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Abstract

During the summer (8 June through 3 September) of 2008, 9 ozonesondes are
launched from Dakar, Senegal (14.75◦ N, 17.49◦ W) to investigate ozone (O3) variability
in the lower/middle troposphere during the pre-monsoon and monsoon periods. Re-
sults during June 2008 (pre-monsoon period) show a reduction in O3 concentrations,5

especially in the 850–700 hPa layer with Saharan Air Layer (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 also use the WRF-CHEM
model to gain greater insights for observations of elevated/reduced O3 concentrations
during the pre-monsoon/monsoon periods. In the transition period between 26 June10

and 2 July in the lower troposphere (925–600 hPa), a significant increase in O3 con-
centrations occur which we suggest is caused by enhanced biogenic NOx emissions
from Sahelian soils following rain events on 28 June and 1 July. During July and Au-
gust 2008 (monsoon period), with the exception of one SAL outbreak, vertical profiles
of O3 are well mixed with concentrations not exceeding 55 ppb between the surface15

and 550 hPa. The results suggest that during the pre-monsoon period ozone con-
centrations in the lower troposphere are controlled by the SAL, which destroys ozone
through heterogeneous processes. At the base of the SAL we also find elevated levels
of ozone, which we attribute to biogenic sources of NOx from Saharan dust that are
released in the presence of moist conditions. Once the monsoon period commences,20

wet and dry deposition become important sinks of ozone in the Sahel with episodes of
ozone poor air that is horizontally transported from low latitudes into the Sahel. These
results support aircraft chemical measurements and chemical modeling results from
the African Monsoon Multidisciplinary Analysis (AMMA) field campaign.
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1 Introduction

Mean tropospheric ozone (O3) concentrations in the tropics are controlled by biomass
burning, lightning, biogenic and anthropogenic emissions, which act as sources of
ozone while deposition and heterogeneous chemistry, act as sinks of ozone. Because
tropospheric ozone impacts the oxidizing capacity of the atmosphere and is a green-5

house gas with positive radiative forcing contributing to global warming, it is important
to quantify the various ozone sinks, sources and variability. Tropospheric ozone bal-
loon measurements are made on a regular basis on most land areas around the globe,
except in Africa; however, ozone measurements are made in Southern Africa on a reg-
ular basis as part of the SHADOZ network (Thompson et al., 2003). Recently, two10

years of regular ozone measurements were made in West Africa at Cotonou, Benin
(6.21◦ N, 2.23◦ E) where biomass burning during the Northern Hemisphere (NH) winter
season occurs on an annual basis elevating ozone in the lower troposphere (Thouret
et al., 2009). The measurements at Cotonou, Benin also show the influence of biomass
burning from the Southern Hemisphere (SH) during NH summer, which elevate ozone15

concentrations in the lower troposphere (Real et al., 2010). Further north, in the Sa-
helian region, seven ozonesondes were launched in Senegal (14.6◦ N, 17.1◦ W) be-
tween 30 August and 16 September 2006 showing the vertical transport of ozone from
the middle/upper troposphere to the lower troposphere by convective downdrafts in
mesoscale convective systems (Grant et al., 2008).20

Because the Sahel is further north and under the influence of biomass burning pri-
marily during the NH winter but not during NH summer, it is not definitive what drives
tropospheric ozone variability on a daily, weekly or monthly basis during the NH sum-
mer season. A likely source of NH summer season tropospheric ozone variability is
associated with the Saharan Air Layer (SAL) and dust emissions. Each year, between25

May and October, the SAL (Carlson and Prospero, 1972; Dunion and Veldon, 2004) is
an important meteorological feature influencing continental areas of West Africa and
the Northern Tropical Atlantic. The SAL is characterized by dry (low relative humidity),
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stable air (an inversion capped above the marine boundary layer), a mid-level easterly
jet and reduced visibilities from enhanced dust. Annual dust emissions from Africa
range from 160–1600 Tg yr−1 with major sources of surface dust emissions in Maurita-
nia, Mali and Algeria during June–July and August (Engelstaedter et al., 2006; Middle-
ton and Goudie, 2001).5

A number of observational studies have shown reduced ozone concentrations in
the presence of Saharan dust (De Reus et al., 2000; Bonasoni et al., 2004). The
desert aerosols can reduce tropospheric O3 concentrations at a single location in mul-
tiple ways: (a) dust aerosols may serve as deposition sites for O3 while also reducing
photolysis rates (Bian and Zender, 2003; De Reus et al., 2000). (b) Heterogeneous10

chemistry on aerosol surfaces can reduce important precursors (OH, HO2) associated
with O3 production (Zhang et al., 1994; Bian and Zender, 2003; Tang et al., 2003). (c)
The production of Nitric Acid (HNO3), leading to particulate nitrate can act as a sink for
NOx and limit O3 production (Zhang et al., 1994; Jacob, 2000; De Reus et al., 2000;
Tang et al., 2003). Hence, the SAL and its dust emissions can act as a potential sink15

for ozone, reducing its positive greenhouse forcing while also scattering solar radiation
causing daytime cooling at the surface. Recent observations of the SAL have exam-
ined its radiative impact (Myhre et al., 2003), chemical composition (Twohy et al., 2008),
aerosol and water vapor structure (Ismail et al., 2010), and potential impact on African
Easterly Waves (AEWs) and Tropical Cyclogenesis (Jenkins et al., 2008a; Zipser et al.,20

2009).
As the NH summer season evolves, there are additional sources and sinks that

can influence O3 concentrations in the lower troposphere. The sources include: bio-
genic NOx at the start of the wet season and the vertical transport of ozone from the
middle/upper troposphere associated with lightning and convective downdrafts (Grant25

et al., 2008). Wet/dry deposition and the transport of ozone poor air from equatorial
regions should become the primary reason for lower ozone concentrations during the
wet season.
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Satellite and aircraft observations along with modeling studies have identified NOx
emissions from soil as an important 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., 2008, 2010). Pulses of biogenic NOx emissions
are released into the atmosphere from the soil at the end of the dry season with the5

first rains. During the 2006 African Monsoon Multidisciplinary Analyses (AMMA) cam-
paign (Redelsperger et al., 2006), aircraft measurements flown over wet/dry soils show
higher NOx concentrations in the boundary layer over recently wet soils (Stewart et al.,
2008). O3 concentrations are significantly higher over wet soils than dry soils and low
correlations with CO imply that NOx production is not associated with anthropogenic or10

biomass burning sources (Stewart et al., 2008). A sharp gradient in O3 concentrations
are found implying locally produced O3 estimated at 1 ppb h−1 from soil NOx.

Deposition serves as a primary sink of ozone and a reduction in O3 concentrations
during the monsoon period and is expected because of increased deposition with the
rapid growth of vegetation beginning with the start of the wet season. After June,15

the northward movement of the monsoon and the accompanying southwest moist flow
leads to increased instability and precipitation. The precipitation supplies an important
source of moisture for vegetation growth in West Africa (Guinea and Sahelian regions).
The expansion of vegetation leads to increased deposition and a north-south gradient
in deposition rates and hence ozone concentrations in the lower troposphere. Measure-20

ments 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 through wet deposition would lead to further reductions in 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). The north-south gradient (with maximum ozone25

concentrations at 16◦ N) in lower tropospheric (below 900 hPa) ozone concentrations is
found during July and August 2006 by Reeves et al. (2010) which is related to vegeta-
tion cover, and deposition. A north-south gradient in NOx is also found with the maxi-
mum values found between 13–16◦ N which Reeves et al. (2010) attribute to biogenic
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emissions of NOx from soils after precipitation events.
Moreover, northward surges in the monsoon flow or the passage of 3 to 5 day AEWs

(Burpee, 1972) should lead to an overall poleward transport of ozone poor air in the
lower troposphere, because of more vegetation and higher deposition rates in lower
latitudes; onshore flow from the Atlantic ocean would also transport in ozone poor5

air. Conversely surges of dry air from desert regions should lead to an equatorward
transport of ozone-enriched air to lower latitudes.

The specific objectives of this paper are: (1) to examine the variability of O3 concen-
trations in the lower/middle troposphere, with an emphasis on the 925–550 hPa layer
during the dry (pre-monsoon) and wet periods (monsoon) in the Sahelian Zone (Dakar,10

Senegal); (2) to quantify the influence of the SAL and AEWs on O3 concentrations in
the 925–550 hPa layer; (3) to determine if the impacts of early rains enhance O3 con-
centrations in the lower troposphere because of the release of biogenic NOx.

2 Observational data and model simulations

In preparation for ozonesonde launches Vaisala ECC6AB ozonesondes are prepared15

3–7 days in advance and launched in concert with RS92 radiosonde at 12:00 UTC dur-
ing June, July and August of 2008. Table 1 shows the 9 ozonesonde launches from
Dakar, Senegal (14.75◦ N, 17.49◦ W) during the period. Average ozone profiles for SAL,
non-SAL and all ozone profiles are produced by averaging vertically over 10 hPa layers
from the surface through 450 hPa. Aerosol observations in the form of Aerosol Opti-20

cal Thickness (AOT) are produced from the Aerosol Robotic Network (AERONET) at
Mbour, Senegal (14.39◦ N, 16.59◦ W) and from the Space-borne Ozone Monitoring In-
strument (OMI) Aerosol Index (AI) for the summer of 2008. The 1◦×1◦ Deep Blue prod-
uct from the Moderate Resolution Imaging Spectrometer (MODIS) instrument aboard
the AQUA satellite is used for AOT over land areas. Daily averages of AOT are con-25

structed from the hourly AOT data from Mbour, Senegal. Monthly satellite estimates of
Tropospheric Column Ozone (TCO) for the summer of 2008 at 1◦×1.25◦ are also used
to examine spatial and temporal patterns of ozone (Ziemke et al., 2006).
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To address daily and seasonal tropospheric O3 variations for comparison with the
ozonsonde measurements 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 WRF-CHEM computes gas phase chemistry
with 55 prognostic species and 134 reactions (Fast et al., 2005). The WRF-CHEM sim-5

ulations use 30 km grid spacing, 27 vertical levels and the top of the model is 50 hPa.
The biogenic sources of volatile organic compounds are computed (Guenther et al.,
1995) and the model is initialized from a uniform state with O3 concentrations increas-
ing with height to the stratosphere. NCEP final analyses at 6-h intervals provide me-
teorological initial and boundary conditions to the WRF-CHEM. Here we define the10

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

3 Results

3.1 Summer overview for 2008

Figure 1a–d shows the satellite derived TCO values across West Africa and the East-15

ern Atlantic for June through September of 2008. A north-south gradient of TCO values
with higher values are found over the Sahara relative to Sahelian and Guinean regions
of West Africa. The north-south TCO gradient is weakest and strongest during June
and August, respectively. During June, TCO values of 37–40 DU are found over the
desert regions with slightly lower values to the south (Fig. 1a). However, by August20

TCO values are considerably lower over the Sahelian and Guinea regions of West
Africa and can be attributed to dry/wet deposition. 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. There are 5 days when the AI is25

greater than 2.5 during June, 3 days in July and 1 day in August, respectively. There
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are 7 days with the AOT is greater than 0.6 in June, 4 days in July and 2 days in August,
respectively. The OMI AI is positively correlated to the Mbour AOT values with corre-
lations of 0.82, 0.86 and 0.79 during June, July and August, respectively. TRMM daily
averaged rain amounts for a 5◦×5◦ box (11.5–16.5◦ N, 12.5–17.5◦ W) over Senegal and
Gambia show very little precipitation until the end of June when wetter conditions begin5

and continue through July and August (Fig. 2d).
Figure 3a shows the vertical profiles of relative humidity (RH) for SAL, non-SAL and

the average of all 9 ozonesondes. The SAL profile is considerably drier above 950 hPa
with the minimum average RH values of approximately 15–20 % between 925 and
900 hPa. For mean non-SAL conditions, the relative humidity is approximately 70 % in10

the 925–550 hPa layer. Corresponding to the dry air associated with the SAL are lower
ozone concentrations in the 925–550 hPa layer (Fig. 3b). The largest differences of
10–14 ppb are found near 850 hPa and 600 hPa, respectively. The mean results are in
agreement with the earlier results of De Reus et al. (2000) and Bonasoni et al. (2004)
showing ozone reductions associated with the SAL and aerosol loading. Table 1 shows15

that highest column ozone in the 925–550 hPa layer is found on 12 June (20.5 DU).
The lowest column ozone in the 925–550 hPa layer is found on 27 September (6.4 DU)
followed by 8 June (6.6 DU). Only small differences in the average 925–550 hPa O3
column are found between the pre-monsoon period (11.3 DU) and the monsoon period
(10.5 DU). Larger differences in the average 925–550 hPa O3 column and relative hu-20

midity are found for SAL (9.2 DU, 33.3 %) versus non-SAL conditions (13 DU, 72.4 %).
We define SAL conditions where dry, stable air is found in the 925–550 hPa layer. Next
we look in greater detail at individual ozonesonde launches during the pre-monsoon
and monsoon periods.

3.2 Pre-monsoon O3 measurements25

There are 3 ozonesonde launches, 8, 10, 15 June with OMI AI values > 2 and low
relative humidity (Table 1) which are associated with SAL events in Fig. 2. During the
pre-monsoon period (Fig. 4a), low O3 concentrations (< 20 ppb) are found on 8 and
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10 June relative to the other profiles, especially in the 850–600 hPa layer. These two
days have the lowest 925–550 hPa column ozone values during the pre-monsoon pe-
riod (Table 1). At the base of the SAL (950–900 hPa layer), there is also evidence of
enhanced O3 concentrations on 8, 10 June in Fig. 4a. Figure 4b shows low relative
humidity (< 20 %) at approximately 950 hPa for 8, 10, 12 and 15 June, which begins5

to increase at pressure levels less than 700 hPa, except for 12 June where RH val-
ues rapidly increase above 900 hPa. Figure 4c shows that a temperature inversion is
present for all pre-monsoon ozone profiles, but the strongest temperature inversions
are found for 8, 10 and 15 June. It is at the peak of the temperature inversion that
increases in O3 concentrations are found (Fig. 4a). This is also the altitude where high10

dust concentrations are found (Ismail et al., 2010).
Figure 5a–h shows OMI-AI with 925 hPa streamlines along with the Deep Blue AOT

overlain by 700 hPa streamlines for identifying dust and AEWs during the pre-monsoon
period. Elevated 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 with15

a southerly component are found on 12 June and 26 June (Fig. 5c, e). Moreover an
African Easterly Wave (AEW) as viewed with 700 hPa streamlines, exits the continent
on 12 June and is associated with elevated RH, cloudiness and precipitation in Dakar.
Reduced O3 concentrations between 850 and 600 hPa on 8, 10 June in concert with
higher AI/AOT from Saharan dust support ozone reduction through heterogeneous in-20

teractions between dust and gas-phase chemistry (De Reus et al., 2000).

3.3 Pre-monsoon/monsoon transition

As shown in Fig. 2d, an upward trend in daily rain amounts occurs in late June as the
pre-monsoon period transitions to the monsoon period. Figure 3b shows that O3 con-
centrations between 950 and 600 hPa are considerably higher at the start of the mon-25

soon period (2 July) when compared to the end of the pre-monsoon period (26 June).
O3 concentrations are 10–20 ppb larger on 2 July when compared to 26 June. The
enhancement of O3 concentrations coincides with several rainfall events in Senegal
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in the vicinity of Dakar on 28, 30 June (Fig. 6a, b). TRMM daily rain estimates are
highest on 1 July with daily amount approaching 80 mm in some areas to the east of
Dakar (Fig. 6d). The rainfall is associated with the passage of an AEW on 1 July and
a plausible cause for ozone enhancement between 26 June and 2 July by biogenic
NOx emissions from wet Sahelian soils. The measured enhanced O3 concentrations5

between 26 June and 2 July are consistent with the ozone enhancement via biogenic
NOx pulses in soils from the observations of Stewart et al. (2008).

3.4 Monsoon O3 measurements

During the monsoon period, the vertical profiles of O3 concentrations slowly increase
for, 27 August and 3 September launches in the surface-550 hPa layer; a decrease10

in O3 concentrations is found above 850 hPa on 2 July (Fig. 7a). Well-mixed O3
profiles were observed in Senegal during the monsoon period (late August through
mid-September) of 2006 (Grant et al., 2008). The 2 August measurement shows the
enhance/depletion pattern of O3 concentrations in the vertical profile as in earlier pre-
monsoon SAL events; an ozone enhancement near the peak of the SAL tempera-15

ture inversion and reduced O3 concentrations is found immediately above this level
(Fig. 7a). Profiles of RH in Fig. 7b shows humid conditions over Senegal during July,
August and September except for 2 August when a SAL event occurs over Senegal.
The 2 August vertical profile of RH 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 be-20

tween 90 and 100 % from 950 through 750 hPa. A large temperature inversion is found
on 2 August in association with the SAL event with smaller temperature inversions
found in the other three monsoon measurements (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 values in the 925–550 hPa layer.25

Figure 8a–h shows OMI AI with 925 hPa streamlines along with the Deep Blue AOT
overlain by 700 hPa streamlines for identifying dust and AEWs for the launch dates
during the monsoon period. During this period, only 2 August shows elevated AI and

28071

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/28061/2011/acpd-11-28061-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/28061/2011/acpd-11-28061-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 28061–28095, 2011

Enhancement and
depletion of
lower/middle

tropospheric ozone

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
|

AOT in association with a thermal low (heat low) over Southern Mauritania (Fig. 8b).
During the other three days (2 July, 27 August, 3 September), the highest AI or AOT
values are found over higher latitudes (> 20◦). Also evident at 700 hPa are strong
AEWs, which have closed vortices on 2 July, 27 August and 3 September (Fig. 8e, g,
h). The AEWs on 2 July and 27 August are associated with Tropical Cyclones Bertha5

and Ike, respectively (Rhome, 2008; Berg, 2008).

3.5 WRF-CHEM simulations of elevated O3 concentrations on 12 June and
reduced O3 concentrations during the monsoon period

Table 1 shows that during the period of 10 June through 12 June, the 925–550 hPa
column O3 values are increased by a factor of 2.77, between the SAL air mass and10

the passage of the AEW. This is followed by a decreased in 925–550 hPa column O3
values by a factor of 1.8 between 12 and 15 June. The elevated O3 concentrations on
12 June could be due to: (a) a stratospheric intrusion; (b) a biogenic pulse of NOx from
Sahelian soils enhancing O3 concentrations or; (c) lightning-NOx which enhances O3
concentrations that is then transported to the lower/middle troposphere (Grant et al.,15

2008). To address a possible stratospheric influence, the WRF-CHEM is initialized
at four different times at 00:00 UTC, 1 June; 12:00 UTC, 4 June; 12:00 UTC 5 June;
12:00 UTC 6 June to simulate elevated O3 concentration for the period of 10–12 June.
Figure 9a–d shows for the period of 8 June and 13 June that higher concentrations
of O3 are found in the middle and upper troposphere based on vertical profiles of O320

at 14.5◦ N, 17.5◦ W near Dakar, Senegal, in a region of weak sinking motion. WRF-
CHEM forecasts that are initialized on 5 and 6 June show O3 concentrations in the
90 to 120 ppb range at the 200–300 hPa levels with values of 35–50 ppb extending
downward into the middle troposphere (Fig. 9c, d).

The simulated enhancement of upper tropospheric ozone is consistent with the ob-25

servations between 10 and 12 June where a significant increase in ozone concen-
trations is found. Figure 10a provides further support for a stratospheric intrusion
when comparing the observed ozone concentrations on 10, 12 June for 1000–150 hPa
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levels. On 12 June observed O3 concentrations in the range of 75–100 ppb are found
in the 400–250 hPa layer. However, O3 concentrations dramatically increase from
142–443 ppb between 242 hPa and 226 hPa with O3 concentrations remaining above
100 ppb through 210 hPa. Figure 10b shows the simulated vertical profile of ozone con-
centrations on 9 and 11 June at 12:00 UTC at 14.75◦ N, 17.5◦ W (near Dakar) based5

on a 6 June 1200 WRF-Chem initialization. 11 June is used because the simulated
AEW arrives to Dakar one day before observations suggest. The largest differences in
ozone concentrations are found above 400 hPa where increase of 30 ppb is found at
250 hPa between 9 and 11 June. While the enhancement in simulated O3 concentra-
tions is smaller than observed, they do support a stratospheric influence in the upper10

troposphere above Dakar during the period of 10–12 June 2008. Smaller simulated
increases of O3 concentrations are found in the SAL layer (925–550 hPa), on the order
of 10 ppb, which is much smaller than the observed values (Fig. 10a).

Figure 10c shows significant differences for the observed average (over 10 hPa lay-
ers) O3 concentrations for 10, 12 and 15 June. O3 concentrations are nearly 40 ppb15

larger on 12 June relative to 10 June near 800 and 550 hPa; O3 concentrations are ap-
proximately 20 ppb larger on 12 June relative to 15 June near 800 and 550 hPa. While
there may be some O3 enhancement in the lower to middle troposphere by vertical
transport from the upper troposphere, it is equally plausible that the large observed
changes in lower/middle tropospheric ozone concentrations between 10 and 12 June20

are associated with multiple factors. These factors include: ozone destruction, associ-
ated with heterogeneous chemistry, in the SAL layer on 10 June; lightning-NOx leading
to O3 enhancement followed by downward vertical transport by convective downdrafts
with the AEW; ozone enhancement via biogenic NOx emissions released from wet soils
to the south or east of Dakar. Figure 10d shows the largest amounts of precipitation25

falling in Southeastern Senegal on 12 January as the AEW moved eastward. Only
minimal amounts of rain fell at Dakar and this occurred after the 12:00 UTC launch.

Next we use WRF-CHEM to explore the observed lower O3 concentrations that are
generally well mixed during August and September. Table 1 shows low 925–550 hPa
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column O3 under moist and low aerosol loading conditions. In particular, 27 August
and 3 September measurements show low concentrations of O3 that are well mixed
relative to the 2 July O3 measurements under humid conditions (Fig. 7a). There are
several factors that could lead to well mixed, reduced O3 concentrations in the monsoon
season: (a) increased dry and wet deposition; and (b) the northward transport of O35

poor air from areas to the south of the Sahel.
Measurements at Dakar, Senegal for 27 August, and 3 September suggest that one

or both factors are responsible for low O3 concentrations in the lower troposphere. In
each case, very moist conditions with the 925 hPa flow coming from the Atlantic Ocean
(Fig. 8c) and lower latitudes (Fig. 8d) are found with the approach or passage of an10

AEW at 700 hPa (Fig. 8g, h). The monthly averaged TCO values (Fig. 1) along with
recent measurements during the AMMA field campaign support a north-south gradient
in the lower troposphere with lower O3 concentrations found in equatorward latitudes
of West Africa (Saunois et al., 2008).

To examine simulated seasonal O3 concentrations and its relationship to relative hu-15

midity we show WRF-CHEM forecasted 925 hPa 12-h instantaneous O3 concentrations
and relative humidity averaged over the area of 14–16◦ N and 18–16◦ W for June, July
and August and early September (Fig. 11). The highest O3 concentrations are found
during the month of June with significant reductions simulated during the months of
July and August. Simulated O3 concentrations of 10–20 ppb are common at 925 hPa20

during the monsoon period (Fig. 11a). The lower simulated O3 concentrations are
found when the simulated relative humidity (RH) at 850 hPa begins to increase during
the monsoon period (Fig. 11b). Elevated relative humidity at 850 hPa can be used as
a proxy of the monsoon flow during July, August and September. The simulated in-
creases in relative humidity are in agreement with satellite observed wetter conditions25

during July and August (Fig. 2d).
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4 Discussion and summary

Results show that reductions of O3 concentrations (10–15 ppb) in the lower tropo-
sphere are associated with SAL (Fig. 1). However, an examination of individual SAL
ozonesonde profiles also show an increase in O3 concentrations near the peak of the
inversion. Figure 12a–d illustrates the vertical profiles of O3 concentration, relative hu-5

midity and temperature in the 1000–750 hPa layer for the four SAL events that occurred
during the summer of 2008. Similar vertical profiles of enhanced O3 concentrations
(> 50 ppb for 2 August) are found in three (8, 10 June, 2 August) of the four ozoneson-
des: an increase in O3 concentrations, which overlaps a temperature inversion and
very low relative humidity values near the base of the SAL (Fig. 12a, b, d). Above the10

layer where O3 concentrations are enhanced, there is a reduced layer of O3 concentra-
tions in the 900–750 hPa layer. The layer of lower O3 concentrations in the SAL layer in
Fig. 12 is consistent with the earlier results of De Reus et al. (2000) and Bonasoni et al.
(2004) with heterogeneous chemistry being a primary source of O3 depletion (Zhang
et al., 1994; Tang et al., 2004). Tang et al. (2004) show through modeling studies and15

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 O3
concentrations, during an ideal SAL event with significant dust loading, based on the
findings from this study. During this SAL event, a vertical profile of O3 would show:20

layer A – from the surface to 950 hPa with slowly increasing O3 concentrations 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. One might expect the largest
losses of O3 in layer B in association with heterogeneous reactions but the observations25

show that this is not the case and the opposite is found, hence, there must be a source
of O3. The most likely source would be biogenic NOx from Saharan soils that have
been lifted that act as a source of atmospheric O3 in downstream regions. The exact
mechanism for O3 enrichment near the base of the SAL remains uncertain.
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A suggested mechanism for enhancing O3 concentrations in this shallow layer
may come from the activation of biogenic NOx 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 may lead to significant amounts of aerosols with nitrate on its surfaces5

through heterogeneous processes, which accumulate just above the inversion. At
Dakar, very moist conditions (RH > 80 %) are found from the surface to the 950 hPa
just below the inversion associated with the SAL. Even though the inversion inhibits
vertical motions, some mixing between the SAL layer and the shallow moist layer be-
low is possible.10

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 hy-
droscopic properties and can serve as cloud condensation nuclei (CCN). Some critical15

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

Other findings include:

– Elevated O3 concentrations in the upper troposphere on 12 June are likely caused
by a stratospheric intrusion based on WRF-CHEM results. In the lower to middle20

troposphere, the depletion of O3 in the SAL layer on 10 June followed by an in-
crease in O3 concentrations with the passage of the AEW on 12 June seem to be
responsible for the observed changes. Other mechanisms such as lightning-NOx
leading to O3 enhancement followed by downward vertical transport by convective
downdrafts associated with the AEW cannot be ruled out as an additional source25

of ozone enhancement in the middle/lower troposphere on 12 June (Jenkins et al.,
2008b; Grant et al., 2008).
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– During the transition between the pre-monsoon and monsoon periods (26 June
and 2 July) a significant enhancement of O3 concentrations in the lower/middle
troposphere are found after precipitation events in areas surrounding Dakar on
28 June and 1 July 2008. We suggest that pulses of biogenic NOx emissions
from dry Sahelian soils are the primary cause of enhanced O3 concentrations,5

which is consistent with earlier studies (Stewart et al., 2008; Delon et al., 2008,
2010; Reeves et al., 2010).

– Low O3 concentrations are found in the 925–550 hPa layers during the monsoon
period (27 August and 3 September) and likely linked to dry deposition and wet
deposition during the monsoon period (Grant et al., 2008; Delon et al., 2010).10

Our measurements suggest that the passage of the SAL and AEWs can lead to re-
ductions of tropospheric O3 in the lower/middle troposphere in the Sahelian Zone by
heterogeneous chemistry and deposition based on measurements from Dakar. How-
ever, biogenic sources of NOx may also enhance lower tropospheric O3 in the Sahelian
Zone. Additional chemical, radiative and aerosol measurements along with chemical15

modeling on a regional basis in West Africa will provide additional insights into the pro-
cesses that control O3 concentrations in the lower troposphere. During the summers of
2010 and 2011 high frequency O3 measurements from Dakar during the pre-monsoon
and monsoon periods are undertaken. These results should provide further evidence
of O3 variability associated with the SAL and AEWs.20
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Table 1. Surface 925–550 hPa Column O3, Relative humidity and OMI AI index.

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

8 Jun 12:00 6.6 32.2 2.11
10 Jun 12:00 7.4 37.3 1.29
12 Jun 12:00 20.5 65.1
15 Jun 12:00 11.3 28.7 2.02
26 Jun 12:00 10.5 37.2 1.98
2 Jul 12:00 14.2 67.3
2 Aug 12:00 10.3 31.3 3.80
27 Aug 12:00 6.4 88.5 0.58
3 Sep 12:00 11.0 68.8 0.61
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(a)

(b) (d)

(c)

 597	  
 598	  
Figure 1.  OMI/MLS Total Column Ozone for (a) June 2008; (b) July 2008; (c) August 599	  
2008; (d) September 2008.  Units are in DU.600	  

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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 601	  
Figure 2. Daily area averaged (13-16°N, 16-19°W) OMI derived Aerosol Index (AI) and 602	  

Mbour, Senegal AOT for:(a) June; (b) July; (c) 1 August-5 September; (d) Area averaged 603	  

(11.5-16.5°N, 12.5-17.5°W)  TRMM daily averaged precipitation for 1 June-5 September 604	  

2006. Arrows represent launch ozonesonde launch dates. 605	  

 606	  

 607	  

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. Ar-
rows represent launch ozonesonde launch dates.

28084

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/28061/2011/acpd-11-28061-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/28061/2011/acpd-11-28061-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 28061–28095, 2011

Enhancement and
depletion of
lower/middle

tropospheric ozone

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
|

	   32	  

hP
a

80 100

500

600

700

800

900

1000
6040200

    O3 profiles for Premonsoon/Monsoon Transition

ppb

7/2

6/26

(c)

0 20 40 60 80 100

500

600

700

800

900

1000

Dakar Senegal 2008 average Relative Humidity profiles (%)

10 20 30 40 50 60

500

600

700

800

900

1000

Dakar Senegal 2008 average ozone profiles (ppb)

Average 
SAL
Non-Sal

hP
a

hP
a

ppb

percent

(a)

(b)

Average 
SAL
Non-Sal

 608	  

Figure 3. (a) 1000-450 hPa observed lower/middle tropospheric average vertical profiles 609	  

for SAL, Non-SAL and the average of all ozonesondes during the summer of 2008 for: 610	  

(a) relative humidity (percent); (b) ozone (ppb).  (c) Vertical profile of ozone (ppb) for 611	  

the pre-monsoon/monsoon transition on 26 June and 2 July.  612	  

Fig. 3. (a) 1000–450 hPa observed lower/middle tropospheric average vertical profiles for SAL,
Non-SAL and the average of all ozonesondes during the summer of 2008 for: (a) relative humid-
ity (percent); (b) ozone (ppb). (c) Vertical profile of ozone (ppb) for the pre-monsoon/monsoon
transition on 26 June and 2 July. Units are ppb.
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 613	  

Figure 4.  1000-450 hPa observed lower/middle tropospheric vertical profiles of: (a) O3 614	  

concentrations; (b) relative humidity and (c) temperature for the pre-monsoon period. 615	  
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

 616	  

	   35	  

(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

 617	  

Figure 5.  Pre-Monsoon OMI AI and 925 hPa streamlines (panels a-e), Deep Blue AOT 618	  

and 700 hPa streamlines (panels f-j): (a, f) 8 June ; (b, g); 10 June; (c, h) 12 June; (d, i) 15 619	  

June; (e, j) June 26. 620	  

   621	  

Fig. 5. Pre-Monsoon OMI AI and 925 hPa streamlines (a–e): Deep Blue AOT and 700 hPa
streamlines (f–j): (a and f) 8 June; (b and g); 10 June; (c and h) 12 June; (d and i) 15 June; (e
and j) 26 June.
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 622	  

 623	  

Figure 6. TRMM daily Precipitation amounts (a) 28 June; (b) 29 June; (c) 30 June; (d) 1 624	  
July.  Units are mm. 625	  

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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 626	  

Figure 7. 1000-450 hPa lower/middle tropospheric vertical profiles of:  (a) O3 627	  

concentrations; (b) relative humidity and (c) temperature for the monsoon period 628	  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

 629	  

 630	  

 631	  

 632	  

 633	  

	   39	  

(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

 634	  

 635	  

Figure 8.  Monsoon OMI AI and 925 hPa streamlines (panels a-d), Deep Blue AOT and 636	  

700 hPa streamlines (panels e-h): (a, e) 2 July; (b, f); 2 August; (c, g) 27 August; (d, h) 3 637	  

September. 638	  

 639	  

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

(b) (d)

(c)

 640	  

 641	  

 642	  

Figure 9.  WRF-CHEM Time-height profiles of O3 concentrations and vertical velocity 643	  

(w) at 14.5° N, 17.5°W for initial conditions beginning at: (a) 1 June 0000 UTC; (b) 4 644	  

June 1200 UTC; (c) 5 June 1200 UTC; (d) 6 June 1200. Units in ppb and cm-s-1. 645	  

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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 646	  

Figure 10. (a) Surface -450 hPa averaged vertical profile of O3 concentrations fur 10, 12, 647	  

15; (b) June 1000-150 hPa observed vertical profile of O3 at Dakar for 10,12 June, 1200 648	  

UTC; (c)1000-200 hPa WRF-CHEM vertical profile of O3 . Units in ppb. (d) TRMM 12 649	  

July total rain (mm).  650	  

Fig. 10. (a) Surface-450 hPa averaged vertical profile of O3 concentrations fur 10, 12, 15;
(b) June 1000–150 hPa observed vertical profile of O3 at Dakar for 10,12 June, 12:00 UTC;
(c)1000–200 hPa WRF-CHEM vertical profile of O3. Units in ppb. (d) TRMM 12 July total rain
(mm).
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 651	  

Figure 11.  WRF-CHEM simulation of:  (a) 925 hPa O3 concentrations for June, July and 652	  

August/Sept; (b) 850 hPa relative humidity for June, July and August. Units are hour 653	  

within the month (720 hours per 30 days).  WRF was integrated through Sept 5th. 654	  

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. Units are ppb for O3, % for RH and ◦C
for temperature.
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 656	  

 657	  

Figure 12.  1000-750 hPa observed vertical profiles of O3 (blue), RH (green) and 658	  

Temperature (red) for identified SAL events.  (a) 8 June; (b) 10 June; (c) 15 June; (d) 2 659	  

August.  Units are ppb for O3, % for RH and Degree C for temperature.  660	  

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 ◦C for temperature.

28094

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/28061/2011/acpd-11-28061-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/28061/2011/acpd-11-28061-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 28061–28095, 2011

Enhancement and
depletion of
lower/middle

tropospheric ozone

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
|

	   44	  

 661	  

 662	  

Figure 13.  (a) A depiction of relative humidity, aerosol and O3 concentrations in various 663	  

layer of the lower/middle troposphere associated with  a SAL intrusion.  The dash line 664	  

represents the vertical profile of temperature. (b) Proposed mechanism for increasing O3 665	  

in the 950-900 hPa layer 666	  

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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