only useful for visualization but also for analysis including various kinds of 

spatial interpolation and modeling. 

3.5.1.2. Human 

Not only do human settlements exist at geographically advantageous locations, but also 

administrative extents often result from some geo-political homogeneity. Spatial data 

analysis with reference to these human aspects of geography is often necessary while 

drawing inferences from various climatological and meteorological analyses. Overlay 

analysis using hexagonal grid (uniform in shape and size) is a form of regional analysis 
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widely used in environmental studies[13]. Various types of landscape / ecology related 

regional analysis can be performed in Arc Map using a plug-in called Patch Analyst [120]. 

The area of an administrative unit depends on its geo-political complexity. It may be 

governed either by geographical isolation or population size. To assess the variability in 

area of administrative units across India, the district boundary shape files [60] were 

superimposed with uniform hexagonal grid with cells admeasuring approximately 10,590 

sq. km. (when calculated in comparison with district Kota Rajasthan falling across 25°N 

Latitude). Due to their non-uniform shape and size, the count of district boundaries found 

coinciding with each hexagonal cell varied from 1 to 14 across India.  

As seen from Figure 3-24 very high number of (11-14) administrative unit boundaries 

coincide with a single cell around the districts of Nalanda, Jamui, Saharsa and Saran in 

Bihar; district Hamirpur in Himachal Pradesh, district Fatehgarh Sahib in Punjab; districts 

Sonepat, Yamuna Nagar and Jind in Haryana;  Bhagpat, Etawah, Jaunpur and Deoria in 

Uttar Pradesh; districts Dibrugarh and Lakimpur in Assam; and district Idikki in Kerala.  

As many as 60 hexagonal grid cells (mostly incomplete) along the northern and western 

edge of India encompass only one district, signifying that these border areas are 

inaccessible and as such sparsely populated. Most number of hexagonal grid cells 56, 44 

and 43 encompass 6, 5 and 7 districts respectively. This analysis helps in understanding 

the distribution of population across India. 

3.5.2. Information 

The large amount of climatological and meteorological information produced by many 

countries during the last decades facilitated the creation of a huge and varied database. 

Meteorological agencies spread all over the world yield lots of information about 

atmospheric conditions and their interactions with oceanic and continental surfaces. The 

different types of data produced by numerical models, satellites, telemetric stations and 

others present different formats and bring information which reproduces the weather 

conditions in different areas and in different temporal and spatial resolutions [35]. 
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Figure 3-25 Area of influence around each ISHRAE weather file station Based on:[61] 

3.5.2.1. Continuous data 

The information produced by numerical models and also by satellite displays values in 

fields which can be represented by vectors (isolines) or grid points (pixels). Thus, they 

represent variables whose main characteristic is their spatial continuity. 

3.5.2.2. Discrete data 

Variables measured by telemetric stations display punctual values, but for limited 

number of locations. As seen in section 3.2.1.1 reference climate data is available for 

representative locations and for analyzing buildings in other cities a prescribed 

equivalent climate data is to be used [76]. In many countries for compliance purposes 



 

96 

 

weather file from the geographically closest weather station needs to be used for thermal 

modeling. To demarcate area of influence for individual weather station, often Thiessen 

Polygons are drawn around each station [36]. 

As shown in Figure 3-25 Thiessen Polygons drawn around ISHRAE weather file stations 

[61] are varied in shape and area. The number of major cities encompassed within the 

neighborhood (Thiessen Polygon) of individual weather file station is listed in Table 5-7. 

This number varies from a high of 56 cities in the neighborhood of Kolkata weather file 

station to a low of only one or two cities in the weather file station neighborhoods of Bhuj, 

Dibrugarh, Jagdalpur, Jamnagar, Jorhat, Panjim Marmugoa, Port Blair, Ratnagiri, Srinagar, 

Tezpur and Veraval. Most weather file stations have 8 cities encompassed in its 

neighborhood. 

3.5.3. System 

The word “system” is used in different contexts to mean different things. Generally 

speaking, all systems, whether they are physical or conceptual, have the following 

characteristics [81]: 

1. They are formed or constructed to achieve certain basic objectives or functions. 

2. Their continuing existence depends on the ability to satisfy the intended objectives – if 

this ability fails/ starts to decline, the systems concerned must be upgraded/replaced. 

3. An individual system is composed of many interrelated parts, which may be 

operational systems themselves. 

4. These parts operate individually and interact with one another according to certain 

rules of conduct, such as procedures, laws, contractual agreements, and accepted 

behavior. 

3.5.3.1. Information system 

Information systems are a special class of systems that can be understood with respect to 

above general characteristics together with Figure 3-26 [81]. From the functional aspect, 

and information system is setup to achieve the specific objectives of collecting, storing, 

analyzing, and presenting information in a systematic manner. Interrelated components 
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including data combined with technical and human resources form the structural aspects 

of information system. It can also be perceived as being made up of input, processing and 

output subsystems, all working according to a well-defined set of operational procedures. 

Lastly, individual information systems can be operated independently, and at the same 

time linked with other information systems through standard communications protocols 

to form an information systems network. 

 
 
 
 
 

 

Figure 3-26 Different aspects of Information System  
Source: [81] 

 

Figure 3-27 Typology of information systems  
Source: [81] 

3.5.3.2. Geographically referenced data 

Use of geographically referenced data distinguishes GIS from other spatial information 

systems as shown in Figure 3-27 [81] and it too consists of various subsystems. The 

interdisciplinary subsystems relevant for this research are discussed in the following. 

3.5.3.3. Positioning systems 

Data use in this research was generally available in / converted to WGS 84 geographical 

coordinate system, and then projected to UTM coordinate system where required. The 

areas and distances between places get distorted when the spherical surface of the earth 

is represented as a flat map using projected coordinate system. 
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Spatial information related to field surveys was collected using GIS enabled instruments. 

Total Station was found suitable for collecting planer data while Handheld GPS was found 

suitable for collecting point and linear data. 

3.5.3.4. Storage and retrieval system 

Data needs to be stored in packages of manageable size, considering its bulk and 

convenience of transfer over internet. The data storage and retrieval system can be best 

described using example of data used during this research. The datasets were purchased / 

downloaded from variety of sources described in the following. 

Climatic data in the form of bioclimatic variables was available free of cost from internet 

[157]. Three tiles of each bio climatic variable corresponding to the area of interest were 

downloaded. High resolution Multispectral and Pan-chromatic satellite imagery is 

available on order from National Remote Sensing Center’s UOPS at a cost [98] . Medium to 

low resolution true-colour composite imagery is freely available from ISRO [11], some 

thematic layers are also available there as web map service [12] . Low resolution multi-

spectral and thermal imagery freely available from USGS [152] was also useful in local 

climate studies. 

3.5.3.5. Manipulation System 

ESRI’s Arc GIS 10.3.1 was used in this research and various aspects of this system have 

been discussed in PAPER1. 

3.6. Summary 

Climatic classification is implemented world over to inform the building design process at 

two different stages namely forward analysis and backward analysis. The approach to 

climatic data analysis differs from stage to stage. As part of forward analysis the approach 

is to identify most appropriate passive design options for all building elements in various 

regions of India. As part of backward analysis the approach is to identify physical factors 

(aspects of existing built form) causing variation in local climate at that scale; whereas at 

the micro scale the approach is to use data collated during forward analysis for 

generating a typical weather file most suitable for more realistic building performance 

evaluation.  
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Various types and forms of datasets have been identified for use in workflows developed 

using analytical tools like GIS, Spreadsheets and climate models. Meteorological 

measurements collected using portable instruments are useful for explaining the 

variation in local climate. Those retrieved from climatological records are useful for 

forward analysis automated in spreadsheets. Climatic data available from websites in the 

form of interpolated raster grids is useful for delineating the spatial variation in climate.  

Land use land cover information for the whole city is available at sparse resolution from 

remotely sensed satellite imagery. This information can also be collected at higher 

resolution by conducting physical surveys. Geographical Information System helps in the 

collation of different kinds of information required in the climatic analysis for building 

design. 

The review of state of the art in climate classification for building design, climate 

modeling, climate modulation strategies and geographical information system presented 

in the present chapter lays the foundation for the approach developed further in the next 

chapter ‘Analytical Framework’.  
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CHAPTER 4.  ANALYTICAL FRAMEWORK 
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4.1. General 

This chapter deals with the data theory including a description of what has been done. An 

analytical framework has been articulated (see Figure 4-1) to deliberate upon the multi 

level context of work done. As suggested in an updated practical guide to architectural 

research [55], a set of hierarchal frames represent the ‘strategies’ (approach) and ‘tactics’ 

(techniques) nested within the ‘school of thought’. The structure and functions of the 

hierarchal frames have been discussed at length in section 1.4. 

4.2. Multi level analytical framework 

This thesis is aligned to a school of thought that considers; climatology, responsive built 

environment and building legislation as the three intertwined domains / facets 

responsible for enabling a sustainable urban built environment.  

4.2.1. Domain of Climatology 

Overall scales of study in the domain of Climatology have been discussed at length in 

Section 2.2. However in the context of the proposed analytical framework it has been 

trifurcated into strategies at three levels namely Local Climate, Regional Climate and 

Typical Climate. The distinction has been made in correspondence with the various 

approaches and techniques identified in literature. 

Regional Climate level is named after the regional approach used in geography for 

understanding the whole through its parts[130]; as it is devised to inform Building 

Legislations operational across the country including National Building Code, Building 

Byelaws and Energy Conservation Building Code.  

Local Climate level is named after the local climate zone approach used in urban climate 

studies [131]; as it devised for generating Local Climatic Data using Energy Flux Modeling 

[123].  

Typical Climate level is named after the approach adopted by building physicist for 

discussing climate data used in energy simulation [32] for optimizing building 

components and systems; and it is devised to enable compilation of Typical Weather files 

required in growing number urban centers across India.  
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Figure 4-1Analytical Framework 
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4.2.2. Domain of Responsive Built Environment 

The domain of responsive built environment has been trifurcated into strategies of 

Desirable Urban Built Form, Combination of Responsive Building Elements and Building 

Performance Simulation.  

Combinations of Responsive Strategies assessed using Regional Climate data and Local 

Climate data for that city need to be compared in order to identify Desirable Built Form. If 

some settlement level modulation (amelioration / deterioration) (see Section 3.4.3) has 

been effected by particular Desirable Built Form/s; use of these Built Forms needs to be 

promoted / discouraged according by amending Building Byelaws of that city. 

Thermal Comfort Design Zone (TCDZ) map is generated by overlaying the Strategy Maps 

delineated resulting from Regional Climate Analyses. As per the proposed framework, the 

TCD Zones need to be used for distinguishing passive building design specifications 

recommended in the National Building Code (see Section 2.5).  

Compliance with Energy Conservation Building Code (ECBC) can be achieved by 

performing Whole Building Performance Simulation, to ascertain that the proposed case 

performs better than the base case. As per the proposed framework, base case or 

standard case needs to be assembled using Combination of Responsive Strategies and 

analyzed using Local Typical Weather file. 

4.2.3. Domain of Building Legislation 

The domain of Building Legislation needs to be trifurcated into strategies at three levels 

viz., Building Bye Laws, National Building Code and Energy Conservation Building Code to 

implement location specific recommendations / data made available by analyses in the 

other two domains as shown above.  

Details of various analyses conducted – for enabling sustainable urban built environment 

synthesizing interaction between the domains of climatology, responsive built 

environment and building legislation – have been discussed at length in the following. 

4.3. Regional Climate level analyses  

Functioning at the broadest level regional climate analyses are based on use of gridded 

climatic parameters for implementing forward design analysis prescribed in Mahoney 
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tables [68]; and are useful for delineating extents of recommended design specifications 

across India (Strategy Maps). 

Interpolated climatic data having resolution 1km X 1 km [59] subset for India is used in 

the development of Thermal Comfort Design Zones based on Mahoney table analysis in 

Arc GIS for whole of India. 

4.3.1. Methodology for delineation of Thermal Comfort Design Zones 

TCD zone delineation has been achieved by adopting the method of understanding the 

whole through its parts as illustrated by Singh et al [130]. The detailed GIS procedure for 

delineating these zones has been published in peer reviewed journal attached in appendix 

as PAPER 1. To give a broad overview of the methodology, the 5 steps (some of them 

combined and some are iterative) involved in the raster based spatial analyses 

implemented in GIS have been illustrated together in Figure 4-2.  

 

Figure 4-2 Flowchart illustrating all GIS steps 

Steps 1A, 1B, 1C and 1D were performed to collate the climatic parameters required in 

Mahoney table analysis as shown in Table 2-5. Steps 2A, 2B and 2C were performed to 

analyze thermal stress based on adaptive comfort limits shown in Figure 2-32. Steps 3A 

and 3B were performed for ascertaining applicability and duration of climatic indicators 
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across India based on criteria shown in Table 3-6. Step 4 was performed for ascertaining 

elemental design recommendations under 8 (+2 combined) strategy groups on the map of 

India based on respective criteria shown in Table 3-7 through Table 3-14. Maps output 

from Step 4 were superimposed in step 5 for identifying zones with unique combinations 

of recommendations for component design. Results of regional climate level analysis are 

discussed in section 5.2. 

4.3.2. Strategy identification interface 

The resulting thermal comfort design zone map of India has 62 significant zones. Unique 

combination of elemental design recommendations for a particular zone can be read from 

Tabulation of Zone wise recommended strategies APPENDIX 1. As shown in Figure 5-1 

the TCD Zone of any location in India can be accessed using Google Earth App.  

Building legislation is a state level subject. A comparison between administrative units of 

a particular state and the delineated TCD Zones therein is necessary to assess the 

usefulness and enable designation of TCD Zones as a basis for regionalization of building 

legislation. A comparative assessment was carried out across the extents of 

administrative units of India and across ULBs in Maharashtra state. 

4.3.3. TCD Zone as a basis for Regionalization of building legislation  

As shown in section 2.5.1.3, Maharashtra being the most urbanized state of India is a 

suitable candidate for the assessing the efficacy for TCD Zones in regionalizing the 

building legislation. For maximum coverage, recommendations have been formulated for 

regional rules pertaining to climate responsive design, enforced through the recently 

standardized development control and promotion regulations. 

4.3.3.1. Classification of identified ULBs 

As seen in section 2.5.2.1 urban local bodies are responsible for the enforcement of 

regulations pertaining to building design and construction as well as upkeep of the urban 

environment. Various types of urban local bodies are constituted from time to time for 

governing various types of urban settlements listed in Table 2-7 as and when they fulfill 

the specified criteria. The Urban Development Department - Government of Maharashtra 

issued two separate notifications for enforcing standardized development control and 
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promotion regulations (DC&PR) for municipal councils, nagar panchayats and urban 

areas under regional plan [148,149].  The notification enlists 228 ULBs belonging to six 

different administrative classes namely A- Class, B- Class and C- Class Municipal Councils, 

Non Municipal councils, nagar panchayats and zilla praishad. Apart from these DC&PRs 

for 24 Municipal Corporations are notified separately. 

4.4. Local Climate level analyses 

Functioning at the intermediate level local climate analyses are to be based on local 

climate zones delineated within the selected city [9] and measurement of diurnal micro-

meteorological data simultaneously at various locations across seasons [122];  and will be 

useful for identify the desirable urban built-form existing in the selected city. Before 

arriving at the methodology suitable for local climate analysis at city scale, field-study and 

satellite image-analysis based work flows were implemented for various study areas at 

neighborhood scale in stages as discussed below.  

4.4.1. Micro meteorological field survey  

Two modes of micro meteorological field surveys namely, mobile survey and diurnal 

survey were implemented for I. I. T. Roorkee campus. The details of instrumentation and 

methodology of conducting the surveys have been discussed in attached PAPER 3 and 

PAPER 2 respectively. 

4.4.2. Urban surface Classification & Built-up to vegetation ratios 

Urban surface classification is the first step in calculating built-up to vegetation ratio, 

required for establishing the physical basis of climate variation at local level [132]. 

Physical land cover survey implemented at I. I. T. Roorke is discussed in attached PAPER 

2. The method provides classification at a high resolution; however it was found to be 

cumbersome and is prone to errors due to dependence on subjective classification by 

surveyors. 

Satellite imagery based classification was identified as a more objective and quick method 

for urban surface classification. State of the art methodology has been implemented using 

supervised classification of 'land cover' for calculating constituent parameters. The 

resulting “Urban Neighbourhood Greenery Index” map [56] has been analyzed on the 



 

109 

 

basis of sector wise 'land use' designated by NOIDA as described in attached PAPER 4. The 

method provides quick classification of urban surfaces but it was found to have a low 

resolution that may not be suitable for identifying three dimensional composition of 

vegetation required for estimating local climate variation. 

To overcome the limitations of the two methods of urban surface classification discussed 

above, a method has been devised as shown in Figure 4-3. The method uses manual photo 

interpretation of urban surfaces at high resolution and object oriented analysis of 

multispectral imagery for three dimensional classification of urban vegetation. Paper 

discussing the method is in communication. 

IRS P6 LISS IV
(Subset of study area)

Cartosat-2
(Subset of study area)

Hexagonal Grid
Area = 200 ×  200

(Across study area)
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of built up volume 
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surface types

Vegetation Map
ObjectOriented Classifican

into vegetation types

Weighted Surface Map
Based on No. of floors in 

various built-up types

Weighted Vegetan Map
Based on LAI measured in 
various vegetation types

Built-up footprint Map
Manual Digitization

Google Earth
(Online interface)

 

Figure 4-3 Workflow for surface classification used in Local climate analysis 

4.5. Typical Climate level analyses 

Functioning at detailed level, typical climate analyses are formulated to deal with the 

issues arising from use of hourly climatic data published for representative cities.  A 

methodology has been developed to generate typical weather files for any city where 

performance evaluation of buildings is intended as per whole building compliance 

method stipulated by ECBC. 

4.5.1. Generation of Regionalized Typical Weather Files 

The workflow has been developed for generating Local Typical Weather Files as shown in 

Figure 4-4. The workflow is based on temporal interpolation of climate variables 

introduced in section 3.3.3 [124] (translation from Portuguese attached as APPENDIX 3). 
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The algorithms for estimation of hourly temperature and humidity values have been 

automated using MS excel. Maxima and Minima of monthly temperature and humidity can 

be input from climatic normals while the solar angle information has been completed 

using a published automated spreadsheet [49].  

Gridded data collated during Regional Climate analysis can be used to retrieve monthly 

extremes of temperature and humidity based on the geographical coordinates of any 

location. This data can be used as input for the algorithm in the absence of published 

climatic normals for a particular city, Modeled hourly solar radiation data [128] in grid 

format has recently been published and is available for collation with other climatic 

variables.   

RETRIEVAL INTERFACE 
Geographical Coordinates 

of Selected City

Solar Radiation dataset 
published by NSRDC

Gridded Typical 
Weather File

Gridded Climatic dataset 
Collated for

Regional Analyses

Climatic Normals 
published by IMD

or

Algorithm Automated in 
MS Excel for generating
Annual Hourly values of  

Temperature & Humidity 

Location Specific 
Monthly Means of 

Minimum & Maximum 
Temperature & Humidity

ECBC Compliance 
through

 Whole Building
Simulation  

Figure 4-4 Workflow for Typical Climate Analyses 

4.6. Application of research tools 

The various tools required to carry out the research may be categorized into tools for data 

collection, analysis, illustration, documentation and reference management. Geographical 

Information System is an integrated research tool which performs various categories of 

research activities and hence has been discussed in the following at length. 

4.6.1. Analysis and Illustration tools 

While Arc GIS is a versatile tool that performs analysis and illustration using vector and 

raster data, support from other applications was necessary. Many analyses involved 

attribute data from Arc GIS exported to MS Excel for utilizing features like pivot table, 

custom sorting and filtering, gradient fill using conditional formatting, etc. At few 

instances the data analyzed in Excel had to be imported in GIS for illustration. 
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Though it was possible to achieve most of the diagramming of process flows during their 

formulation in ‘Model Builder’ module of Arc GIS; few methodology flow charts were also 

created using vector graphics in MS Visio.  

4.6.2. Documentation and Illustration tools 

While Microsoft office applications namely, Word and PowerPoint are primarily used as a 

word processor and a presentation application respectively, they many times doubled up 

as illustration tools for assembling graphical support to literary discussion. The Snipping 

tool available as part of Windows accessories is especially useful for converting any 

graphic displayed on screen into a figure used in documentation. Microsoft Paint comes 

handy for cropping, annotating and touching up scanned or snipped figures. 

4.6.3. Reference management tools 

Backward searches and forward searches collectively called ‘Snowball search’ are an 

integral part of rigorous literature review [18]. The process has now been automated to a 

considerable extent due to the use of advanced research repositories like Scopus from 

Science Direct, JStore, Google Scholar, Research gate etc., where researchers themselves 

are sharing their publications online. The task of reference / citation management has 

also become streamlined due to integration of all these repositories with software like 

Mendeley and through it with the word processor. 

4.7. Summary 

Workflows have been established at the three levels of climatic analyses identified in the 

analytical framework; using the state of the art materials and methods, tools and 

techniques dealt with in literature review.  

At the Regional Climate level, unique combination of climate responsive design 

specifications recommended for any location across India can be ascertained by using the 

developed Google Earth app. Thermal Comfort Design Zones developed at this level form 

the basis for regionalization of development control and promotion regulations. 

At the Local Climate level, ratio between the densities of built form and vegetation was 

identified as the indicator for assessing variation in local climate. A workflow was 
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developed to overcome the deficiencies in two separate methods available for mapping 

built form and vegetation density. 

At the Typical climate level, location specific local typical weather file can be generated 

using mean monthly extremes available from published climate normals or collated 

gridded climatic data [59] for selected city obtained from retrieval interface. 

The workflows were implemented and results were published or are in the process of 

publication. The following chapter deals with results obtained from the established 

workflows.  
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CHAPTER 5.  ASSESSMENT AND DISCUSSION 
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5.1. General 

This chapter deals with assessment of result found after implementation of workflows 

identified in analytical framework. Furthermore development of the focal theory is also 

discussed. The beginning section deals with variation in recommendations for individual 

element design and resulting TCD Zones across India. The next section deals with 

regionalization of development control regulations across Maharashtra and variation in 

ECBC specifications for building components and design conditions in response to TCD 

Zones. The later sections deal with results of local climate & typical climate assessment. 

5.2. Extents of Thermal Comfort Design Zones across India 

As the culmination of Regional Climate level analyses (section 4.2.2), a Google Earth App 

has been developed to access the TCD Zones delineated across India (Figure 5-1.). 

 

Figure 5-1 Google Earth App to access extents of TCD Zones and corresponding specifications 

On selecting a particular location a popup displaying its TCDZ SR & description appears. 

The zone description lists the unique combination of passive design specifications 
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recommended in response to the thermal stresses arising out of that location’s prevalent 

climatic conditions. Nine strategy maps – delineating extents of design specifications 

recommended for various components based on Mahoney Tables selection criteria – used 

in overlay analysis for creation of TCD Zones are described in the following. The 

discussion of extents of recommended specifications is trifurcated into sections namely 

built form design, building envelope design and opening design as per the sequence 

followed in section 3.4 while dealing with Climate Modulation Strategies. 

5.2.1. Regions based on recommendations for built form 

Four maps delineating extents of recommended specifications for ‘building layout and 

orientation’, ‘spacing between buildings’, ‘outdoor sleeping spaces’ and ‘rain protection’ 

are discussed in this section. 

5.2.1.1. Regional recommendations for building layout & orientation 

To recommend distinct specifications for building layout & orientation, two regions 

namely a1 and a2, have been delineated (see Figure 5-2), based on climatic criteria 

described in Table 3-7.  

 

Region a2 is located in the state of 

J&K to the northeast of Karakorum 

Range, rest of India falls under region 

a1. In region a1, either thermal 

storage (A1) is required for up to ten 

months or if there is requirement of 

thermal storage for eleven or twelve 

months along with winter (A3) season 

of more than four months. Here as far 

as possible buildings should be 

oriented on an east-west axis with the 

long elevations facing north and south 

to reduce exposure to the sun. The 

buildings may be turned slightly so as  
Figure 5-2 TCD Region Map of recommended Layout of 
Buildings 
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to catch the breeze prevailing in the vicinity of site or to allow limited solar heating during 

the cold season (A3). 

In region a2, on the other hand cold season (A3) exists for less than five months, but thermal 

storage (A1) is required for eleven or twelve months and hence it is necessary to plan the 

buildings around small courtyards.  

5.2.1.2. Regional recommendations for spacing between buildings 

For recommending distinct specifications pertaining to spacing between buildings, three 

regions, namely b1, b2 & b3, have been delineated as shown in Figure 5-3, based on 

climatic criteria described in Table 3-8. 

 
Figure 5-3 TCD Region Map of recommended Spacing between 
Buildings 

Region b1 is found to be located in a 

narrow strip along the Malabar and 

Coromandel coast to the south of 

latitude 13° N; while region b3 is 

found to be scattered in diverse 

locations, mainly located in various 

states encompassing the Himalayan 

range and its highlands, and  in Thar 

Desert of Rajasthan. It is also to be 

found scattered in Western Ghats of 

Maharashtra, Karnataka, Kerala and 

Tamil Nadu, Eastern Ghats of Andhra 

Pradesh and Orissa, Satpura Range in 

Madhya Pradesh.  

The rest of India falls under region b2. In region b1, air movement (H1) is essential for 

eleven to twelve months, hence the space between long parallels rows of buildings should be 

roughly five times the height of buildings or more, to allow for breeze penetration. In region 

b2, air movement (H1) is need for two to ten months of the year, hence spacing for breeze 

penetration is still needed, but buildings and planting should also be planned to give 

protection against dusty hot or cold winds coming from prevalent directions at prevalent 
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speeds. On the other hand air movement (H1) is need for not more than two months, hence 

compact planning is essential in region b3. 

5.2.1.3. Regional recommendations for outdoor sleeping spaces 

As shown in Figure 5-4, two regions, namely i1 & i2, have been delineated, based on 

climatic criteria described in Table 3-9, for recommending provision of space for outdoor 

sleeping. Region i1 is found to be located in various states encompassing the Himalayan 

range and its highlands, seven northeastern states, Sikkim, parts of Bihar and West Bengal 

as well as in the Northern Circars, Coromandel Coast, Malabar Coast, parts of Konkan and 

Kathiawar peninsula. Rest of Indian Territory in found under region i2. 

 
Figure 5-4 TCD Region Map of recommended provision of 
space for Outdoor Sleeping 

In region i2 for more than one month, 

either night temperature is high (night 

time stress = H) and the humidity is 

low (HG = 1 or 2) or nights are 

comfortable outdoors but hot indoor 

as a result of heavy thermal storage 

(diurnal range is above 10 degC). Here 

sleeping spaces should be provided on 

the roofs or balconies or in patios and 

should be exposed to the coldest part 

of the night sky (the zenith) to permit 

heat loss by out-going radiation. Such 

an outdoor sleeping space may never 

be used in region i1. 

5.2.1.4. Regional recommendations for rain protection 

Based on climatic criteria described in Table 3-9, two regions, namely j1 & j2, have been 

delineated as shown in Figure 5-5, for recommending specification pertaining to rain 

protection.  
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Figure 5-5 TCD Region Map of recommended Rain Protection 

Region j1 is found all along the west 

coast on the windward side of 

Western Ghats; extending northward 

into parts of Gujarat, Malwa Plateau, 

Indo Gangetic Plain; eastward into 

Chhota Nagpur Plateau, Chhattisgarh 

Plains,  Northern Circars and parts of 

Coromandel Coast; and seven states 

of  north east India. The rest of Indian 

Territory falls under region j2. In 

region j1, rainfall exceeds 200 mm per 

month hence problems of rain 

penetration will be inevitable. Hence 

special protective measures like deep 

verandahs, wide overhangs and covered passages are recommended. Such measures are not 

necessary in region j2. 

5.2.2. Regions based on recommendations for building envelope 

Two maps delineating extents of recommended specifications for ‘roof design’ and ‘wall 

and floor design’ are discussed in this section. 

5.2.2.1. Regional recommendations for roof design 

To recommend distinct specifications pertaining to roof design, three regions, namely h1-

h3, have been delineated as shown in Figure 5-6, Based on climatic criteria described in 

Table 3-10. Region h1 is found to be located in a narrow strip along the Malabar and 

Coromandel coast to the south of latitude 13° N; while region h2 is found along a narrow 

strip on the coast of Kathiawar Peninsula, extending along the Konkan Coast, crossing the 

Western Ghats near the Coromandel Coast, then extending along Circars and into the 

plains of West Bengal and into the seven north eastern states. It is also found in the 

Western Himalayas and parts of Jammu and Kashmir. Rest of the Indian Territory is found 

under region h3.  
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Figure 5-6 TCD Region Map of recommended Roof Design 

In region h1, air movement is needed 

for more than nine months (H1 = 10 to 

12) and thermal storage is required 

for not more than three months (A1 = 

0 to 2), hence a light but well insulated 

roof should be used. The outer surfaces 

should have a light color or a shiny 

metal surface to reflect solar radiation. 

The roof should incorporate a cavity 

and insulation to ensure that only a 

small percentage of the solar radiation 

is transmitted through the structure.  

Where as in region h2, air movement is needed for less than nine months (H1 = 0 to 9) and 

thermal storage is needed for less than six months (A1 = 0 to 5), hence a lightweight and 

especially well insulated roof should be used. The extra insulation is required to prevent the 

underside of the roof heating up incase ventilation is reduced during the months when 

thermal storage is needed. A well-insulated lightweight roof may consist of a thin light-

colored or shiny metal skin, a cavity and a ceiling which incorporates some insulating 

material such as fiber board, expanded polystyrene and a reflective surface such as 

aluminum foil. Glare control may be required incase shiny metal skin is used. On the other 

hand in region h3, the requirements of air movement and thermal storage as other than 

those mentioned above, hence a heavy roof should be used. 

It should provide a time lag of about eight 

hours. The density and thickness of 

homogenous materials which achieve an 

eight hour time lag can be found from 

Figure 5-7. The time lag is increased if 

lightweight insulation is added to the 

outside of heavy weight construction.  
Figure 5-7 Time lag chart Source:[144] 
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The same time lag can be obtained by using a thinner structure with outside insulation. 

Where the roof is used for outdoor sleeping, a heavy terrace construction is justified.  

5.2.2.2. Regional recommendations for wall and floor design 

For recommending distinct specifications pertaining to wall and floor design, two regions, 

namely g1 & g2, have been delineated (see Figure 5-8), based on climatic criteria 

described in Table 3-11. Region g1 is found to be located in isolated narrow patches along 

the Konkan Coast, Malabar Coast, Coromandel Coast, Northern Circars; and isolated 

patches in Khasi hills and Dafla range in Eastern Himalayas; and in a contiguous stretch in 

Western Himalayas. The rest of Indian Territory is found under region g2. 

 
Figure 5-8 TCD Region Map of recommended Wall and Floor 
Designs 

In region g1, thermal storage (A1) is 

needed for less than three months, 

hence light external walls should be 

used. The reduce thermal storage in 

the wall, hollow concrete blocks or 

bricks with a minimum void of 40 per 

cent can be used. A wall using two light 

materials and a cavity will give 

acceptable thermal properties, but the 

cavity might be a problem as it can 

harbor insects and vermin. A thin solid 

wall (e.g., 2 inches of dense concrete) is 

acceptable if precautions are taken to 

prevent rain penetration and 

condensation. 

To reduce the heating effect of solar radiation, the wall should have a light-colored surface, 

for instance, white, yellow or cream. 

In region g2, thermal storage (A1) is needed for more than two months, hence heavy, high-

heat capacity walls should be used. Once again, light-colored surfaces are needed, but the 

very light colors may cause glare when reflecting bright sunlight. In many desert settlements 

a very light brown surface treatment is common. A solid or cement block wall 300 
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millimeters thick would have the required heat storage capacity. A slightly thinner wall can 

be used if a dense concrete block is used. Walls down to 100 millimeters are acceptable if 

they are insulated on the outside. An appropriate wall thickness can be found by using 

Figure 5-7. 

5.2.3. Regions based on recommendations for opening design 

Three maps delineating extents of recommended specifications for ‘opening position and 

air movement’, ‘opening size’ and ‘opening protection’ are discussed in this section. 

5.2.3.1. Regional recommendations for opening position and air movement 

For recommending distinct specifications pertaining to air movement, three regions, 

namely c1-c3, have been delineated in Figure 5-9, based on climatic criteria described in 

Table 3-12. Since climatic criteria e1-e2-e3 for recommending distinct specifications of 

opening position correspond with those of c1-c2-c3 respectively, regional 

recommendations for both elements are concurrently discussed. Region c2 is found to be 

located at sporadic locations in the Western Ghats, Satpura Range, Eastern Ghats, Khasi 

Hills, Mizo Hills, parts of Sikkim and Arunachal Pradesh; contiguous stretches in Western 

Himalayas; and a large contiguous area from the Rann of Kutch, running along Thar 

Desert to Doaba region of Punjab. Whereas region c3 is found in higher Himalayas and 

interior of Thar Desert bordering Pakistan. The rest of Indian Territory is found under 

region c1. Regions pertaining to opening position match exactly with those of air 

movement. In region c1, either air movement is essential (H1)  for more than two months, 

or air movement is needed for one or two months and thermal storage (A1) is required for 

zero to five months.  

Here, rooms should be single banked with windows in the north and south walls should be 

placed in order to direct breeze across the room at body level. In places where it is 

customary to sit or recline on the floor, window sills on the inlet side should not be higher 

than 200 millimeters. The outlet position has less effect on the flow pattern, but the size of 

the outlet does affect the speed of the wind. For optimum air speeds within the room, the 

outlet should be slightly larger than the inlet. Large windows make it necessary to take 

precautions against sky glare by the use of overhangs and sunshades. The view out of the 

window should be directed towards the ground and vegetation. 
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Figure 5-9 TCD Region Map of recommended Opening 
Positions and Air Movement 

Whereas in region c2, either air 

movement is needed for not more than 

one or two months (H1 = 1 or 2) and 

thermal storage is needed for more 

than five months (A1 = 6 to 12); or air 

flow is not essential but desirable for 

more than two months (H2 = 2 to 12). 

Here, double banked rooms may be 

planned with internal openings for 

instance interconnecting doors / 

ventilators carefully designed to enable 

temporary cross-ventilation combined 

with visual privacy. If the prevailing 

wind is unreliable or if site limitations  

restrict planning for air movement, ceiling fans should be considered at the sketch design 

stage as it implies minimum room heights of not less than 2.75 meters.On the other hand in 

region c3, either air movement is never required (H1 = 0) to achieve comfort or it is required 

to maintain comfort for one month or less (H2 = 0 to 1). Here, rooms should be double 

banked, but though there is no requirement for air movement special provisions for 

ventilation are essential. Ventilation openings serve three purposes; (a) Replacement of stale 

air; (b) Removal of heat generated inside a room by people (classrooms or conference 

rooms) or machines (kitchens or workshops), and (c) Cooling down of the building fabric at 

night. This applies for instance when days are hot and nights are cool and thermal storage is 

used to improve the day time indoor climate. Effective ventilation needs openings on 

opposite side of a room, preferably a low-level air inlet and a high-level outlet. Ventilation 

openings need not be windows. Ventilation shafts, openings to ducts, wind scoops or light 

wells can be satisfactory.  
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5.2.3.2. Regional recommendations for opening size 

To recommend distinct specifications pertaining to opening size, five regions, namely d1-

d5, have been delineated as shown in Figure 5-10, based on climatic criteria described in 

Table 3-13. Region d1 is found to be located in isolated narrow patches along the Konkan 

Coast, Malabar Coast, Coromandel Coast, and Northern Circars to the south of latitude 18° 

N; while region d2 is found along a narrow strip on the coast of Kathiawar Peninsula, 

extending along the Konkan Coast, crossing the Western Ghats near the Coromandel 

Coast, then extending along Northern Circars and into the plains of West Bengal and into 

the seven north eastern states. It is also found in the Western Himalayas and parts of 

Jammu and Kashmir. Regions d3 and d5 are found in isolated patches in and interior of 

Thar Desert bordering Pakistan and northeast of Karakorum Range. Rest of the Indian 

Territory is found under region d4. 

 
Figure 5-10 TCD Region Map of recommended Opening Sizes 

In region d1, either thermal storage is 

never required, or even if it is required 

for only one month (A1 = 0 or 1); there 

is no cold season (A2 = 0). Here large 

openings between 40 to 80 per cent of 

wall area should be used and so 

planned as to direct the breeze across 

the room at body level.  

In region d2, thermal storage is 

needed for less than two months (A1 = 

0 or 1) and there is a cold season (A3 = 

1 to 12). Here medium openings 

between 25 to 40 per cent of wall area 

should be used and may be designed to 

allow sun to penetrated during the winter months. In region d4, thermal storage is needed 

between six and ten months (A1 = 6 or 10). Here small openings between 15 to 25 per cent of 

wall area should be used. The increase in area of solid wall is needed for thermal storage. 

In region d5, thermal storage is needed for more than ten months (A1 = 11 or 12) and cold 

season is less than four months (A2 = 0 to 3). Here very small openings between 10 to 20 per 
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cent of wall area should be sufficient. Special provision should be taken to prevent sun 

penetration to the interior during the long hot season. In region d3, thermal storage is 

needed for more than ten months (A1 = 11 or 12) like d4, but cold season is longer (A2 = 4 to 

12). Here composite openings between 20 to 35 per cent of wall area should be used and 

may be designed to allow the sun to penetrate during the cool months. 

5.2.3.3. Regional recommendations for opening protection 

For recommending distinct specifications pertaining to opening protection, four regions, 

namely f1-f4, have been delineated (see Figure 5-11) based on climatic criteria described 

in Table 3-14. By comparing Table 3-14 and Table 3-9 one may be able to decipher that 

these regions are subsets of region j1 (f3 & f4) and j2 (f1,f2) corresponding to distinct 

specifications for rain protection. The bifurcation is based on the need for protecting 

openings from sun penetration during summers. 

 
Figure 5-11 TCD Region Map of recommended Opening 
Protection 

In region f1, cool or cold season lasts 

more than two months (A3 = 3 to 12), 

hence one might allow the sun to come 

in during winter months and exclude it 

for the rest of the year, by using 

overhanging eaves or special shading 

devices. The design of sun shades 

should be based on determination of 

critical dates, such as the beginning 

and end of the shading period, and 

estimation of hourly temperatures 

from the maxima & minima [144; 

annex I].  

In region f2, cool or cold season lasts  

for less than three months (A3 = 0 to 2), hence direct entry of the Sun into the interior of the 

house should be excluded. Though cool season in region f3 is as short as in region f2, it 

receives more than 200 millimeters rainfall in at least one month; hence apart from 

exclusion of direct sunlight, effective rain protection will also be needed in this region. Heavy 
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rain is often accompanied by strong wind that forces droplets through openings, even if they 

are protected by overhangs or louvers. Air temperature may drop slightly during tropical 

rainstorms, but the humidity remains high and air movement would be desirable for 

comfort. Unless a louvered screen that allows breeze to enter but keeps rain out is 

installed [144], tightly closing windows is the only way of keeping rain out. Rainfall in 

region f4 is similar to region f3, and cool or cold season is similar to region f1, hence only 

rain protection will be needed in this region.  

Region f1 is first subset of j2 and is found in two patches; one in parts of Thar Desert, 

Rajasthan and Haryana, extending up Doaba region of Punjab and the other to the north of 

Western Himalayas; while region f2 is also found in two patches; one in the Kathiawar 

Peninsula extending into the Rann of Kutch, and the other on the leeward side of Western 

Ghats covering most of Deccan Plateau and extending southwards in to parts of 

Coromandel Coast. Region f3 is found all along the west coast on the windward side of 

Western Ghats; extending northward into parts of Gujarat, Malwa Plateau; eastward into 

Chhota Nagpur Plateau, Chhattisgarh Plains,  Northern Circars and parts of Coromandel 

Coast; and parts of seven states of  north east India; while f4 is found in Indo Gangetic 

Plain and hilly areas of north eastern states. 

Table 5-1 Zones merged during generalization 
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Regional recommendations for the various building design elements have been discussed 

in the above sections using nine maps. Eighty-six regions with unique combinations of 

recommended specifications called TCD Zones have been identified by superimposing 

eight maps namely d, h, g, c, b, a, f and i. Note that recommendations from map j can be 

ascertained from map f. 

5.2.4. Generalization of combined specification maps 

Areas of extent of the 86 TCD Zones are found to vary from 168 grid cells to over a million 

grid cells. Considering that 1 grid cell approximately equals 1 sq. km. it was found that 24 

out of 86 TCD Zone (28%) exist in scanty chunks of less than 100 sq. km. scattered across 

India. In the Regional Climate level analysis that follows, it would be redundant to discuss 

the tiny and sporadic TCD Zones alongside the larger TCD zones. Hence, the scanty chunks 

belonging to these 24 TCD Zones named A-X were merged with larger TCD Zones 

surrounding the respective chunks as shown in Table 5-1. Spatial distribution of the tiny 

TCD Zones A-X has been shown in Figure 5-12. TCD Zones A, B, C and F were found to be 

located in Jammu and Kashmir; while zones G, I, J, K & L were found in Himachal Pradesh; 

and zone M was found to be located predominantly in Uttarakhand and rarely near the 

border between Gujarat and Rajasthan. As seen from Figure 5-12 merged TCD Zone N was 

found to be located in Orissa, Chhattisgarh, Andhra Pradesh, Gujarat and Karnataka; while 

Zones O and P were found in predominantly in Maharashtra and rarely in Karnataka. TCD 

Zones Q, R, S and U were found to be located at the triple border region between 

Karnataka, Andhra Pradesh and Tamil Nadu, while Zone W was found to be located in 

Tamil Nadu and Kerala. TCD Zones D, E, H, T, U, V and X, having a cell count of less than 7, 

could not be represented to scale in Figure 5-12. 

The extents of 62 TCD Zones (prevailing after merger) have been analyzed in comparison 

to various physical and analytical entities in the following.  

5.2.5. Comparison between various TCD Zones 

Regional recommendations of all TCD Zones have been compared in Table 5-2. Pertaining 

to recommendations for size of openings, while most of the TCD zones correspond with 

region d2; as little as 1, 3 and 6 TCD Zones were found to correspond with regions d5, d3 

and d1 respectively. While all TCD Zones corresponding with regions d3, d4 and d5, 
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correspond with region h3, pertaining with recommendations for roof design, most zones 

corresponding with regions d1 and d2 also correspond with regions h1 and h2 

respectively. With respect to the recommendations for wall design, most of the TCD Zones 

correspond with region g2. Pertaining with recommendations for layout of buildings, only 

one TCD Zone was found to correspond with region a2, while the rest correspond with 

region a1.  

 

Figure 5-12 Map showing locations of TCD Zones merged during generalization 
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Table 5-2 TCD Zone wise regional recommendations and pixel counts 
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Table 5-3 TCD Zone proximity analysis 
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With respect to the recommendations for spacing between buildings; only two TCD Zones 

were found to correspond with region b1, while the remaining TCD Zones were found to 

be equally distributed between regions b2 and b3. No remarkable correspondence of TCD 

Zones with other recommendations was found. 

Pixel counts of all TCD Zones have also been compared in Table 5-2. Pixel count of TCDZ 

SR45 is maximum 27.06% followed by that of SR43 and SR47 being 14.97% and 11.16% 

respectively. Other significant pixel counts were found to correspond with SR23 (8.66%), 

SR35(3.93%), SR48 (3.25%), SR49 (3.18%), SR24 (2.38%), SR21 (2.29%), SR59 (2.26%), 

SR53 (1.81%), SR25 (1.67%), SR16 & SR11 (1.06%) and SR44 (1%). Pixel counts of less 

than 1 % were found to correspond with rest of the TCD Zones. 

  

  
Figure 5-13 Extents of TCD Zones in Coastal India 
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Length of boundary shared between various TCD Zones has been assessed in Table 5-3. 

All the neighbors of individual TCD Zones have also been listed and counted. Most of the 

TCD Zones (29) were found to share boundaries with 5 to 9 other Zones. TCDZ SR23 has 

been found to be located adjacent to most number of i.e. 24 other TCD Zones. Other zones 

found in the vicinity of many neighbors are SR16 (21), SR35 and 47 (17), SR9 (16), SR33, 

SR45 and SR48 (15). TCDZ SR45 is found to share the longest boundary with SR47. 

5.2.6. Spatial distribution of most populated TCD Zones 

Locations of 530 major cities (having population more than 1 lakh) were plotted on the 

TCD Zone map of India as shown in Figure 5-18. All major cities belong to one of 31 TCD  

  

  
Figure 5-14 Extents of TCD Zones besides Indian Coast and eastern India 



 

133 

 

Zones listed in Table 5-7. A maximum of 109 cities fall under TCD Zone SR45, followed by 

90, 89 and 74 cities in zone SR47, SR23 and SR43 respectively. Out of these 31 zones 16 

TCD Zones encompass 5 or more major cities.  Extents of these 16 TCD Zones have been 

discussed in the following.  

Extents of TCDZ SR02, SR03, SR05 and SR06 have been described using respective maps 

shown in Figure 5-13. TCDZ SR02 is found along the Malabar Coast; SR03 is found in the 

Coromandel Coast; while SR05 and SR05 is dispersed along the Coromandel Coast and 

Northern Circars. 

Extents of TCDZ SR08, SR21, SR23 and SR24 have been described using respective maps 

shown in Figure 5-14. TCDZ SR08 and SR21 are found inland besides the Coromandel  

  

  
Figure 5-15 Extents of TCD Zones in northern plains and peninsular plateu 
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Coast; SR23 is found besides the East Coast, West Coast and majorly in the North-east; 

while SR24 is found sparsely inland besides Konkan Coast and in lower Gangetic plain. 

Extents of TCDZ SR41, SR43, SR45 and SR47 have been described using respective maps 

shown in Figure 5-15. TCDZ SR41 and SR47 is found in the northern plains; while SR43 

and SR45 are found distributed widely across the peninsular plateau. 

Extents of TCDZ SR48, SR49, SR51 and SR53 have been described using respective maps 

shown in Figure 5-16. TCDZ SR48 is found across the plains of Punjab, Haryana and 

Rajasthan; SR49 is found majorly in part of Gujarat and Rajasthan and sparsely near the 

border between Maharashtra and Karnataka; while SR51 & SR53 are found sparsely in 

parts of J&K Punjab and Rajasthan.  

  

  
Figure 5-16 Extents of TCD Zones bordering North west India 
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Detailed descriptive analysis of these 16 TCD Zones has been presented in Appendix 1. 

Apart from the list of encompassed cities, the flyer for individual TCD Zone includes 

details like recommended climate responsive design specifications, range of individual 

climatic indicator and extents on the map of India. 

 
Figure 5-17 TCD Zone variability analysis using hexagonal grid 

5.2.7. Comparison w. r. t. Hexagonal Grid 

As discussed in section 3.5.1 with reference to Figure 3-24 variability of environmental 

features can be assessed over a uniform spatial reference (shape and size) using a 

../iitr_Dissertation%20Topic/Thesis%20Report/Figures/FIG_5%20TCDZ_HEXAGON%20GRID_AREA_ANALYSIS.jpg
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hexagonal grid.  The relative variability of TCD Zones across India has been assessed 

using hexagonal grid. The assessment has to be informed by the fact that the area of one 

pixel diminished as one proceeds from the equator towards the poles as discussed in 

section 3.5.3.3. Area of a hexagonal grid cell admeasures approximately 10590 sq. km. 

when calculated in comparison with district Kota Rajasthan falling across 25°N Latitude.  

As shown in Figure 5-17, maximum variability of TCD Zones is found in a hexagonal cell 

spanning across districts Ananthnag, Doda and Udhampur in Jammu & Kashmir. Other 

cells with high TCD Zone variability span across districts Una, Kangra, Mandi, Hamirpur, 

BIlaspur in Himachal and Ropar, Hoshiyarpur in Punjab; across districts Kinnaur in 

Himachal and Uttarkashi, Rudraprayag, Tehri Garwal, Pauri Garwal, Almora in 

Uttarakhand; across districts Chamba in Himachal Pradesh and Chamoli cum Gopeshwar, 

Pithoragarh in Uttarakhand; across districts Vishakhapattanam in Andhra Pradesh and 

Koraput in Orrissa; across districts Perambalur, Ariyalur, Thanjavur, Thiruvarur and 

Pudukkottai in Tamil Nadu; across districts Pattanamtitta, Kottayam, Idukki in Kerala and 

Theni, Virudhunagar, Thirunelveli Kattabi in Tamil Nadu; across districts Raigarh, Pune, 

Satara and Ratnagiri in Maharashtra. 

Table 5-4 List of TCD Zones found in one or two Administrative units 

Administrative Unit Name TCDZ SR Administrative Unit Name TCDZ SR 

Tamil Nadu (TN) 1, 3, 33 Himachal Pradesh (HP) 12, 26 

TN / KL 15 HP / J&K 52 

Kerala (KL) 7 Jammu & Kashmir(J&K) 19, 20, 27, 36, 40, 60 

TN / KA 28 Rajasthan (RJ) 39,62 

Karnataka (KA) 29, 30 UK/Arunachal Pradesh 18, 37 

Maharashtra (MH) 10 Uttarakhand (UK) 57, 61 

Mizoram (MZ) 13 UK / Bihar (BR) 46 

5.2.8. Comparison w. r. t. administrative boundaries 

Comparison between extents of the 62 TCD Zones and the administrative districts / state 

/ union territory of India is shown in Figure 5-18. The various TCD Zones found in each 

state are listed in Table 5-5. TCD Zones found in individual state are marked in this table 

with a green tick mark. It can be seen from Column 4 that maximum TCD Zones are found 

in J&K, while Tripura, Goa and Delhi have 1 TCD Zone each. Madhya Pradesh has the 

largest single TCD Zone of all, while Lakshadweep has the smallest single Zone. TCD Zone  
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SR45 has the maximum area of extent followed by zones SR43, SR47, SR23, and SR35. 

These zones span across 15, 8, 13, 17 & 5 administrative units respectively. Whereas 26 

other TCD Zones found in one or two administrative units each are listed in Table 5-4. 

Another 6 TCD Zones SR5, SR38, SR54, SR55 & SR59 were found in 3 admin units each. 

Thus it can be seen that the TCD Zones not only vary greatly in size and shape, their 

extent may also vary from a single administrative unit to seventeen. Moreover the 

administrative units themselves being heterogeneous in shape and size, the variability in 

TCD Zones may be greatly obscured.  

 
Figure 5-18 TCD Zone Map of India with ECBC/NBC and ISHRAE Weather Stations 

A very high variety (18-21) of TCD Zones was found in the states of Jammu & Kashmir, 

Karnataka and Tamil Nadu. High variety (11-14) of Zones was found in the states of 
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Andhra Pradesh, Arunachal Pradesh, Himachal Pradesh, Kerala, Maharashtra, Rajasthan 

and Uttaranchal. State of Tripura and union territories of Chandigarh and Lakshadweep 

have one TCD Zone each. Whereas the union territories of Dadra & Nagar Haveli and 

Daman & Diu were found to have two Zones each. The most prominent Zones has been 

identified in Figure 5-19, Figure 5-20 and Figure 5-21 for each of the state having more 

than 3 TCD zones. 

 
Figure 5-19 Prominent TCD Zones in States A-J 

As seen from Figure 5-19 the most prominent TCD Zones for the states of Andhra 

Pradesh, Arunachal Pradesh, Bihar, Chhattisgarh, Gujarat, Haryana, and, Jammu and 

Kashmir are, SR43(40%), SR11(40%), SR45(40%), SR45(83%), SR43(44%), SR48(52%), 

and SR35(42%) respectively, whereas Himachal Pradesh has two somewhat equally 

prominent zones, SR35(30%) and SR47 (25%). 

As seen from Figure 5-20 the most prominent TCD Zones for the states of Jharkhand, 

Karnataka, Kerala, Madhya Pradesh, Manipur and Mizoram are, SR45(77%), SR43(59%), 

SR02(49%) and SR45(78%), SR25(55%) and SR23(73%), respectively. Maharashtra has 

two equally prominent zones SR45 and SR43 (41% each), whereas Meghalaya has two 

somewhat equally prominent zones, SR23(38%) and SR25(31%). 
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Figure 5-20 Prominent TCD Zones in States J-M 

As seen from Figure 5-21 the most prominent TCD Zones for the states of, Nagaland, 

Orissa,  Punjab, Tamil Nadu, Uttar Pradesh, Uttarkhand and West Bengal are, SR26(46%), 

SR45(57%), SR48(53%), SR21(35%), SR47(85%), SR47(31%) and SR23 & SR 24(each 

approximately 45%) respectively. The state of Rajasthan has five prominent zones SR45,  

 
Figure 5-21 Prominent TCD Zones in States N-W 
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SR43, SR49, SR48 and SR53 having a share of 18%, 17%, 14%, 13% and 12% respectively, 

The share occupied by TCD SR47 (85%) in Uttar Pradesh was found to be the highest in 

any state by any zone, followed by SR45 (83%) in Chhattisgarh. TCD Zone SR45 also has a 

prominent share in six other states & occupies 40%, 77%, 78%, 41%, 57% and 18% share 

in Bihar, Jharkhand, Madhya Pradesh, Maharashtra, Orissa and Rajasthan respectively. 

5.3. Regionalization of building legislation based on TCD Zone 

In previous section prominent TCD zones for each state have been identified by 

comparing areas occupied by various TCD Zones within each state. For the purpose of 

regionalizing building legislations, assessment of TCD Zones encompassing various Major 

Cities is necessary.  

5.3.1. Comparison with respect to settlements having DC&PR 

Weather stations used in climatic classification for the purpose of building design 

provided by NBC [3,24] are listed in Table 2-17. TCD Zones corresponding to these 

weather stations have been identified by overlay analysis as shown in Figure 5-18. A 

comparison between NBC climate zones and TCD Zones assigned to each weather station 

has been shown in Table 5-6.  

Weather files for 59 (weather station) locations were published by ISHRAE [61]; Thieseen 

polygons around these locations have been shown in Figure 5-18 to assess the number 

TCD Zones covered under each Weather file. Variability of TCD Zones with the vicinity of 

various weather files is discussed in following section.  

Table 5-6 Comparison between climatic zones & TCD zones assigned to ECB/NBC/ISHRAE weather stations 

 

5.3.1.1. Comparison with respect to existing climatic classification 

As shown in Table 5-6 highest number (51) of weather stations used in climatic 

classification for ECBC / NBC codes fall under TCD Zone SR45. Six weather stations that  
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Figure 5-22 TCD Zone variability in the vicinity of ISHRAE weather stations 

had a ISHRAE weather file but did not have a stated climatic class were found to fall under 

5 different TCD Zones namely, SR23 (2nos), SR25, SR43, SR47 and SR48. Twenty five out 

of twenty nine weather stations found to overlap SR23 belong to Warm and Humid 

climatic zone, whereas 15 out of 30 stations found to correspond with SR43 belong to Hot 

and Dry zone. Similarly, 40 out of 51 stations found to correspond with SR45 and 21 out 

of 23 stations found to correspond with SR47 belong to Composite climatic zone. All the 8 

stations found to correspond with SR16 belong to Cold climatic zone, while all the 7 

stations found to correspond with SR02 and 6 stations found to correspond with SR21 

belong to Warm and Humid zone.  
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The assignment of many TCD zones to weather stations belonging to same NBC climate 

zone and vice versa; highlights the need for regionalization required in development 

codes (ECBC / NBC). Regionalization of EBCB / NBC is discussed in following section.  

5.3.1.2. Comparison with respect to Typical Weather Files 

Typical Weather file (influence area) Thiessen Polygon map and TCD Zone map have been 

overlaid as shown in Figure 5-18 to ascertain the count of major cities corresponding to 

respective Typical Weather file and TCD Zone cross-tabulated in Table 5-7.  

Seventy-one percent (42 out of 59) weather file stations were found to have a reasonable 

representativeness as the encompassed cities were found to be assigned with only one or 

two TCD Zones. On the contrary 20 cities found within the influence area of Kodaikanal 

weather file were assigned with 7 different TCD Zones. 11 cities in the area of Nellore 

weather file and 9 cities in the area of Thiruvananthpuram weather file were found to 

correspond with 6 different TCD Zones each. Similarly, 14 cities in the area of Amritsar 

weather file and 8 cities in the area of Visakhapatnam weather file were found to 

correspond with 5 different TCD Zones each. This means high climatic variability exists in 

the influence area of few weather file stations, and justifies the need for generating 

additional weather files. The influence areas (Thiessen Polygons) with higher TCD Zone 

variability can be identified from the hexagonal grid spatial analysis (see 0) underlain in 

Figure 5-22.   

5.3.2. ECBC specification values corresponding to TCD Zone 

TCD Zones have been regrouped based on regional recommendations for component 

design for ease of regionalizing prescribed design specifications for use in ECBC.  

5.3.2.1. Recommended thermal performance specifications of building envelope 

Four groups have been found as shown in Figure 5-23, when TCD Zones were regrouped 

on the basis of regional recommendations for wall and floor design and roof design. The 

regrouping is useful for regionalizing thermal performance specifications of building 

envelope as shown in Table 5-9. Indicator based criteria used in delineation of regional 

recommendations for wall, floor and roof design (see Table 5-8)[144], is also used for 

specifying thermal performance specifications as shown in Table 5-9. 
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Table 5-7 Number of Major Cities corresponding to each ISHRAE Weather file and various TCD Zones 
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Figure 5-23 Regions for envelope design Figure 5-24  Regions for opening design 

In region group g1-h1, light external walls have been specified with light roofs; while in 

region group g1-h2, light external walls have been specified with light and insulated roofs. 

On the other hand in region group g2-h2, heavy external walls have been specified with 

light and insulated roofs; while in region group g2-h3, heavy external walls have been 

specified with heavy roofs. 

5.3.2.2. SHGC adjustment as per window protection recommended for specific direction 

Twenty-four groups have been found (see Figure 5-24), after regrouping TCD Zones on 

the basis of regional recommendations for opening size, protection & position. 

TCDZ regions d1-d5 (Figure 5-10), f1-f4 (Figure 5-11) and c1-c3 (Figure 5-9), were 

superimposed to obtain region groups for which the opening design specification codes 

have been listed in Table 5-10 along with the legend of detailed design recommendations. 

Table 5-10 should be specified as a prescriptive requirement to be compiled before SHGC 

adjustments are done as per window protection recommended for specific direction (See 

Table 2-13, Table 2-14, Table 2-15 and Table 2-16. 
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Table 5-8 Thermal performance specifications based on Indicators Source: [144] 

 

Table 5-9 Envelope design specifications based on region group 

 

Table 5-10 Opening design specifications based on region group 
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5.3.3. State-wise Significance of TCD Zones 

TCD Zones significant for each State or UT have been identified in Table 5-11, based on 

state or UT wise TCDZ area comparison form Table 5-5 and state or UT wise TCDZ city 

count comparison from Table 5-7. In 19 states or UTs the all major cities are located 

within the spatially significant TCD Zone/s. All major cities in the 4 states of Jammu & 

Kashmir, Madhya Pradesh, Meghalaya and Nagaland, are located the outside spatially 

significant TCD Zone/s.  Few major cities in the 6 states of Andhra Pradesh, Karnataka, 

Kerala, Maharashtra, Rajasthan and Tamil Nadu are located outside the spatially 

significant TCD Zone/s. There is no spatially significant TCD Zone in the state of Goa. 

There is no major city located in the state of Arunachal Pradesh.  

Table 5-11 State or UT wise list of significant TCD Zone/s 

State or UT \ TCDZ by Area by City Count State or UT \ TCDZ by Area by City Count 

Andaman & Nicobar 2 2 Madhya Pradesh 45, 47 25, 5 

Andhra Pradesh 43, 45 43, 45, 21, 5 Maharashtra 45, 43 23, 43, 45 

Arunachal Pradesh 11, 25 - Manipur 25, 23 25 

Assam 23 23 Meghalaya 23, 25, 16 34 

Bihar 45, 47, 23 45, 47 Mizoram 23, 31 23 

Chandigarh 47 47 Nagaland 26, 24, 22 23 

Chhattisgarh 45 45 Orissa 45, 23 23, 45 

Delhi 47 47 Puducherry 6 6 

Goa  9, 24 Punjab 48, 51, 53 48, 51 

Gujarat 43, 45, 49 43, 45 Rajasthan 45, 43, 49 41, 45, 48 

Haryana 48, 47, 41 41, 47, 48 Tamil Nadu 21, 8, 1 3, 21, 23 

Himachal Pradesh 35, 47, 16 16 Tripura 23 23 

Jammu & Kashmir 35, 57 47, 52 Uttar Pradesh 47, 45 45, 47 

Jharkhand 45, 24 45 Uttarakhand 47, 59, 16 47 

Karnataka 43 43, 22 West Bengal 23, 24 23, 24 

Kerala 2, 23 2, 7, 23    

5.3.4. Zone Identification of Urban Local Bodies in Maharashtra 

TCD Zones of all 252 ULBs in Maharashtra (see section 4.3.3.1) were identified by 

overlaying their geographical coordinates as shown in Figure 5-25 on TCD Zone map. 

High number of ULBs 113 (45%) and 96 (38%) were found to correspond with TCD Zone 

SR 43 and SR 45 respectively. Significant number of ULBs 16 (6%) and 10 (4%) were 
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found to correspond with TCD Zone SR 23 and SR 49 respectively. Scant number of ULBs 

7(3%), 5(2.5%) and 4(2%) were found to correspond with TCD Zone SR 24, SR 50 and 

SR6, respectively. One ULB each was found to correspond with TCD Zone SR 10, SR 54 and 

SR 56. No ULB was found to correspond with TCD Zone SR 9 and SR 55. Complete list of 

ULBs with respective TCD Zones is included as APPENDIX 2. 

5.3.5. Regionalization of DC & PR in Maharashtra 

Significantly out of the 12 TCD Zones of Maharashtra, extents of 5 zones fall exclusively 

within Konkan (the western coastal region abutting the Arabian Sea). The remaining TCD 

Zones gradually change as the transect moves inland across the Western Ghats towards 

east. The most populous Zones TCD SR 43 and SR 45 are adjoining each other and 

correspond with the Deccan Plateau.  In these two zones all but two design specifications 

were found to be similar. Recommended specifications of opening protection and rain 

protection features varied in these zones, due to variation in intensity of rainfall received 

(see APPENDIX 2). In contrast the recommended specifications for the most populous 

Zone from Konkan TCD SR 23, were found to be significantly different. Most of the zones 

in Konkan have been specified with high to medium window size, light roof material and 

no recommendation for sleeping space. Relevant clauses in the Standardized DC&PR 

pertaining to climate responsive design specifications can thus be differentiated on the 

basis of TCD Zone identified for the ULB. 

5.4. Local climate level assessment 

As seen in section 2.3 meteorological instruments are usually located at a place where 

readings are not affected by special topographical features, nearby buildings or 

vegetation. Data recorded by such instruments are bound to differ from readings in the 

streets of large cities or on the shores of a lake. Narrow streets like narrow valleys or 

gorges, affect the direction and velocity of wind; large built up areas have higher night 

temperatures, and ponds, woods and parks exercise a moderating influence on the daily 

rhythm of heating and cooling. The shores of the sea or the large lakes produce their own 

wind patterns which may differ markedly from those further inland. 
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Figure 5-25 TCD Zone wise ULB Count in Maharashtra 
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Earlier scientists held that, the differences between the regional climate (as recorded at 

the meteorological observatory) and the actual site (local) climate are rarely large enough 

to affect the decisions that have to be taken during the design stage[144]. However the 

validity of this opinion needs to be ascertained in view of the heavy influence of 

urbanization on the earth’s atmosphere. While using the regional climate data the 

designer should be aware of the possible climatic advantages and disadvantages of his 

particular site. The significance of local climate variation needs to be assessed using two 

types of information. Firstly the variation of Local Climate zones across the city and the 

variation in climatic parameters measured at sites representing contrasting local climate 

zones. The results of methodology implemented for establishing Local climate zones is 

discussed in PAPER 4. The assessment of thermal behaviour of LULC typically found in an 

institutional campus has been discussed in PAPER 2. 

Further research is needed to establish Local Climate zones to a satisfactory level for 

explaining observed thermal variation and its estimation over the entire study area. 

5.5. Typical climate level assessment 

As can be seen from section 5.3.1.2, additional typical weather files may need to be 

generated for cities located in the influence area of weather file stations that have high 

TCD Zone variability. 14 major cities in the influence area of Amritsar weather file 

correspond to 5 different TCD zones. As part of typical climate level assessment the 

workflow developed in section 4.5.1 has been implemented for generating a regionalized 

typical weather file for Amritsar. Values estimated during the regionalized typical 

weather file generation have been compared with the published typical weather file of 

that station. 

5.5.1. Estimated hourly DBT values 

Diurnal variation in estimated dry bulb temperature values across the year has been color 

graded in Table 5-12. Sinusoidal variation may be observed in diurnal as well as seasonal 

direction. The correlation between the estimated temperature values and corresponding 

values from the published typical weather file is shown in Figure 5-26. The estimated and 

observed hourly dry bulb temperature values are correlated with a R² value of 0.8795. 
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Table 5-12 Hourly Temperature estimated using algorithm automated in excel 

 

 

Figure 5-26 Estimated hourly DBT values compared with TMY file 

5.5.2. Estimated hourly RH values 

Diurnal variation in estimated hourly relative humidity values has been color graded in 

Table 5-13. The estimated humidity values are found to exhibit sinusoidal variation in 

diurnal direction, while the sinusoidal variation in seasonal direction is found to be reset 

approximately every 730 hours, i.e. on monthly basis. The reset tendency is due to the 

jerks existing in monthly average maximum and minimum humidity values for 12 months.  

The correlation between the estimated relative humidity values and corresponding values 

from the published typical weather file is shown in Figure 5-27. The estimated and 

observed hourly relative humidity values are correlated with a R² value of 0.6297. 
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Table 5-13 Hourly humidity values estimated using algorithm automated in excel 

 

 

Figure 5-27 Estimated hourly RH values compared with TMY file 

5.6. Summary 

Many useful inferences can be drawn from the Result Assessment. Though 62 TCD Zones 

have been delineated at national level, most of these zones are regional and exist only 

within remote and relatively small areas. Detailed assessment of the smaller zones is best 

done at state level assessment. Few TCD Zones though span across many administrative 

units and may be considered for development of strategic planning and design 

interventions. 

Spatial analysis using uniform grid, revealed particular districts with high variability of 

TCD Zones. Such districts need special attention during state level assessment. State level 

assessment helps in identifying not only the spatially significant TCD Zone/s but also 

those populated with major cities in each state or UT. This information is of crucial 

significance in the planning for regionalized development control regulations. The 
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correspondence between the continental edge of administrative boundary of coastal 

(Konkan) region in Maharashtra state with its distinct set of climatic zones signifies the 

efficacy of TCD Zone as a basis of regionalization of DC & PR. 

Assessment of recommended specifications applicable to major settlements and 

corresponding weather files revealed a reasonable representativeness of many weather 

stations. The assessment also revealed a few weather stations completely alien to its 

constituent cities, highlighting the need for generation of additional weather files for 

areas having high variability in TCD Zones.  Exploratory research revealed the possibility 

of estimating hourly values of dry bulb temperature and relative humidity based on 

climatic normals for the parameters. 
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CHAPTER 6.  CONCLUSION 
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6.1. General 

One of the chief outcomes of this research is the identification of the possibility of an 

interlink between the climatic data  measured, archived, summarized, synthesized for use 

in analysis at various levels of climate study pertaining to legislation, design and 

monitoring of sustainable built environment. In the scenario of increased rate of 

immigration to urban areas, increased requirement of building stock has improved the 

scope for construction industry, leading to more investors entering this business. Growth 

created competition which led to a tendency to economize on every aspect of building 

construction. An absence of legislation to ensure mandatory provision of (intangible 

goods such as) basic passive design strategies to all for climate modulation led to its 

neglect; and active methods taking over the role of chief strategy for achieving thermal 

comfort [75,85,126]. 

Not only is the existing climatic classification for building design limited by the 

availability of data and analysis techniques at the time of its development [3], but also it is 

not an effective representation of the climatic diversity of India[130]. Hence the task of 

mandating building design specifications in response to the variation in thermal stresses 

becomes difficult. It is also necessary to regulate the climate modulation caused by 

conversion of rural vegetated fringe areas into densely built urban areas[132]. As 

compared to the growing number of urban settlements [100] very few weather files are 

available for comparing the whole building performance of innovative designs[61]. For 

implementation of an effective legislation, state of the art in climatic assessment needs to 

be brought up to mark.  

Latest data available from expanded weather station network of IMD needs to be used in 

climatic classification for building design and generation of weather files for performance 

appraisal.  To ensure that all stake holders make informed decisions, they should be able 

to ascertain appropriate design strategies based on the duration of various thermal 

stresses expected throughout the year at the construction site, in response to normal 

climatic conditions. 

Towards this intent, a framework has been developed for thermal comfort analysis at the 

regional climate level, local climate level and typical climate level.  
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6.2. Conclusion 

At Regional Climate Level the complex task of identifying regions with identical thermal 

comfort requirements across India has been achieved. As seen from section 2.2 various 

sources and methods of climatic data collection, storage and decimation exist based on 

their particular needs. Gradual evolution seen in the thermal comfort analyses methods 

used for identifying recommended climate responsive design specifications has been 

reviewed in section 2.4.3. Mahoney Tables method discussed in section 3.2.2 and 3.4.2 is 

found useful for prioritizing between the specifications where conflicting thermal stresses 

exist and as such is suitable for legislation purpose. In order to objectively represent 

variation in climate interpolated data available at world scale has been subset for India 

and analyzed using GIS, based on design strategy selection criteria provided in Mahoney 

Tables.  

As seen from result assessment at regional climate level, out of the 62 TCD Zones 

delineated across India, all major cities are located within 31 Zones. Further, only 16 

Zones encompass 5 or more major cities and hence are used for detailed exploration in 

APPENDIX 1. A Google Earth app has also been developed to interactively zoom to the 

location of any given settlement in India and instantly identify the unique combination of 

climate responsive building design specifications recommended for that location. For 

implementation of relevant mandatory requirements as per ECBC, India has been 

regionalized based on Mahoney Tables criteria of envelope design and opening design. 

Regional maps and legislative tools for implementation of other design strategies can also 

be developed. Most of the typical weather files are representative of thermal comfort 

requirements of most cities in their neighborhood. The typical weather files representing 

neighborhoods with high variability in TCD Zone have been identified for generation of 

additional local typical weather files using climate normals or gridded climate data 

collated for regional climate level analysis. 

The TCD Zones have been analyzed in further detail for the context of Maharashtra state 

in order to demonstrate their capability of regionalizing building bye-laws. Out of the 12 

TCD Zones found across Maharashtra, 7 are restricted in the coastal region called Konkan. 

This demonstrates the efficacy of TCD Zones to identify geographical regions with distinct 

thermal comfort requirements and applicable combinations of responsive design 
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specifications. TCD Zones applicable to 254 Urban Local Bodies in Maharashtra have been 

Identified and listed in APPENDIX 2. A tabular analysis helps to identify the variation in 

design specifications that needs to be implemented in appropriate building bye laws.  

At Local Climate Level a methodology has been evolved based on discussions in section 

3.3.2, section 4.4 and section 5.4.  On the one hand this methodology consists of a 

procedure for compiling a ratio between the built-up and vegetation densities initiated in 

PAPER 4. While on the other hand it consist of a procedure initiated in PAPER 2, for 

collecting Local climate measurements and establishing variation in the same for 

assessing desirable urban built form. 

At Typical Climate Level, a methodology has been evolved based on discussions in section 

4.5.1 and section 5.5 for the generation of weather files for any city. The algorithm 

detailed out in APPENDIX 3 has been automated in a spreadsheet and can estimate hourly 

DBT with a RMSE of 0.86795, and hourly RH with a RMSE of 0.6297, by using climate 

normals available from IMD weather station data or (if not available) gridded climate data 

as input. 

6.3. Recommendations  

For getting published gridded climatic data of parameters required in thermal comfort 

analysis at par with state of the art interpolated data; efforts should be made in 

collaboration with IMD. 

Climatic classification for building design / TCD Zone analysis should be carried out using 

gridded data based on climate normals from all available IMD weather stations. 

Deployment of weather stations at representative local climate zones in all major cities 

will enable refinement of TCD Zone analysis. 

Hourly weather files should be generated for all IMD weather stations using respective 

climate normals / gridded data and Roriz algorithm[124]. 

Recommendations have been drawn for adoption of TCDZ map by all urban local bodies 

and making provisions in building byelaws and town planning regulations to facilitate 

implementation of identified zone specific strategies. 
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Architects attempting to influence legislation and environmental design rules based on 

professional research in a country as large as India have the additional responsibility to 

ensure that these are uniformly, intelligently and fairly handled everywhere by lesser-

trained individuals [83,112]. For the environmental design rules to be effective in the 

given circumstances, their formulation needs to be broader and easier to implement. 

Accordingly based on the proposed Climatography model for sustainable urban built 

environment recommendations have been made for: 

 inclusion of climate responsive considerations in design decisions 

 standardizing building performance evaluation criteria 

 incentivizing achievement of desirable urban built form 

6.3.1. for inclusion of climate responsive considerations in design decisions 

To ensure that the stakeholders’ decision making process is informed by the proposed 

Climatography model, the following statements may be included in the declaration to be 

signed while applying for building permission / loan sanction: 

“I have verified the TCDZ SR applicable to my city / town by referring to the TCD Zone 

map of India (online app) / Maharashtra State (reference to APPENDIX 2). 

“I am aware that TCD Zone map has been developed based on duration of various thermal 

stresses expected throughout the year in response to normal climatic conditions at the 

proposed building site.” 

“I have referred to the TCD Zone Recommended Specifications flyer (reference to 

APPENDIX 1) applicable to the proposed building site, and fully understood the various 

design specifications recommended for built form, building envelops, and openings.” 

“I have incorporated the recommended design specifications in the proposed design the 

best of my knowledge and belief and will provide / use all resources required for the 

effective implementation of the same on site.” 
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6.3.2. for standardizing building performance evaluation criteria  

Urban local bodies shall mandate the use of climate responsive design specifications 

recommended vide TCD Zone map for developing base case for ECBC compliance through 

whole building performance. 

Where weather files provided by ISHRAE are not available, the ULB shall mandate use of 

weather files complied – by performing temporal interpolation on spatially interpolated 

climate normals – using proposed methodology.  

6.3.3. for incentivizing achievement of desirable urban built form 

Urban local bodies shall incentivize the implementation of prescriptive guidelines for a 

desirable urban built form, generated after proposed local climate level analysis. If such 

an analysis has not been done for any city/town belonging to the relevant TCDZ SR, the 

ULB shall initiate / support conduct of the same for their city. 

6.4. Future scope 

Scope for future research has been identified, considering the availability of better 

resolution datasets based on remotely sensed satellite images, useful for improving the 

quality of generated local and typical climatic data. 

All Strategic Intervention Models inherently have a Coverage Phase and an Impact Phase. 

As of now the proposed Climatography Model is in Coverage Phase where an attempt has 

been made to regionalize the Indian Territory for incorporation of broad aspects of 

climate analyses into legislative instruments namely National Building Code, 

Standardized Building Byelaws. Multiple approaches to detailed climate responsive 

design analysis using strategy bundles [33] and software packages [70] have been 

developed recently. Integration of such approaches into the proposed Climatography 

Model should be considered during the Impact Phase for imparting a refined edge to the 

climate responsive design recommendations. 

State of the art land cover classification schemes [29] are now being used in energy flux 

models [123] to simulate the spatial distribution of climate variables at (a finer 

resolution) Local Scale. Such high resolution climate variables can be used as input in 
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Climatography Model for identifying urban built forms appropriate for various TCD 

Zones. 

It is possible to counter a particular thermal stress by adopting multiple approaches using 

a variety of strategy bundles [33]. For enabling compliance through alternative means, 

lists of innovative developments in materials and technologies pertaining to each building 

design strategy need to be updated from time to time. Studies need to be initiated for 

formulating of selection criteria covering new and emerging climate responsive design 

strategies based on analysis similar to Mahoney Tables. 

The developed TCD Zone delineation also has application in various other fields like: 

 Identification of regions for honing distinct indigenous building technologies that have 

emerged over centuries using local materials and construction techniques by trial and 

error. 

 Implementation of legislative reforms pertaining to regionalized codes and standards 

based on climatology applied not only in building construction but also in various 

other sectors of human endeavor; like planning for manufacture and sale of clothing 

or packaged food etc. 
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APPENDIX 1: CLIMATE RESPONSIVE DESIGN SPECIFICATIONS FOR 1LAKH PLUS 
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Table 6-1 TCD Zone wise City Count for each State 
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