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Abstract

Wind flow conditions play an important role in the assimilative capacities of urban airsheds. It is desired that urban
planners associate due importance to wind flow conditions while designing the cities considering its likely impact on
ambient air quality.

Further, considering the explosive growth of megacities across the world it is required to rank these cities as per
their assimilative capacities where wind flow conditions can play an important role. This study scrutinizes wind flow
conditions (stagnation, ventilation and recirculation), associated air quality and emissions for two megacities namely,
Delhi and Mumbai to illustrate the pivotal role, the meteorology could play in location of urban airsheds. The study
shows a dominance of stagnation conditions with few cases of recirculation events over Delhi. Ambient levels of
pollutants were found to correlate positively with stagnation conditions in Delhi. Mumbai was found to have higher
ventilation and recirculation events and lower ambient levels of the pollutants. Further, this study for two megacities
demonstrated that persistently poor air flow conditions for an urban airshed could lead to poorer air quality even with
lower emissions (Delhi) in comparison to a city with lower pollution potential and higher emissions (Mumbai). Simple
methodologies as adopted here could be practiced to scrutinise carrying capacities of the cities and to rank these for

their pollution potential that could be helpful to regulators for emission control strategies.

Keywords: Stagnation; Ventilation; Air quality; Carrying capacity;
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Introduction

Stagnation, recirculation and ventilation are terms that indicate
special types of flow conditions that have important consequences
for the dispersion of air pollutants. The concepts of stagnation and
recirculation as measures for characterizing the air pollution transport
potential of an air-shed were introduced by Allwine and Whiteman [1].
Stagnation refers to events where atmospheric flows decrease in speed,
or stop altogether, allowing pollutants to build up in stagnant air in the
vicinity of the pollutant sources. In recirculation events polluted air is
initially carried away from the source but later returns to produce a
high pollution episode. Ventilation, on the other hand, indicates those
events in which polluted air is replaced or diluted by fresh air [1]. Thus
an urban air-shed prone to stagnation and recirculation events has
high potential for air pollution episodes.

The events of ventilation, stagnation and recirculation have
been analysed in the past. Allwine and Whiteman [1] analysed the
ventilation, stagnation and recirculation events using three months of
hourly surface measurements of horizontal wind speed and direction
in the Colorado Plateaus Basin region of Arizona during the winter
of 1990. The occurrence of stagnations, recirculations and ventilations
in the atmosphere of five urban and industrial areas in the Argentine
Republic was computed by Venegas and Mazzeo [2]. Kim et al. [3],
investigated the suitability of four locations in Korea for nuclear power
sites from meteorological point of view by estimating the integral
quantities related to the occurrence of stagnations, recirculations
and ventilations. Nankar et al. [4], studied seasonal occurrence of
stagnation, recirculation and ventilation characteristics at Kakrapar
Atomic Power Station, India. Zhao et al. [5], analysed ventilation and
stagnation events in California’s San Joaquin Valley area using WRF
modeling system. Studies related to pollution episodes and staganation
conditions have been undertaken in recent past [6-8].

Thus, wind flow conditions studies can be useful to evaluate the
pollution potentialof variousurbanairshedsandalsohelpinassessing the

assimilative capacities of different environments. Wind flow conditions
can be critically examined for assessing the dispersal capabilities of the
atmosphere. A methodology in this study is demonstrated with a case
study in this respect. In this study, the concentration levels of various
air pollutants are analysed in terms of wind flow conditions over an
urban airshed (Delhi) and further comparison of two megacity urban
airsheds (Delhi and Mumbai) are made in terms of their emissions and
assimilative capacities of the ambient atmosphere. The previous studies
have mostly focused only on wind flow conditions while the present
study finds linkages of these with emission scenarios to demonstrate
that it is possible to ascertain and rank the assimilative capacities of the
various urban airsheds a-priori before the developmental activities are
considered for these urban airsheds.

The study area and data

The capital city of Delhi and its surroundings rank amongst the
most populated urban agglomerations of the world [9]. The rapid
progress witnessed in the city, however, has made it one of the highly
polluted megacities of the world. Exceedences of prescribed ambient
concentration standards for pollutants like NO,, PM,, and PM, , are
frequently reported in the city [10,11]. Atmospheric pollution in Delhi
often leads to poor air quality indices for many areas of the city [12] and
itsimpacton health hasalsobeen explored in earlier exposureassessment
studies [13,14]. Emission sources and hotspots have been identified in
the city in many earlier studies [15-17]. However, other than emissions,
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dispersion of pollutants in air is an equally significant determinant
of ambient concentrations. Atmospheric flow characteristics have a
dominant influence over the dispersion phenomena. Hence, factors
related to transport of air pollutants is important to understand the
assimilative capabilities of the city environments.

The capital city of Delhi is located at latitude 28° 38’ 17” N and
longitude 77° 15’ 51" E with an altitude of 215 m above sea level (Figure
1). With a population of about 13.85 million [18], it is one of the rapidly
growing megacities in the world. The summer season (April, May and
June) is governed by high temperature and hot, high speed winds. The
monsoon (July, August and first half of September) is dominated by
rains and high humidity levels in air. The winter season starts in late
November and ends with the month of early February. This period is
dominated by cold, dry air and ground-based inversion with low wind
conditions. The months of February and March are also referred to as
spring period and the months of October and November are sometimes
designated as post monsoon months [19].

Mumbeai, the capital city of state of Maharashtra is the largest
metropolis of the country [20]. It is a tropical coastal city (18° 58" N, 72°
49’ E) with lesser seasonal variations as compared to Delhi. Mumbai
has a tropical wet and dry climate. The city, being in the tropical zone
and near the Arabian Sea, does not experience distinct seasons, but
the climate can broadly be classified into two main seasons: the humid
season (March - October) and the dry season (November - February).
The annual temperatures range from a high of 38°C to a low of 11°C
while city’s annual rainfall is about 2,200 mm [21].

The data used in the study is for a period of about six months i.e.
from December 2007 to May 2008. This period can be considered to
span over three seasons: Winter (Dec-Jan), Spring (Feb-Mar) and
Summer (Apr-May). For Delhi, 1-hour average data of wind speed
and direction has been obtained from the WatchDog Weather Station
(Model 550) installed at Indian Institute of Technology (IIT), Delhi.
The instrument, which includes a cup anemometer, records wind speed
and direction at height of 20 m from ground level. Measurement of
particulate matter concentration was carried out through GRIMM
Aerosol Spectrometer (Model 1.108). 24-hour average data for SO, and
NO, concentrations was collected from Sirifort monitoring station of
Central Pollution Control Board which is the regulatory authority in
the state and is close to IIT (~ 2 km).

28.8°N

i

76.9°E *
77.4°E

28.3°N
=IT ¢ Siri Fort Monitoring Station
Figure 1: Study Area of Delhi.

The wind speed and direction data for Mumbai has been derived
from http://www.wunderground.com. This website collects weather
conditions directly from weather stations located in various countries
which are owned by government agencies and international airports.
For Mumbai, the data is collected from the aeronautical weather station
of Indian Meteorological Department (IMD) located at Chhatrapati
Shivaji International Airport in Mumbai (19.1° N, 72.8°E). This weather
station is a part of WMO World Weather Information Service and thus
data is available in public domain. The air quality data in respect of
hourly average ambient SO,, NO, and PM,  concentrations has been
collected from the online air quality database of Central Pollution
Control Board at Parel that is closest to the airport weather station.

Methodology

Stagnation, recirculation and ventilation are determined by integral
quantities such as wind run (S) and recirculation factor (R). The wind
run is the total distance a parcel would travel regardless of direction,
over a transport time under consideration while recirculation factor,
as the name suggests, provides an indication of the presence of local
recirculation on the time scale comparable with transport time. The
recirculation factor R gives an indication of the presence of local
recirculation [22]. The approach proposed by Allwine and Whiteman
[1] has been adopted in the present study for calculation of daily wind
run (S) and recirculation factor (R) from hourly averaged wind vectors.

Wind, being a vector quantity, can be resolved into a horizontal
component (east-west) and a vertical component (north-south). Let us
suppose we have N data points over a desired transport time 7 with T as
averaging interval of data. For a given wind speed U and meteorological
direction 6 (measured from north), the wind components are expressed
as

n; = U; cos(D; -180) (1)
e; = U, sin(D; -180) 2)

where n, and e, represent north-south and east-west component
respectively for each discrete data point i. If we have hourly values of
U and 6, we can sum equations (1) and (2) over 24 hours to get daily
north-south and east-west transport distance as

i+p

X =T>n 3
i‘:[

X = Tfei 4)
i=p

wherei=1,..., N-p; p =1/T-1

The resultant transport distance is computed as

L=yX?+Y} (5)

while wind run (total distance traveled) is computed as
i+p

S,=ty.U, ©)
i=p

The recirculation factor is calculated as
L

R =1--t
i S;
Thus using above equations, we can compute individual daily wind run

and recirculation factor.

(0<R<1) (7)

When R is equal to 0, straight-line transport has occurred with no
recirculation; when R is equal to 1, zero net transport has occurred over
the time interval under consideration, and there has been a complete
recirculation where the air parcel has returned to its origin. The wind
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run is used as a measure of stagnation; a value of S equal to 0 is the
theoretical value defining total stagnation, that is, no winds and thus
no transport. Ventilation is characterized by low values of R and high
values of S. Classification of atmosphere under these different events is
achieved by comparing the mean values of the wind run S and of the
recirculation factor R, with predetermined critical values.

Thus if

S < §_: site is prone to stagnation

R >R :site is prone to recirculation, and if
S>S_and R<R_:site is prone to ventilation

Here S_and R_are the average daily pre determined critical
transport indices (CTIs) for stagnation and recirculation, respectively,
and S_ and R are the average daily CTTIs for ventilation. Allwine and
Whiteman [1] proposed daily CTIs as S_= 170 km, Rc = 0.4, S_ = 250
km, and R = 0.2. This approach and the CTIs values have been used in
various subsequent similar studies [2-4].

Results and Discussion

Wind flow conditions over Delhi

Figures 2 (a) and (b) display the results in form of percentage
occurrence of stagnation and recirculation events. Clearly, the city
airshed is prone to stagnation as the stagnation events have dominant
presence throughout the study period. The months of December 2007
and February 2008 observed most cases of stagnation events (96% and
97 % respectively) while most cases of recirculation were observed
in the month of May (41%). It is important to note that ventilation
conditions are altogether non-existent in the city. However, stagnation
conditions are dominantly present in the city followed by some
recirculation conditions at times. Season wise, the spring months
observed most cases of stagnation (92 %) followed by winter (81 %) and
summer (71%). The recirculation events, though few in occurrence,
were observed mostly in summer months (29 %) followed by winter
(17 %) and spring (8%).

The above mentioned condition is because of prevalence of low/
calm winds. Overall, about 43 % of total winds in the entire study
period were observed to be under calm conditions (<0.5 ms™). The
highest speed was up to 3.6 ms™. However, maximum frequencies of
wind speeds (52 %) were under the range of 0.5 - 2.1 ms’". Prevalence
of calm conditions and low wind speeds supports the dominance of
stagnation conditions in Delhi.

Association of ambient air pollution to wind flow conditions

Stagnation and recirculation events are expected to create high
pollution favoring circumstance in Delhi city. Daily average ambient
air pollution trends of SO,,NO,, PM, are therefore studied with wind
run and recirculation factors.

Wind run: Figure 3 (top panel) displays the scatter plots of wind
run (top panel) with NO,, SO,, PM, concentrations respectively. The
critical wind run index for stagnation (170 km) and 24 hour average
ambient air quality standards of pollutants for residential areas are
also indicated in the figure. The figure clearly reveals that PM, and
NO, concentrations mostly exceed the prescribed air quality standards
and the wind run always below the stagnation index confirming the
stagnation conditions. However, due to several air pollution control
measures with respect to SO,, the concentrations are always below the
standard. The values of correlation coefficient (r) between the wind
run and ambient concentrations are also indicated on the plots. As

explained in previous sections pollutant concentrations are expected
to be negatively correlated with the wind run. A reasonable negative
correlation has been shown in this figure which is maximum for NO,
(r=-0.6) followed by PM, (r=-0.4) and SO, (r=-0.3). The correlation
coefficient is best in terms of magnitude for NO,, followed by PM |
and SO,. Hence, other than transport, there are factors responsible for
these differences. These are emissions and chemistry. Among SO,, NO,
and PM,, SO, emissions are lowest in Delhi thereby resulting in very
low levels [23]. This could be a reason why a well defined relation was
not observed with SO,. Nitrogen oxides are actively involved with the
atmospheric chemical reactions mainly ozone and nitrate formations.
The overall lifetime of nitrogen oxides in troposphere is approximately
one day [24]. This corresponds well to the average time (24 hours)
considered for wind run estimations in the present study. On the
other hand, atmospheric PM,, are a result of direct emissions as well
as indirect formation. These reactions have varying time scales and
residence/life time of resulting aerosols can range from few hours to
few days before they are removed by cloud and precipitation processes
[25]. Hence, we observe that (negative) correlation with stagnation/
recirculation is weaker in case of PM, in comparison to NO, or SO,.

Recirculation factor: Figure 3 (bottom panel) shows the scatter
plots of recirculation factor obtained with NO,, SO, and PM,,. The
line for critical recirculation factor of 0.4 above which recirculation
conditions are satisfied is also shown. It can be seen that compared to
wind run, recirculation events are fewer in occurrence. The correlation
coefficient values obtained are -0.13 for NO,, 0.04 for SO, and -0.1
for PM, . It can be seen that the relationship between ambient levels
of pollutants and recirculation factor is not so well defined. This
may be due to lower prevalence of recirculation conditions in Delhi.

Monthly variation of percent occurrence of stagnation
and recirculation events
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Figure 2: Variation of percentage occurrence of stagnation and recirculation
events in Delhi on (a) monthly basis and (b) seasonal basis.
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There is no significant recirculation of pollutants and thus a defined
relationship between recirculation factor and ambient concentration
levels cannot be established. Recirculation does not necessarily mean
low wind. It indicates that transport of pollutant never occurs beyond
the city’s limits and keeps on circulating within the city. However,
lower correlation during recirculation conditions as obtained in this
study mainly indicates that transport of pollutants outside of city
cannot be ruled out as sources of pollution are spread all over the city.

Comparisons with megacity Mumbai

Wind speeds are higher in magnitude with hourly maximum
speed ranging up to 6 ms™. At such higher speeds ventilation events
are expected with comparatively higher frequency. However, the sea-
land breeze also builds up recirculation thereby decreasing overall
ventilation. Figure 4 (A) depicts the monthly stagnation, ventilation
and recirculation scenario in Mumbai for the study period (Dec 2007-
May 2008) and Figure 4 (B and C) displays comparison of stagnation
and recirculation in Delhi and Mumbai. Stagnation events occur less
as compared to Delhi (7 - 87%) while recirculation events’ frequency
is much higher (7-43%). Ventilation events occur with mostly in
the month of May. Table 1 lists the correlation between wind flow

conditions and daily average concentrations of NO,, SO,, PM,,. The
concentrations obtained from the air quality station nearest to the
Mumbai weather station have been analyzed. A noticeable result is
that there is substantial positive correlation between recirculation
factor and concentration levels which was not there in Delhi. It is the
higher prevalence of recirculation events which lead to a significant
relationship with concentrations in a coastal city like Mumbai.

Stagnation incidences are lower in Mumbai compared to Delhi
while recirculation events are much higher. At the same time,
ventilation conditions exist to some extent in Mumbai while they
were virtually absent in Delhi. Now, we need to examine how these
conditions affect the air quality of Mumbai. Particulate matter and
NO, are pollutants of major concern in both Delhi and Mumbai from
viewpoint of ambient air quality standards. Passenger travel forms
the major emission sector for these pollutants in these megacities but
Mumbeai registers higher emissions of particulate matter and nitrogen
oxides emissions. Emissions of particulates and nitrogen oxides were
about 1.6 and 2.4 times, respectively, greater in Mumbai as compared
to Delhi [26]. However, this difference is not reflected in the ambient
concentration levels of these pollutants in the cities. Instead, the air
quality scenario is contrary to the emission pattern of the cities.
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Figure 4: (A) Monthly variation of percentage occurrence of stagnation,
recirculation and ventilation events in Mumbai; (B) Comparison of monthly
variation of percentage occurrence of stagnation events in Mumbai and Delhi;
(C) Comparison of monthly variation of percentage occurrence of recirculation
events in Mumbai and Delhi.

Pollutant Wind Run Recirculation Factor
NO, -0.63 0.62
8O, -0.51 0.54
PM,, -0.23 0.54
TSP -0.56 0.71

Table 1: Correlation Coefficient Matrix of wind run and recirculation factor with daily
average pollutant concentration levels in Mumbai.

Figure 5 depicts plots of wind run and ambient PM, jand NO, levels
in the two cities on those days for which maximum dataset is available
for both the cities. Mumbai is exposed to relatively lower levels of these
pollutants despite having higher emissions. This can be attributed to
higher wind runs generally prevalent in the city. Another considerable

observation is the dominance of wind run over recirculation factor in
influencing concentration levels. The notable feature here is overall
greater recirculation ventilation conditions in Mumbai in comparison
to Delhi where ventilation conditions dominate in case of former
perhaps due to nearing monsoon season and proximity to the sea coast.
Overall, in Delhi there are more stagnation conditions and low winds
while Mumbai has greater ventilation and recirculation events. PM |
concentrations are closer to ambient standards in Mumbai. However,
in Delhi they are much higher as is evident from the figure. NO,
concentrations are generally below the air quality standard in Mumbai
while it is well above the standard in case of Delhi.

Thus, this intercity comparison has revealed how wind flow
conditions significantly influence the concentration levels. The
comparison was limited to pollutant levels in two cities where the
population demographics and pollution emission sources are more
or less similar. In cities with very high emissions, role of wind flow
conditions may be less superimposing for such comparison. Pollution
levels are likely to be linked to wind run, because concentration levels
are inversely proportional to the scalar wind speed. The link between
the recirculation factor and concentration is much more indirect and
thus more tenuous. These expectations are borne out by the weak
correlations between these factors and concentrations of SO,,NO,, and
PM, . Nonetheless, the study has shown how high emissions coupled
with stagnation favoring circumstances have made Delhi prone to poor
air quality. It also reinforces the need to curtail pollutant emissions in
Delhi as meteorology can’t be altered easily by human intervention.

Conclusions

Climatic conditions of Delhi favor high atmospheric pollution
potential as demonstrated by the strong dominance of stagnation
conditions (more than 90%) and its correlation with the air quality
status of the city. However, poor correlation between recirculation
and pollution was observed in Delhi. Comparison with another Indian
megacity Mumbai shows that despite of higher emissions than Delhi,
Mumbai has better air quality attributed mostly to more prevalence of
ventilation conditions. As demonstrated in this study, higher pollution
potential for an urban airshed could lead to poorer air quality even
with lower emissions in comparison to a city with lower pollution
potential and higher emissions. Therefore urban planners should
always involve such analysis of wind flow conditions vis-a-vis impact
on air quality issues for location and designing of cities. Carrying
capacities of the cities and their ranking for pollution potential shall be
undertaken based on long term climatology with due consideration to
wind flow conditions a-priori for various urban airsheds before major
developmental activities are chosen.
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Figure 5: Plots of wind run and ambient PM10 (left) and NO2 (right) levels in
Delhi and Mumbai.
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