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Abstract

Ozonesonde measurements over Nairobi, Kenya are presented for the period 2000 — 2014.
Ozone concentration is influenced by anthropogenic activities, calling for its continuous
monitoring since it affects the climate system and human health. The study utilizes weekly
ozonesonde flights, winds and RH from ERA-interim gridded data. The results indicate that
the tropopause over Nairobi is approximately 1.3 km in depth. Ozone exhibits a negative
trend upwards within the troposphere, up until the tropopause. There is a high increase in
the lower stratosphere, peaking in the mid stratosphere. The maximum ozone value of 13.04
ppb is found at a pressure of 20 hpa and approximately, 80% of ozone is found in the
stratosphere. The June-August season experiences the highest ozone levels in the low levels
and December - February the highest concentration in upper levels as compared to the other
seasons. Easterlies are predominant in the lower troposphere, up to about 500mb, westerlies
in the mid troposphere and again, easterlies in upper troposphere, extending into the lower
stratosphere, commonly known ‘steering winds’ in this region.
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Introduction measurement technique; a ground-based

Ozone (O3) gas exists at various heights measurement of ozone provides detailed
throughout the atmosphere. Studies (Parrish information on the vertical distribution
et al., 2009; Sitch et al., 2007; Vingarzan, ozone in the troposphere and lower
2004) observe that tropospheric O3 stratosphere. In Kenya, O3 is monitored at
concentration is increasing at a high rate; three sites: Nairobi Dagortetti, Chiromo
this is attributed to increase in Campus and Mt. Kenya. The trend in
anthropogenic precursor emissions. tropospheric ozone over Nairobi and Mt.
According to IPCC (2013) stratospheric Kenya stations have been studied by
ozone (SO) is key in climate studies since it Shilenje and Ongoma (2014) and Henne et
influences the climate in terms of climate al., (2008) respectively. Shilenje and
feedback and subsequent temperature Ongoma (2014) finds that surface ozone
modulation both within the atmosphere and levels are low with a one-month time lag
at the earth’s surface. The ozonesonde from the onset of long rains while Henne et
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al., (2008) observes that at Mt. Kenya, a
site free of anthropogenic emissions, can be
representative of different catchment areas
at different times of the year.

Nairobi County is located in the tropics;
within 1° 9'S, 1° 28'S and 36° 4'E, 37°
10'E. It generally receives bimodal rainfall
mainly influenced by the migratory trend of

the Inter-Tropical Convergence Zone
(ITCZ) (Mukabana and Pielke, 1996).
The‘short’ rains are observed in the

October - December (OND) and the ‘long’
rains in March- May (MAM). June to July
(JJA) season is normally cool and wet
while late December to February (DJF) is
characterised by warm and dry conditions
(Okoola, 1996). The predominant low-level
winds over the region are -easterlies
(Ongoma et al., 2013; Opijah et al., 2007;
Okoola, 1999).

According to World Health
Organization (WHO), the role of SO, which
contains about 90 per cent of the ozone in
the atmosphere, is absorbing harmful
ultraviolet radiation before it reaches the
planet's surface (WHO, 1994). Although
formation of ozone in the stratosphere is
fairly understood (Mauersberger, 1981), the
mechanisms  for ozone loss  are
considerably more complicated. The ozone-
depleting substances are introduced in the
stratosphere by natural and anthropogenic
activities (Henne et al., 2008; Ravishankara
et al., 2009).The reduction in production of
ozone depleting substances has been linked
to a slowdown on in the depletion of the
upper stratosphere (Tripathi et al., 2013).

The role of SO depletion on climate
change cannot  be underestimated,
according to Meehl et al., (2007), the
Coupled Model Inter-comparison Project
(CMIP3) model integrations provided some
evidence that depletion of SO may have a
role to play in southern hemisphere climate
change. The changes in the SO in the
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higher latitudes particularly in the northern
hemisphere have been extensively studied
(Tripathi et al., 2013) unlike lower latitudes
like Nairobi except for the work undertaken
by Southern Hemisphere Additional
Ozonesondes (SHADOZ) network
(Thompson et al., 2011).

This study reports the factors governing
the variation of upper tropospheric and SO
including  seasonality and  vertical
distribution over Nairobi County. The study
also looks into vertical variation of
temperature and relative humidity (RH).

Materials and Methodology

The data used in the study is the weekly
ozonesonde flight data from Kenya
Meteorological Service (KMS) covering
the years 2000 - 2014. Ozone flight data is
measured at Dagoretti Corner; latitude
1.30°S and longitude 36.76°E. The World
Meteorological ~ Organisation (WMO)
recognises the vital role of ozonesondes
(Figure 1a) in monitoring stratospheric and
tropospheric ozone (WMO, 2014), data that
is used in calibrating satellites and other
space borne devices. Ozonesondes used
over Nairobi are small, light instruments
attached on a radiosonde (Figure 1b) and
both flown up in the atmosphere using a
1500g hydrogen-laden  balloon. The
radiosonde has sensors for weather
elements: temperature, pressure, humidity
and interpolates wind speed and direction
from its changing positions. The radiosonde
also has electronic capability to interfacefor
data transmission back to the computing
systems on the ground. Figure 1b shows a
radiosonde, RS92, with the following parts:
1- global positioning antenna system for
wind profiling, 2 - battery case, 3 - sensor
interface capsule, 4 -antenea, 5 - thermistor
for temperature sensing, 6 -hygrocarp for
humidity, 7 - sensor boom, 8- GC25
interface ground checking device and an
inbuilt aneroid pressure sensor.
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(a)

(Source: Thompson et al., 2011)

(b)

Figure 1: Ozonesonde and radiosonde RS292 used over Nairobi

The ozonesondes contain a pump, for
sucking in air, 2 tubes forming the
electrochemical cells that are fed with
potassium iodide solution that reacts with

ozone gas. The chemical reaction
generates among  other  chemical
compounds, an electric current. The

current is directly proportional to the
amount of ozone present.

Mean zonal wind component (u) over
Nairobi is calculated from the vertical
wind profile using Equation 1.

u=u*sind (1)

Where uis the zonal wind component, i
is the mean wind speed at the vertical level

and € is the acute angle of the wind
direction in the respective quadrands,

except in quadrant 3 where the
trigonometric function used was cosine in
Equation 1.

The zonal and meridional winds and RH
from ERA-interim, gridded at 0.75 degree
resolution (Dee et al., 2011) was used in
this study to generate a 14 year wind and
RH climatology respectively.
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Results and Discussion

Table 1 shows the 248 ascents used in
this study undertaken at Nairobi every
Wednesday of the week or on Thursday in
case of ascend failure on Wednesday. The
soundings are taken around 0900hrs.

Table 1: Monthly ascents
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Figure 2 shows on average the balloon
ascent rate over Nairobi is about Sm/s
rising to an average height of 32 km and
attaining an average minimum pressure
height of 8.2 mb.
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Figure 2: Sample statistics obtained from the data sets

From the data, on average it takes about 1 hour and 45 minutes to complete a vertical ascent
(Figure 2).
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Figure 3: Mean vertical variation; (a) temperature, (b) Ozone over Nairobi, 2010-2014

Figure 3 shows temperature and ozone troposphere up to 110mb (16.3km) level
flight data. The analysis, (Figure 3a), shows where it becomes constant up to 88 mb
a decreasing temperature trend within the (17.6 km) level. The average flight data is
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in agreement with observations made by
other studies (e.g. Thomson et al., 2011;
Gettelman et al., 2010) on the average level
of tropical tropopause being located at close
100 mb level with a height ranging from 12
- 19 km. The observed layer between
110mb (16.3km) level and 88mb (17.6 km)
level represents the tropopause, which this
data suggests is about 1.3 km in depth.
Although, Pidwirny (2006) found out that
the average depth of the troposphere is
approximately 11km within the tropics, this
study reveals, on average, over Nairobi it
extends to about 16km.

Figure 3a further shows temperature
increases within the lower stratosphere. The
ozone, (Figure 3b), shows small values,
with negative trend upwards within the
troposphere, up until the tropopause. Within
the tropopause, there is a gentle increase in

increase in the lower stratosphere, peaking
in the mid stratosphere. The maximum
ozone value of 13.04ppb is found at a
pressure of 20hpa (about 27km). The ozone
layer, with the highest concentration of
ozone, is within 40 — 10mb (about 23 — 30
km) above mean sea level (amsl). The
ozone layer is therefore, about 23km amsl
and covers a depth of about 7km, located in
the mid stratosphere over Nairobi. The zone
concentration is in agreement with Sauvage
et al., (2005); a study which noted that
tropospheric ozone does not exceeded 20 -
40 ppb on average.

Figure 4 shows the distribution of the RH
showing an increasing trend in the first
2.5km, then a steady decline to about 10km
in the troposphere. There is an increasing
kink just before the tropopause before
rapidly declining to almost nought in the

the ozone concentration and a sharp lower stratosphere.
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Figure 4: Mean vertical variation of RH over Nairobi, 2010-2014

The mean values in Figures 3 and 4 were decomposed into 3 months interval to correspond
with different weather seasons over Kenya and Nairobi in particular. The results obtained are

presented in Figures 5 and 6.
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Figure 5: Mean vertical seasonal variation; (a) Temperature, (b) RH over Nairobi, 2010-2014

Figure 5a shows that there is less
variation of tropospheric temperature over
the seasons to the tropopause, where during
MAM the temperature is lower than the
other seasons. The DJF season exhibits the
highest  temperature  throughout the
troposphere. The MAM and SON seasons
experience high moisture levels as
compared to other seasons with DJF
recording the least moisture content (Figure
5b).

Figure 6 presents the mean vertical
seasonal variation of ozone. Generally, the
JJA season experiences the highest ozone
levels in the low levels while DJF the
highest concentration in upper levels as
compared to the other seasons. This is
partly in agreement with Pandey et al.,
(1992); the study demonstrated that there
exist a significant positive correlation
between O3 concentrations, solar radiation
and temperature. There is an exception at
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the tropopause where higher values of
ozone are reported during SON.

The variation ozone was then
considered at three specific points in the
atmosphere to represent lower troposphere,
tropopause and the lower stratosphere. The
points were chosen based on literature
(Ayoma et al., 2004) and the data set that
suggests that tropopause is at 99mb (mean
of 88 and 110mb), highest in stratosphere at
26mb (mean of 23 and 30mb) and 5 metres
above the ground to represent lower
troposphere. The lower stratosphere is
considered at Skm to avoid any direct ozone
reaction/formation induced by primary
pollutants from the city of Nairobi. The
seasonally averaged vertical ozone profiles
show the highest ozone concentration at an
altitude of 5 km during the cold-dry season.
Low ozone concentration is observed
during the long rain and warm-dry season at
an altitude of about 26km.
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Figure 6: Mean vertical seasonal variation of Ozone over Nairobi, 2010-2014
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Figure 7: Temporal Vertical profile of Ozone over Nairobi, 2010-2014

Figure 7 shows the percentage vertical
ozone distribution, approximately, 80% of
the ozone is found in the stratosphere, 8% at
the tropopause and 12% in lower
stratosphere. This observation is supported
by WHO (1994) that reported that up to
90% of ozone is within the stratosphere. In
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this study, the percentage of SO stands at
88%, the distribution is fairly constant with
time, except in the months of May and
August that there seems a slight reduction.
The transport of ozone depleting
substances, precursors and other pollutants
are affected by wind, atmospheric stability
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and turbulence. The freshly emitted
pollutants mix and a complicated the
process of chemical reactions and
continuous dilution and formation takes
place (Henne et al., 2008). Figure 8 shows
the mean zonal wind distribution over
Nairobi. Easterlies are predominant in the
lower troposphere, up to about 500mb,
westerlies in the mid troposphere and again,
easterlies in upper troposphere, extending

into the lower stratosphere, commonly
known ‘steering winds’ in this region. This
is because of their effect of ‘steering’ or
advecting weather systems such convective
cells or moisture in and out the region of
east Africa. The observed predominant
easterlies in the lower troposphere were
observed by other studies (Ongoma et al.,
2013; 2014).

Zonal wind plot, Nairobi, 2010- 2014
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Figure 8: Nairobi zonal wind component, 2010- 2014

Ozone is depleted by dry and wet
deposition on the ground and long-term
transport. Figure 9 displays mean seasonal
wind speed, direction and RH at 850mb
pressure level (boundary layer) over east
Africa. Meteorological conditions at
pressure level 850mb are used to consider
lower atmospheric conditions rather than
surface conditions normally 2-10m above
ground.

During the MAM period, there is
predominantly easterly flow (Figure 9b)
from Indian Ocean contributing to high
moisture content over east Africa (Figure
9f). The RH over Nairobi remains low
(Figure 9¢) during DJF. High RH content
implies presence of a humid atmosphere is
negatively correlated with ozone; similar
observation was made by other studies
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(Ahmad et al., 2012; Wang et al., 2014).
Wind field data show notable features of
south easterlies over the coast of east
Africa. The winds penetrate into Nairobi
during MAM, JJA and DIJF but the wind
vectors reverses to dry north-easterly flow
during DJF. A comparison of wind speeds
during different seasons shows that weak
north easterlies are observed during DJF as
compared to other seasons that generally
experience strong easterlies (Figure 9a).
The observed high concentration of ozone
especially in the upper levels during DJF
(Figure 6) can partly be explained by the
observed weak winds. This is supported by
observations made in an earlier by
Odhiambo et al., (2010) in a study on motor
vehicles air pollution in Nairobi.
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(a)DJF WIND (b)MAM WIND
T——

(d)SON WIND
T

1

Figure 9: The mean seasonal wind speed (shaded in m/s) and direction (a) DJF (b) MAM (c)
JJA (d) SON and the mean seasonal RH (e) DJF (f) MAM (g) JJA (h) SON. All

averaged over 2000-2013.

Conclusion

The goal of this paper has been to study
variation of upper tropospheric and SO,
including  seasonality  and  vertical
distribution over Nairobi County. Research
shows that the tropopause is about 1.3 km
in depth. The ozone profile shows a
negative trend upwards within the
troposphere, up until the tropopause. The
concentration is however increasing at a
lower rate in the tropopause and a sharp
increase in the lower stratosphere, peaking
in the mid stratosphere. The maximum
ozone value of 13.04 ppb is found at a
pressure of 20 hpa (about 27km). The ozone
layer, with the highest concentration of
ozone, is within 40 - 10 mb (about 23 — 30
km) above mean sea level. Generally, the
DJFseason experiences the highest ozone
levels as compared to the other seasons in
the upper levels. The vertical profile of
ozone shows that approximately 80% of
ozone is found in the stratosphere.
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Easterlies are predominant in the lower
troposphere, up to about 500mb, westerlies
in the mid troposphere and again, easterlies
in upper troposphere, extending into the
lower stratosphere, commonly known
‘steering  winds’ in  this  region.
Approximately 80% of the ozone is found
in the stratosphere, 8% at the tropopause
indicating very minimal or no depletion of
SO in line with WHO (1994).
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