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Abstract

During the summer (8 June through 3 September) of 2008, nine ozonesondes are
launched from Dakar, Senegal (14.75◦ N, 17.49◦ W) to investigate the impact of the
Saharan Dust Layer (SAL) on ozone (O3) concentrations in the lower troposphere.
Results during June (pre-monsoon period) show a reduction in O3, especially in the5

850–700 hPa layer with SAL events. However, O3 concentrations are increased in the
950–900 hPa layer where the peak of the inversion is found and presumably the highest
dust concentrations. We use the WRF-CHEM model to explore the causes of elevated
O3 concentrations that appear to have a stratospheric contribution. During July and
August (monsoon period), with the exception of one SAL outbreak, vertical profiles of10

O3 are well mixed with concentrations not exceeding 55 ppb between the surface and
550 hPa. In the transition period between 26 June and 2 July lower tropospheric (925–
600 hPa) O3 concentrations are likely enhanced by enhanced biogenic NOx emissions
from the Saharan desert and Sahelian soils following several rain events on 28 June
and 1 July.15

1 Introduction

Understanding tropospheric ozone (O3) variability in the tropics remains an active area
of research with biomass burning, biogenic, anthropogenic and lightning being impor-
tant sources of ozone production in the tropics and deposition and heterogeneous
chemistry being important sink of O3 in the tropics. A likely source of Northern Hemi-20

sphere summer season tropospheric O3 variability is associated with Saharan dust
events. Each year, between May and October, the Saharan Air Layer (SAL) (Prospero
and Carlson, 1972; Dunion and Veldon, 2004) is a dominant feature influencing con-
tinental areas of West Africa and the Tropical Atlantic. The SAL is characterized by
dry, (low relative humidity), stable air (an inversion capped above the marine boundary25

layer), a mid-level easterly jet and reduced visibilities from enhanced dust. Potential
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sources of dust are found Mauritania, Mali and Algeria during June–July and August in
association with the SAL (Middleton and Goudie, 2001).

A number of observational studies have shown reduced O3 in the presence of Sa-
haran Air Layer (SAL) outbreaks (De Reus et al., 2000; Bonasoni et al., 2004). The
desert aerosols can reduce tropospheric O3 concentrations at a single location in mul-5

tiple ways: (a) dust aerosols may serve as deposition sites for O3 while also reducing
photolysis rates. (b) Heterogeneous chemistry on the aerosol site can reduce impor-
tant precursors (OH, HO2) associated with O3 production. (c) The production of Nitric
Acid (HNO3), leading to particulate nitrate can act as a sink for NOx and limit O3 pro-
duction (Zhang et al., 1994; Jacob, 2000; Bian and Zender, 2003; De Reus et al.,10

2000; Tang et al., 2003). Hence, the SAL acts as a potential sink for O3, reducing its
greenhouse forcing while also scattering solar radiation causing daytime cooling at the
surface.

Recent observations of the SAL have examined its radiative impact (Myhre et al.,
2003), chemical composition (Twohy et al., 2008) aerosol and water vapor structure15

(Ismail et al., 2010) and potential impact on African Easterly Waves (AEWs) and Trop-
ical Cyclogenesis (Jenkins et al., 2008; Zipser et al., 2009). Here we report on the
variability of lower/middle tropospheric O3 (surface through 550 hPa) during the pre-
monsoon and monsoon periods of 2008 at a location in the semi-arid Sahelian zone.

2 Observational data and model simulations20

In preparation for examining ozonesonde launches during 2008, daily forecasts and
ozonesonde preparation were conducted at Cheikh Anta Diop University–Dakar, Sene-
gal. Vaisala ECC6AB ozonesondes were prepared 3–7 days in advance and launched
in concert with RS92 radiosonde at 12:00 UTC during June, July and August of 2008.
Table 1 shows the 9 ozonesonde launches from Dakar, Senegal (14.75◦ N, 17.49◦ W)25

during the period. Aerosol observations are derived from the Aerosol Optical Thick-
ness (AOT) measurements from the Aerosol Robotic Network (AERONET) at Mbour,
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Senegal (14.39◦ N, 16.59◦ W) and from the Space-borne Ozone Monitoring Instrument
(OMI) Aerosol Index (AI) for the summer of 2008. The 1◦ ×1◦ Deep Blue product from
the Moderate Resolution Imaging Spectrometer (MODIS) instrument aboard the AQUA
satellite is used for AOT over land areas. Daily averages of AOT are constructed from
the hourly AOT data from Mbour. Tropospheric Column Ozone (TCO) estimates for the5

summer of 2008 at 1◦ ×1.25◦ are also used (Ziemke et al., 2006).
The Weather and Research Forecasting with Chemistry (WRF-CHEM) model is used

to simulate O3 concentrations over West Africa during the summer of 2008 (Grell et al.,
2005). The MOSAIC module in WRF-CHEM, which (Fast et al., 2005) includes gas
phase chemistry, is used for simulating tropospheric O3 over West Africa. The WRF-10

CHEM simulations use 30 km grid spacing, 27 vertical levels and the top of the model
is 50 hPa. The biogenic sources of NO are computed (Guenther et al., 1994; Simpson
et al., 1995) and the model is initialized from a uniform state with O3 concentrations
that increases with height to the stratosphere. NCEP final analyses at 6-h intervals
provide meteorological boundary conditions to the WRF-CHEM. Here we define the15

pre-monsoon period as the month of June and the monsoon period from July through
September.

3 Results

3.1 Pre-monsoon O3 measurements

Figure 1a–d shows the satellite derived TCO values across West Africa and the East-20

ern Atlantic for June through September 2008. A north-south gradient of TCO values
are found with higher TCO values are generally found over the Sahara relative to Sahe-
lian and Guinean regions of West Africa. The TCO gradient is weakest and strongest
during June and August respectively, when the lowest values are found at approxi-
mately 10◦ N over West Africa. TCO values of 37–40 DU are found over the desert25

regions during June through August, with the lowest values of 35–38 DU being found
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over the Guinea region of West Africa. Figure 2a–c shows the OMI AI along with the
AOT from Mbour, Senegal for the period of ozonesonde launches during 2008. There
are a number of high AI/AOT days associated with SAL outbreaks during June and July
and considerably fewer days in August. The numbers of days where AI was greater
than 2.5 during June, July and August there were five, three and one respectively. The5

numbers of days where AOT values were greater than 0.6 during June, July and August
there were seven, four and two, respectively. The OMI AI was positive correlated to the
Mbour AOT values with correlation values of 0.82, 0.86 and 0.79 during June, July and
August respectively. TRMM daily averaged rain amounts for a 5◦ ×5◦ (11.5–16.5◦ N,
12.5–17.5◦ W) box over Senegal and Gambia shows very little precipitation until the10

end of June when wetter conditions begin and during July and August (Fig. 2d).
Figure 3a shows ozonesondes for the summer of 2008 with a range in O3 concentra-

tions from approximately 20–80 ppb between the surface and 450 hPa. Table 1 shows
that highest column ozone in the 925–550 hPa layer is found on 12 June (20.5 DU)
with 14.2 DU on 2 July. The lowest column ozone in the 925–550 hPa layer is found on15

27 September (6.4 DU) followed by 8 June (6.6 DU). Figure 3b shows the two vertical
profiles of O3 between the end pre-monsoon period and the start of the monsoon sea-
son; a significant enhancement is found between the surface and 600 hPa. We discuss
possible causes for elevated O3 below.

There are three (3) ozonesonde launches, 8, 10, 15 June with OMI AI values >220

which are associated with SAL outbreak in Fig. 2. During the pre-monsoon period
(Fig. 4a), O3 concentrations are reduced on 8 and 10 June relative to the other pro-
file, especially in the 850–600 hPa layer. These are also the two days with the low-
est surface-550 hPa column ozone during the pre-monsoon period (Table 1). In the
950–900 hPa layer, just below the depleted layer there is also evidence of enhanced25

O3 concentrations. Figure 4b shows low relative humidity (<20%) at approximately
950 hPa for 8, 10, 12 and 15 June, which begins to increase at pressure levels less
than 700 hPa, except for 12 June where a RH values rapidly increase above 900 hPa.
Figure 4c shows that a temperature inversion is present for all pre-monsoon ozone
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profiles, but the very strongest temperature inversions are found for 8, 10 and 15 June.
It is at the peak of temperature inversion that increases in O3 concentrations are found
(Fig. 4a). This is also the location where the dust concentrations tend to be the highest
(Ismail et al., 2010).

Figure 5a–h shows OMI- AI with 925 hPa streamlines along with the Deep Blue AOT5

overlain by 700 hPa streamlines for comparison during the pre-monsoon period. Ele-
vated aerosol loadings on 8, 10 and 15 June are associated with either northerly or
northeasterly winds at 925 hPa (Fig. 5a, b, d). In contrast, winds with a southerly com-
ponent are found on 12 June and 26 June (Fig. 5c, e); an African Easterly Wave (AEW)
(Burpee et al., 1972) noted in the 700 hPa streamlines, exits the continent on 12 June10

and is associated elevated RH, cloudiness and precipitation in Dakar. Reduced O3
between 850 and 600 hPa on 8, 10 June in concert with higher AI/AOT support the
depletion through heterogeneous chemistry on the aerosol’s surface.

3.2 Pre-Monsoon/Monsoon transition

Satellite and aircraft observations along with modeling studies have identified NOx15

emissions from soil as a primary source of tropospheric NOx during June, July and
August in Sahelian and Saharan zones (Jeagle et al., 2004; Van der A et al., 2008;
Williams et al., 2009; Delon et al., 2010). Pulses of biogenic NOx emissions are re-
leased into the atmosphere from the soils at the end of the dry season with the first
rains. During the 2006 African Monsoon Multidisciplinary Analyses (AMMA) campaign20

(Redelsperger et al., 2006), aircraft measurements flown over wet/dry soils during the
AMMA field campaign show higher NOx concentrations in the boundary layer over the
recently wet soils (Stewart et al., 2008). O3 concentrations were significantly higher
over wet soils when compared to dry surfaces and low correlations with CO imply that
NOx production was not associated with anthropogenic or biomass burning sources25

(Stewart et al., 2008). A sharp gradient in O3 concentrations were found implying pro-
duced locally O3 estimated at 1 ppb h−1 from soil NOx.
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Figure 3b shows that O3 concentrations between 950 and 600 hPa are considerably
enhanced at the start of the monsoon period (2 July) when compared to the end of the
pre-monsoon (26 June). O3 concentrations are more than 10–20 ppb larger on 2 July
when compared to 26 June. The enhancement of O3 coincides with several rainfall
events in Senegal that the vicinity of Dakar on 28, 30 June (Fig. 6a, b). TRMM daily5

rain estimates were highest on 1 July with daily amount approaching 80 mm in some
areas to the east of Dakar (Fig. 6d). The rainfall was associated with the passage of
an AEW on 1 July and a likely cause for O3 enhancement between 26 June and 2 July
by biogenic NOx emissions from wet Sahelian soils.

3.3 Monsoon O3 measurements and simulations10

During the monsoon period, the vertical profiles of O3 are nearly uniform on 2 July,
27 August and 3 September, except for 2 August when there is a SAL event impacting
Senegal (Fig. 7a). The 2 August measurement shows the enhance/depletion pattern of
O3 concentrations in the vertical profile as in earlier SAL events with enhancement near
the peak of the SAL temperature inversion and depletion immediately above this level.15

Figure 7b shows humid conditions over Senegal during July, August and September
except for 2 August when a SAL event occurred over Senegal. The 2 August vertical
profile of relative humidity shows values less than 10% in the 950–900 hPa layer. In
contrast a very moist profile can be found on 27 August with RH values between 90 and
100% from 950 through 750 hPa. A large temperature inversion is found on 2 August20

in association with the SAL event with smaller temperature inversions found during
the other three monsoon launches (Fig. 7c). Table 1 shows that during the monsoon
period the lowest column O3 is found on 27 August in association with the highest
relative humidity during the entire period.

Figure 8a–h shows OMI- AI with 925 hPa streamlines along with the Deep Blue AOT25

overlain by 700 hPa streamlines for comparison during the monsoon period. During
this period, only 2 August shows elevated AI and AOT in association with a thermal low
that is found over Southern Mauritania (Fig. 8b). During the other three days, high AI

7162

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/7155/2011/acpd-11-7155-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/7155/2011/acpd-11-7155-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 7155–7187, 2011

Enhancement and
depletion of

tropospheric ozone
in Senegal

G. S. Jenkins et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

or AOT is found over higher latitudes where tobserved elevated thermal lows are found
at latitudes higher than 20◦ N. Also evident at 700 hPa are strong AEWs, which have
closed vortices on 2 July, 27 August and 3 September (Fig. 8a, c, d)

3.4 WRF-CHEM simulations of elevated O3 concentrations on 12 June and
reduced O3 concentrations during the monsoon period with WRF-CHEM.5

Table 1 shows that during the period of 10 June through 12 June, the column O3 is
increased by a factor of 2.77; between the SAL air mass and the passage of the AEW
followed by a decreased by nearly a factor of 1.8 between 12 and 15 June. The ele-
vated O3 concentration on 12 June could be due to: (a) a stratospheric intrusion; (b) a
biogenic pulse of NOx from Sahelian soils enhancing O3 or; (c) lightning-NOx which10

enhances O3 concentrations that is then transported to the lower/middle troposphere
(Grant et al., 2008). The WRF-CHEM simulation suggests that a stratospheric intru-
sion is responsible for a large fraction of the increases in O3 observed on 12 June.
Figure 9a–d shows vertical profiles of O3 at 14.5◦ N, 17.5◦ W near Dakar from four
WRF-CHEM forecasts that have been initialized at 00:00 UTC, 1 June; 12:00 UTC,15

4 June; 12:00 UTC, 5 June; 12:00 UTC, 6 June. Between the period of 8 June and
13 June higher concentrations of O3 are found in the middle and upper troposphere;
the higher O3 corresponds to weak sinking motions over the period. During the early
part of June rising motions are found at more equatorward areas of West Africa (land
areas just north of the Gulf of Guinea) and sinking motions over the Sahel. WRF-20

CHEM forecasts that are initialized on 5 and 6 June show O3 concentrations in the 90
to 120 ppb range on 11 and 12 June (Fig. 9c, d).

The elevated levels are consistent with the observations between 10 and 12 June
where a large increase is found in the lower/middle troposphere (Fig. 4a). For ex-
ample, O3 values of 20 ppb are found near 600 hPa on 10 June but increase to nearly25

65 ppb on 12 June. Figure 10 provides further support of a stratospheric intrusion when
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comparing O3 concentrations on 10, 12 June for 1000–150 hPa levels. On 12 June O3
values greater than 400 ppb are found just below 200 hPa. The enhancement of O3
relative to 10 June is found through the lower, middle and upper troposphere. Hence,
O3 elevated concentrations from the lower stratospheric is strongly supported by ob-
servations and WRF-CHEM results.5

Table 1 shows low surface-550 hPa column O3 under moist and low aerosol load-
ing conditions. Relatively low concentrations of O3 that are well mixed are found in the
27 August and 3 September measurements relative to earlier periods under humid con-
ditions (Fig. 7a). There are several reasons that could lead to well mixed, reduced O3
concentrations in the monsoon season: (a) increased O3 and NOx deposition; (b) the10

northward transport of O3 poor air from areas to the south of the Sahel.
First, a reduction in O3 concentrations during the monsoon period is expected be-

cause of increased deposition with the rapid growth of vegetation. After June, the north-
ward movement of the monsoon and the accompanied southwest moist flow leads to
increased instability and precipitation. The precipitation supplies an important source15

of moisture for vegetation growth of West Africa (Guinea northward to the Sahel). The
expansion of vegetation leads to increased deposition and a north-south gradient in
deposition rates and hence ozone in the lower troposphere. Measurements in Senegal
during 2006 estimate a maximum deposition velocity of 1.5 cm s−1 with higher values
noted during precipitation events (Grant et al., 2008). The removal of NOx through20

dry/wet deposition would lead to reduced O3 concentrations in lower latitudes relative
to the drier semi-arid and arid regions in the Sahelian zone and Sahara desert (Delon
et al., 2010).

Second, surges in the monsoon flow or the passage of AEWs should lead an over-
all poleward transport of lower O3 concentration air, because of more vegetation and25

higher deposition rates. Conversely surges of dry air from desert regions should lead
an equatorward transport of enriched O3 concentrations to lower latitudes. The monthly
averaged TCO values (Fig. 1) along with recent measurements during the African Mon-
soon Multidisciplinary Analyses (AMMA) field campaign support a north-south gradient
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in the lower troposphere with lower O3 concentrations found in equatorward latitudes
of West Africa (Saunois et al., 2008).

Figure 11a shows the WRF-CHEM forecasted 925 hPa 12-h instantaneous O3 con-
centrations averaged over the area of 14–16◦ and 18–16◦ W for June, July and Au-
gust and early September. The highest O3 concentrations are found during the month5

of June with significant reductions simulated during the months of July and August.
Simulated O3 concentrations of 10–20 ppb are common at 925 hPa during the mon-
soon period (Fig. 11a) relative to June. The lower simulated O3 concentrations are
found when the simulated relative humidity (RH) at 850 hPa values begins to increase
(Fig. 11b). Elevated 850 hPa relative humidity can be used as a proxy of the south-10

westerly monsoon surge during July, August and September. The simulated increases
in relative humidity are in agreement with satellite observed wetter conditions during
July and August (Fig. 2d)

The poleward transport of O3 poor air is the most likely reason for measured low O3
concentrations in the lower troposphere measured at Dakar, Senegal for 27 August,15

and 3 September. After the 2 August SAL event, there are no additional SAL events
in Senegal as noted in both the AI and AOT data. In each case, very moist conditions
with flow coming from lower latitudes were found with the approach or recent passage
of an AEW (Figs. 7b and 8c g, h) at 700 hPa. AEWs on 2 July and 27 August were
associated with Tropical Cyclones Bertha and Ike, respectively.20

4 Summary and conclusion

During the pre-monsoon period reductions of O3 concentrations in the lower tropo-
sphere associated with SAL outbreaks. Figure 12a–d shows the vertical profiles of O3
concentration, relative humidity and temperature in the 1000–750 hPa layer for the four
SAL events that occurred during the summer of 2008. Similar vertical profiles of O325

concentrations are found in three of the four ozonesondes: An increase in O3 concen-
trations is found to overlap with a temperature inversion and very low relative humidity
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(Fig. 12a, b, d). Note that there is a recovery in relative humidity on 2 August whereas
relative humidity only slowly recovers in the other SAL events. In the 10 June and
2 August events, O3 concentrations are reduced in the 900–750 hPa layer and gener-
ally lower than the surface values. The depletion is Fig. 12 is consistent with the earlier
results of De Reus et al. (2000) and Bonasoni et al. (2004) with heterogeneous chem-5

istry being a primary source of O3 depletion (Zhang et al., 1994; Tang et al., 2004).
Tang et al. (2004) show through modeling studies and aircraft observations that losses
of O3 and HNO3 through direct interaction with dust were large during observed dust
storms in the ACE-Asia field campaign.

Figure 13a depicts the changes in aerosol concentrations, relative humidity and O310

concentrations based on the findings from this study. During a SAL event, a ver-
tical profile of O3 would show: Layer A – from the surface with slowly increasing
O3concentrations and low aerosol concentrations; Layer B – a 50–100 hPa layer with
elevated O3, high aerosols concentrations and a strong temperature inversion; Layer C
– a 100–200 hPa layer with reduced O3 concentrations and smaller sized aerosols.15

One might expect the largest losses of O3 in layer B in association with heterogeneous
reactions but the observations show that this isnot the case and hence there must be
a source of O3. The most likely source would be biogenic sources of NOx from Sa-
haran dust that act as a source of atmospheric O3 in downstream regions. The exact
mechanism for O3 enrichment by Saharan dust remains uncertain.20

A suggested mechanism for enhancing O3 concentrations in this shallow layer may
come from the activation of a biogenic NOx pulse when encountering moist conditions
(Fig. 13b). Nitrate formation on dust aerosols is an end-product after heterogeneous
reactions between HNO3 and dust aerosols. Gravitational settling of aerosols between
900–600 hPa that may have a significant amount of nitrate on aerosol surfaces through25

heterogeneous processes accumulate just above the inversion. At Dakar, very moist
conditions (RH>80%) are found from the surface to the 950 hPa just below the inver-
sion associated with the SAL. Even though the inversion inhibits vertical motions, some
mixing between the SAL layer and shallow moist layer below is possible.
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Vlasenko et al. (2006) show in laboratory studies that nitrate-coated dust aerosols
will increase their hygroscopicity in the presence of high relative humidity. Twohy et
al. (2009) and Ismail et al. (2010) show that some SAL events have areas of enhanced
moisture embedded within the SAL and that dust particles from the desert have hydro-
scopic properties and can serve as cloud condensation nuclei (CCN). A critical thresh-5

old of moisture on the surface of the aerosols could lead water stressed microbes to
denitrify and release airborne biogenic NOx leading to higher O3 concentrations.

Other findings also include:

– Elevated O3 concentrations on 12 June are likely caused by a stratospheric intru-
sion based on WRF-CHEM results and potentially enhanced NOx emissions from10

dry Sahelian soils with the passage of an AEW. However, lightning-NOx leading
to O3 enhancement followed by downward vertical transport by convective down-
drafts cannot be ruled out as an additional source for 12 June (Jenkins et al.,
2008b; Grant et al., 2008).

– During the transition between the pre-monsoon and monsoon periods (26 June15

and 2 July) a significant O3 enhancement in the lower/middle troposphere are
found after precipitation events in area surrounding Dakar on 28 June and 1 July
2008. We believe that pulses of biogenic NOx emissions from dry Sahelian soils
are the primary cause consistent with early studies (Stewart et al., 2008; Delon et
al., 2008, 2010).20

– Low O3 concentrations are found in the 1000–550 hPa layers during the monsoon
period (27 August and 3 September) and likely linked to dry deposition of O3 and
dry/wet deposition NOx and HNO3 during the monsoon period (Grant et al., 2008;
Delon et al., 2010).

Additional chemical, radiative and aerosol measurements along with chemical model-25

ing on a regional basis in West Africa will provide additional insights into the processes
that control O3 concentrations in the lower troposphere.
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Table 1. Surface −550 hPa Column O3, Relative humidity and OMI AI index.

Date (2008) Time (UTC) O3 925–550 hPa (DU) RH 925–550 hPa(%) OMI AI (13–16◦ N, 16–19◦ W)

8 June 1200 6.6 32.2 2.11
10 June 1200 7.4 37.3 1.29
12 June 1200 20.5 65.1
15 June 1200 11.3 28.7 2.02
26 June 1200 10.5 37.2 1.98
2 July 1200 14.2 67.3
2 August 1200 10.3 31.3 3.80
27 August 1200 6.4 88.5 0.58
3 September 1200 11.0 68.8 0.61
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Figure 1.  OMI/MLS Total Column Ozone for (a) June 2008; (b) July 2008; (c) August 473	  
2008; (d) September 2008.  Units are in DU.474	  

Fig. 1. OMI/MLS Total Column Ozone for (a) June 2008; (b) July 2008; (c) August 2008;
(d) September 2008. Units are in DU.
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Figure 2. Daily area averaged (13-16°N, 16-19°W) OMI derived Aerosol Index (AI) and 476	  

Mbour, Senegal AOT for:(a) June; (b) July; (c) 1 August-5 September; (d) Area averaged 477	  
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Fig. 2. Daily area averaged (13–16◦ N, 16–19◦ W) OMI derived Aerosol Index (AI) and Mbour,
Senegal AOT for: (a) June; (b) July; (c) 1 August–5 September; (d) area averaged (11.5–
16.5◦ N, 12.5–17.5◦ W) TRMM daily averaged precipitation for 1 June–5 September 2006.
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 482	  

Figure 3. 1000-450 hPa lower/middle tropospheric vertical profiles of O3 for: (a) all 483	  

launches; (b) pre-monsoon period and; (c) monsoon periods; (d) 26 June and 2 July.   484	  

Units are ppb. 485	  

Fig. 3. 1000–450 hPa lower/middle tropospheric vertical profiles of O3 concentrations for: (a) all
launches; (b) 26 June and 2 July. Units are ppb.
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 486	  

Figure 4.  1000-450 hPa lower/middle tropospheric vertical profiles of: (a) O3 487	  

concentrations; (b) relative humidity and (c) temperature for the pre-monsoon period. 488	  Fig. 4. 1000–450 hPa lower/middle tropospheric vertical profiles of: (a) O3 concentrations;
(b) relative humidity and (c) temperature for the pre-monsoon period.
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(a) June 8 OMI AI /925 hPa Streamlines

(b) June 10 OMI AI /925 hPa Streamlines

(c) June 12 OMI AI /925 hPa Streamlines

(f) June 8 Deep Blue (AOD)/700 hPa Streamlines

(g) June 10 Deep Blue (AOD)/700 hPa Streamlines

(h) June 12 Deep Blue (AOD)/700 hPa Streamlines

 489	  

Fig. 5. re-Monsoon OMI AI/925 hPa streamlines and Deep Blue AOT/700 hPa streamlines:
(a, f) 8 June; (b, g) 10 June; (c, h) 12 June; (d, i) 15 June; (e, j) 26 June.
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(d) June 15 OMI AI /925 hPa Streamlines

(e) June 26 OMI AI /925 hPa Streamlines

(i) June 15 Deep Blue (AOD)/700 hPa Streamlines

(j) June 26 Deep Blue (AOD)/700 hPa Streamlines

 490	  

Figure 5.  Pre-Monsoon OMI AI/925 hPa streamlines and Deep Blue AOT/700 hPa 491	  

streamlines: (a, f) 8 June; (b, g); 10 June; (c, h) 12 June; (d, i) 15 June; (e, j) June 26. 492	  

   493	  

Fig. 5. Continued.
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(a)	 28 June TRMM Daily Precip. (mm)

(b)	 29 June TRMM Daily Precip. (mm)

(c)	 30 June TRMM Daily Precip. (mm)

(d)	 01 July TRMM Daily Precip. (mm)

Fig. 6. TRMM daily Precipitation amounts (a) 28 June; (b) 29 June; (c) 30 June; (d) 1 July.
Units are mm.
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Figure 7. 1000-450 hPa lower/middle tropospheric vertical profiles of:  (a) O3 499	  

concentrations; (b) relative humidity and (c) temperature for the monsoon period 500	  
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Figure 7. 1000-450 hPa lower/middle tropospheric vertical profiles of:  (a) O3 499	  

concentrations; (b) relative humidity and (c) temperature for the monsoon period 500	  
Fig. 7. 1000–450 hPa lower/middle tropospheric vertical profiles of: (a) O3 concentrations;
(b) relative humidity and (c) temperature for the monsoon period.
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(a)  02 July OMI AI /925 hPa Streamlines (e) 02 July Deep Blue (AOD)/700 hPa Streamlines

(b)  02 Aug. OMI AI /925 hPa Streamlines (f) 02 Aug. Deep Blue (AOD)/700 hPa Streamlines

 501	  

 502	  

 503	  

 504	  

 505	  

Fig. 8. Monsoon OMI AI/925 hPa streamlines and Deep Blue AOT/700 hPa streamlines:
(a, e) 2 July; (b, f) 2 August; (c, g) 27 August; (d, h) 3 September.
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(c)  27 Aug. OMI AI /925 hPa Streamlines

(d)  03 Sept. OMI AI /925 hPa Streamlines

(g) 27 Aug. Deep Blue (AOD)/700 hPa Streamlines

(h) 03 Sept. Deep Blue (AOD)/700 hPa Streamlines

 506	  

 507	  

Figure 8.  Monsoon OMI AI/925 hPa streamlines and Deep Blue AOT/700 hPa 508	  

streamlines: (a, e) 2 July; (b, f); 2 August; (c, g) 27 August; (d, h) 3 September. 509	  

 510	  

Fig. 8. Continued.
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(a)

(b) (d)

(c)

 511	  

 512	  

 513	  

Figure 9.  Time-height profiles of O3 concentrations and vertical velocity (w) at 14.5° N, 514	  

17.5°W for initial conditions beginning at: (a) 1 June 0000 UTC; (b) 4 June 1200 UTC; 515	  

(c) 5 June 1200 UTC; (d) 6 June 1200. Units in ppb and cm-s-1. 516	  

Fig. 9. Time-height profiles of O3 concentrations and vertical velocity at 14.5◦ N, 17.5◦ W for ini-
tial conditions beginning at: (a) 1 June 00:00 UTC; (b) 4 June 12:00 UTC; (c) 5 June 12:00 UTC;
(d) 6 June 12:00 UTC. Units in ppb and cm s−1.
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 520	  

Figure 10. 1000-150 hPa vertical profile of O3 at Dakar for 10,12 June, 1200 UTC.  521	  

Units in ppb. 522	  

 523	  

 524	  

Fig. 10. 1000–150 hPa vertical profile of O3 at Dakar for 10, 12 June, 12:00 UTC. Units in ppb.
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(b)

(a)

 525	  

Figure 11.  WRF-Chem simulation of:  (a) 925 hPa O3 concentrations for June, July and 526	  

August; (b) 850 hPa relative humidity for June, July and August.  527	  

Fig. 11. WRF-Chem simulation of: (a) 925 hPa O3 concentrations for June, July and August;
(b) 850 hPa relative humidity for June, July and August.
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 529	  

 530	  

Figure 12.  1000-750 hPa vertical profiles of O3 (blue), RH (green) and Temperature 531	  

(red) for identified SAL events.  (a) 8 June; (b) 10 June; (c) 15 June; (d) 2 August.  Units 532	  

are ppb for O3, % for RH and Degree C for temperature.  533	  

Fig. 12. 1000–750 hPa vertical profiles of O3 (blue), RH (green) and Temperature (red) for
identified SAL events. (a) 8 June; (b) 10 June; (c) 15 June; (d) 2 August. Units are ppb for O3,
% for RH and Degree C for temperature.
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 534	  

 535	  

Figure 13.  (a) A depiction of relative humidity, aerosol and O3 concentrations in various 536	  

layer of the lower/middle troposphere associated with  a SAL intrusion.  The dash line 537	  

represents the vertical profile of temperature. (b) Proposed mechanism for increasing O3 538	  

in the 950-900 hPa layer 539	  

Fig. 13. (a) A depiction of relative humidity, aerosol and O3 concentrations in various layer of
the lower/middle troposphere associated with a SAL intrusion. The dash line represents the
vertical profile of temperature. (b) Proposed mechanism for increasing O3 in the 950–900 hPa
layer.
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