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Abstract

Chemical and meteorological parameters measured on board the Facility for Airborne
Atmospheric Measurements (FAAM) BAe 146 Atmospheric Research Aircraft during
the African Monsoon Multidisciplinary Analysis (AMMA) campaign are presented to
show the impact of NOx emissions from recently wetted soils in West Africa. NOx5

emissions from soils have been previously observed in many geographical areas with
different types of soil/vegetation cover during small scale studies and have been in-
ferred at large scales from satellite measurements of NOx. This study is the first dedi-
cated to showing the emissions of NOx at an intermediate scale between local surface
sites and continental satellite measurements. The measurements reveal pronounced10

mesoscale variations in NOx concentrations closely linked to spatial patterns of an-
tecedent rainfall. Fluxes required to maintain the NOx concentrations observed by the
BAe-146 in a number of cases studies and for a range of assumed OH concentrations
(0 to 1×107 molecules cm−3) are calculated to be in the range 4.7 to 37.3 ng N m−2 s−1.
These values are comparable to the range of fluxes from 2 to 83 ng N m−2 s−1 reported15

from small scale field studies in a variety of tropical and sub-tropical locations reported
in the review of Davidson and Kingerlee (1997). The fluxes calculated in the present
study have been scaled up to cover the area of the Sahel bounded by 10 to 20 N and
10 E to 20 W giving an estimated emission of up to 0.05 TgN from this area for July
and August 2006. The observed chemical data also suggest that the NOx emitted from20

soils is taking part in ozone formation as ozone concentrations exhibit similar fine scale
structure to the NOx, with enhancements over the wet soils. Such variability can not be
explained on the basis of transport from other areas.

1 Introduction

Oxides of nitrogen play a key role in almost all aspects of atmospheric chemistry. Emis-25

sions of nitrogen oxides (NOx=NO+NO2) are a key factor in tropospheric ozone pro-
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duction and affect the oxidative capacity of the atmosphere (Wayne, 1991). Due to the
influence they have on aerosol composition and ozone formation, NOx emissions may
also have an impact on the radiative balance of the atmosphere (Prater and Enhalt,
2001).

In rural, tropical regions the main source of ground level NOx in the dry season5

is anthropogenic – mainly due to human-initiated fires. There is also evidence from
satellite data in the Sahel that emissions of NO from wet soils in the rainy season may
lead to a significant enhancement of NOx in the region (Jaegle et al., 2004). This is
supported by field and laboratory measurements which report large NO pulses when
the soils of dry savannahs or seasonally dry forests are exposed to rainfall (Johannsson10

and Sanhueza, 1988; Davidson, 1992; Harris et al., 1996; Levine et al., 1996; Kirkman
et al., 2001; Scholes et al., 1997; Serça et al., 1998). Global estimates of NOx sources
show that biogenic emissions of NOx from soils are significant, accounting for 14% of
tropospheric NOx (Delmas et al., 1997). Tropical soils contribute up to 70% of the total
global soil emissions (Yienger and Levy, 1995), with model studies showing that Africa15

accounts for 30% of these tropical emissions (Jaegle et al., 2005). It is believed that
these NO emissions are caused by microbes in the soil that are water-stressed and
remain dormant in dry periods The microbes are activated by the first rainfall of the
season and metabolise accumulated nitrogen (as ammonium and nitrate ions) in the
soil leading to NO as one of the by products, which is then emitted into the atmosphere20

(Hall et al., 1996; Delmas et al., 1997). Although emissions from soils are in the form
of NO (Conrad, 1996), once in the atmosphere NO is rapidly converted to NO2 by
reaction with ozone. Therefore in this paper concentrations of NOx are used to quantify
the amount of NO emitted from the soil.

The current estimates of the amount of NOx produced from tropical soils in this way25

are poorly constrained due to lack of relevant field measurements and the temporal and
spatial heterogeneities in pH, soil temperature, soil type and soil moisture content. In
fact, published estimates differ by a factor of 4 (5–21 TgN/yr) (Davidson and Kingerlee,
1997; Delmas et al., 1997; Davidson, 1991; Watson et al., 1992; Potter et al., 1996;
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Yienger and Levy, 1995). Jaegle et al. (2004) infer from satellite measurements of NO2
that the contribution of NO from African soils is 3.3±1.8 TgN/yr, and extrapolating this
to cover all the tropics they estimate a global contribution of 7.3 TgN/yr from biogenic
soil sources.

In this study, data are presented from 3 flights carried out as part of the AMMA5

(African Monsoon Multidisciplinary Analysis; Redelsperger et al., 2006) campaign
which had the aim of relating physical and chemical properties of the daytime boundary
layer with soil moisture patterns to the north of Niamey, Niger in July and August 2006
(flight tracks in Fig. 1). These flights consisted of a series of long low-level transects
over arid areas that had experienced rainfall in the previous 1–3 days. This study is10

one of a number of investigations into NO emissions from soils carried out as part of
the AMMA campaign. The main study of relevance to this work is that of Delon et
al. (2007) which uses an artificial neural network (ANN) constrained by field studies
in West Africa to calculate spatially distributed soil emissions for a single day during
the AMMA campaign. The soil fluxes were input into a 3-D mesoscale model to cal-15

culate the effect of soil NO emissions on the NOx and ozone levels over West Africa.
These modelled NOx and ozone concentrations are then compared to the observed
concentrations from the BAe-146.

2 Experimental

The gas-phase chemistry measurements discussed in this paper were made on board20

the FAAM BAe146 Atmospheric Research Aircraft which was based in Niamey, Niger
for the AMMA campaign from 17 July to 17 August 2006.

2.1 NOx instrumentation

NOx measurements were made using two instruments on board the FAAM BAe 146.
The instrument used in all flights was a commercial TECO 42C chemiluminescence25
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NOx analyser. This is a two channel (NO and NOx) instrument utilising a single cham-
ber and photomultiplier tube in which the chemiluminescence reaction with ozone is
used to measure NO. The sample gas passes through a solenoid valve which routes
the sample directly to the reaction chamber (NO mode) or through a molybdenum con-
verter which converts NO2 (and some other NOy species) to NO before entering the5

chamber (NOx mode). The other instrument was the University of East Anglia (UEA)
NOxy which measures NO by chemiluminescence and NO2 by photolytic conversion of
NO2 to NO which is measured by chemiluminescence in a second detector. This in-
strument was operated for 10 flights towards the end of the campaign. Detection limits
of the UEA NOxy are of the order of 3 pptv for NO and 20 pptv for NO2 for 10 s data with10

estimated accuracies of 8% for NO at 1 ppb and 9% for NO2 at 1 ppb. The instrument
is described in detail in (Brough et al., 2003).

Since the TECO is a less sensitive instrument than the NOxy and may include a
fraction of NOz (NOy–NOx) in its measure of NO2, a comparison between the 2 instru-
ments was performed for the flights when both instruments were operated to evaluate15

the quality of the TECO data and to determine whether its measurements of NOx could
be used for flights when the NOxy was not operated. Figure 1 shows a scatter plot of
the 10 s averaged data for all of the data in the boundary layer throughout the AMMA
campaign. The boundary layer height was determined from plots of potential tempera-
ture vs. altitude calculated either from drop sonde data or in the absence of operational20

sondes from in situ aircraft data on profile ascents and descents. It is apparent from
Fig. 1 that the TECO instrument is reading systematically slightly higher (16%) than
the NOxy, possibly due to a known NOz interference, which is discussed in detail in
Steinbacher et al. (2007). At NOx concentrations below 1ppb (as measured by the
UEA NOxy) this overestimation is not as pronounced (9%). In both cases (for all data25

and data below 1 ppb), the differences in the TECO and NOxy data are close to the
estimated accuracies of the NOxy NO and NO2 channel (8% for NO at 1 ppb and 9%
for NO2 at 1 ppb giving a combined uncertainty of 12.5% for total NOx at 1 ppb). The
correlation coefficient for all the data in the boundary layer is good at 0.82 but this
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declines to 0.42 below 1 ppb (as measured by the UEA NOxy), demonstrating the rela-
tively high noise in the TECO data at these concentrations. This comparison therefore
shows generally good agreement between the two instruments, but also illustrates that
caution should be exercised when using TECO data below 1 ppb. Therefore in this
study where we are using data with concentrations mostly below 1 ppb, we have been5

careful to only select cases where we have observed enhancements in NOx for sus-
tained periods of several minutes in which errors due to random noise are substantially
reduced.

2.2 Other instrumentation

Ozone was measured using a TECO 49 UV photometric instrument. This instrument10

has been modified with the addition of a drier and separate pressure and temperature
sensors. The inlet from the port air sample pipe is pumped via a buffer volume to
maintain the inlet air at near surface pressure. All surfaces in contact with the sample
including the pump are of polytetrafluoroethylene (PTFE) or PFA. The instrument has
a range of 0–2000 ppbv, a detection limit of 1 ppbv and a linearity of 2% (as stated by15

the manufacturer).
Carbon monoxide was measured by VUV resonance fluorescence using an Aero

Laser AL5002 Fast Carbon monoxide (CO) Monitor. With an integration time of 10s
the detection limit is <2.0 ppbv. The measurement technique is described in detail in
Gerbig et al. (1999).20

Acetonitrile and benzene were measured using a Proton Transfer Mass Spectrome-
ter (PTrMS) supplied by Ionicon Analytik to which slight modifications have been made.
The technique is based on the transfer of a proton from H3O+ to organic compounds
which have a higher proton affinity. The resulting ions are then detected using mass
spectrometry. The instrument was operated using a cycle in which the mass spectrom-25

eter scans over a mass range resulting in a point measurement for each species of
interest approximately every 15 s.

PAN was measured using a two channel gas chromatograph with fused silica capil-
16258
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lary columns coupled with electron capture detection. The use of two channels doubled
the frequency of the PAN measurement and provided data every 90 s with a detection
limit of ∼30 ppt (S/N=3).

2.3 Flight planning

Rainfall in the Sahel is intermittent in space and time. The top layers of the soil usu-5

ally have time to dry out between storms, which have typical return times of 3 days
during the rainy season. Fluxes of NO are very strong within a few hours after rain
but decrease rapidly on the second and third days (Sanhueza, 1992; Levine, 1993)
while evaporation (sensible heat flux) remains relatively high (low) (Taylor et al., 1997).
During the wet season, rainfall therefore produces a highly heterogeneous and evolv-10

ing surface, with strong contrasts in physical and chemical fluxes into the atmosphere
dependant on local antecedent rainfall.

The aim of the flights presented here was to characterise the physical and chemical
response of the boundary layer to the complex surface forcing following rain. Flight
tracks were designed to cross regions where soil moisture contrasts were large due to15

the passage of storms across part of the track. This was possible through the com-
bined use of cold cloud top temperature imagery during the storms (from Meteosat)
to track likely precipitating systems, supplemented by more accurate mapping of wet
and dry surfaces using land surface temperature (LST) data from Meteosat on the
morning of the flight. Anomalies were computed from the longer term mean diurnal20

cycle of LST for each pixel for every cloud-free slot. The LST data were downloaded in
near-real time from LandSAF (http://landsaf.meteo.pt/) and a daytime average (07:00
to 17:00 UTC) map of LST anomaly (LSTA) data from all 41 slots was used to charac-
terise soil moisture gradients on the day of the flight, based on the principle that when
a soil is wetted, it is cooler than more typical, drier conditions (e.g. Taylor et al., 2003).25
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3 Results and discussion

In this section, 3 case studies are presented which illustrate the spatial relationships
observed between soil moisture (inferred from LSTA) and the various physical and
chemical parameters in the boundary layer. Subsequently fluxes of NOx from wet soils
are calculated from concentration data on 5 flights to determine the typical strength of5

this source. These estimates are compared to other literature values, and discussed in
terms of their regional significance.

The tracks of the three case studies are shown in Fig. 2, overlaid on maps of LSTA
for that day. These cases were selected from the larger series of AMMA flights because
they captured well-defined soil moisture features which were detectable with LSTA due10

to lack of cloud. In addition, the boundary layer structure on these flights was not
affected directly by deep convective mixing during or in the hours prior to take-off. All
3 flights took place during the afternoon, when the boundary layer was relatively deep.
The vegetation cover on all 3 flights was generally sparse with a seasonal herbaceous
layer just starting to emerge between woody coverage of a few percent.15

3.1 Case study 1. flight B224 – 1 August 2006

The first flight discussed was performed approximately 18 h after a major storm devel-
oped in northern Mali around 16 N, 1 E which subsequently travelled south-westwards.
The broad track of that storm is evident from the contours of satellite cold cloud
(Fig. 2a), whilst the LSTA data provide a higher spatial resolution picture of the re-20

sulting pattern of cool (and wet) surfaces adjacent to warmer, drier zones. The aircraft
crossed the region roughly perpendicular to the swath of high soil moisture at a height
of approximately 170 m. The LSTA map also indicates the effect of other storms on the
flight track two and four days prior to the flight. A more detailed history of these storms
and the impact of the soil moisture on the physical properties of the boundary layer has25

been presented by Taylor et al. (2007).
The response of the boundary layer potential temperature and specific humidity to
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soil moisture along the track is shown in Fig. 3a and 3b. In sections of the track over-
flying wet soils, as indicated by strongly negative LSTA, the boundary layer was locally
cooler and moister, due to the increased latent and reduced sensible heat fluxes from
the ground. This effect was most notable on the track above the storm of the previous
afternoon, between 16.1 and 16.45 N and again around 16.6 N, though earlier storms5

also affected the boundary layer between 15 and 16 N. Vertical temperature and hu-
midity profile data (Taylor et al., 2007) also indicate that the boundary layer over the wet
soil was typically half the depth of nearby drier regions, due to variations in sensible
heat flux. These mesoscale surface-forced features were superimposed on the large-
scale meridional gradient of increasing temperature and decreasing specific humidity10

from south to north.
The chemical response of the boundary layer to the soil moisture features is evident

in Fig. 3c and 3d. There was a striking impact of soil moisture on the NOx concen-
tration: NOx exceeded 1 ppb directly above the soil wetted the previous day, whilst
the measured concentration fell sharply when the aircraft flew over adjacent drier soil15

(e.g. at 16.5 N). An anthropogenic source of this NOx can be ruled out as NOx and
CO are very poorly correlated (R2=0.04). Unfortunately the PTr-MS was not oper-
ated on this flight so no correlations between NOx and benzene or acetonitrile can be
presented.

Over the wet soil features the concentrations of ozone were also enhanced from 3620

to 47 ppb with fine scale structure associated with the wet and dry regions as shown
in Fig. 3d. The lower values of ozone were comparable with data taken at either end
of the transect above the boundary layer, and imply the maxima were confined to the
boundary layer. These features are consistent with local production of ozone over the
wet soils driven by NOx emissions. Further evidence of photochemical ozone produc-25

tion is available from the PAN (peroxyacetyl nitrate) data which correlates well with the
NOx and ozone increasing from around 20 ppt where NOx and ozone are low up to
70 ppt in the region where NOx and ozone are enhanced (Fig. 3d).
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3.2 Case study 2. flight B227 – 6 August 2006

This flight was designed to sample mesoscale soil moisture features produced by rain-
fall on the previous afternoon and overnight on a transect to the north-east of Niamey
and over a desert region to the west of the Aı̈r Mountains (Fig. 2b) and is the focus of
the study by Delon et al. (2007). The surface was wetted near the northern end of the5

transect (around 17 N, 7 E) and, in patches, on the flight track south of approximately
16.2 N. In both of these areas, LSTA was −6 K or cooler. In the region between 16.2
and 17.0 N, patches of moderately negative values of LSTA data were retrieved from
satellite, and these patterns were related to an earlier rain event, on the 3–4 August.
Because of the presence of dust and the associated poor visibility, the aircraft was10

unable to descend into the boundary layer overlying the wet zone north of 17 N.
Figure 4 presents boundary layer data from a pair of NE-SW transects over a surface

which in the north had largely dried out, but in the south had been wetted in the early
hours of that morning. As in the previous case, mesoscale variations in boundary
layer temperature and humidity could be linked with changes in surface wetness. In15

particular, in the region affected by overnight rain south of 16.2 N, the boundary layer
was markedly cooler and moister than to the north, though fine scale features were
embedded within this structure.

The highest NOx levels were encountered near areas in the south with an LSTA of
typically −6 K. By contrast, low values of LSTA further north (e.g. around 16.9 N) were20

not associated with local maxima in NOx concentration. These zones were affected
by rain 2–3 days earlier and weak signals of variability in LSTA were evident in atmo-
spheric temperature and humidity data. This is consistent with a weak impact of that
storm on heat and water fluxes which persisted for 2–3 days. The lack of a NOx signal
there implies that surface emission decayed more rapidly than evaporation as the soil25

dried. Similar behaviour was also found over “old” wet zones on flight B224. Again, the
fact that the NOx enhancements observed during this flight are not well correlated with
enhancements in CO (R2=0.23), benzene (R2=0.01) or acetonitrile (R2=0.01) rules
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out an anthropogenic or biomass burning NOx source. This argument is strengthened
when it is considered that a lot of the benzene data was below the 34 ppt detection
limit of the PTrMS. Finally, elevated levels of ozone (up from 39 ppb to 44 ppb) were
also observed on the southerly part of the low level runs occurring over areas of signif-
icantly negative LSTA. PAN was also elevated in the areas where higher ozone levels5

were observed, which is good evidence for photochemical ozone production driven by
the NOx emissions from the soil.

3.3 Case study 3. flight B217 – 21 July 2006

In this case, the aircraft flew to the north of Niamey over 2 well-defined wet zones pro-
duced by overnight rain (Fig. 2c). As in the previous two cases, the LSTA correlates10

very well with the physical properties of the boundary layer on a long low level transect
(Figs. 5a and 5b). The chemical data (NOx, ozone and PAN) also exhibit similar struc-
ture to the LSTA (and hence soil moisture) as shown in Figs. 5c and 5d. The elevations
of NOx are again unlikely to be due to anthropogenic pollution or biomass burning
as they are anti-correlated with CO (R2=0.49) and poorly correlated with acetonitrile15

(R2=0.02). No correlation is given for benzene, which was below the instrument de-
tection limit of 29 ppt for almost all of this flight. Such low benzene concentrations in
themselves also imply an absence of anthropogenic pollution sources.

The chemical data from this flight exhibit common features with the other 2 cases
discussed; strong spatial variability in NOx, ozone and PAN with maxima recorded20

above wet soils. These cases provide a picture of highly heterogeneous NOx emission
linked to antecedent rainfall, leading to photochemical ozone production. The issue of
ozone production is returned to in Sect. 3.7.

3.4 Flux calculations

NOx fluxes have been calculated from the data over areas of the flight track that had25

received recent rainfall based on the following assumptions: a) the measured concen-
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tration of NOx was well mixed throughout the boundary layer, the height of which was
estimated from drop sonde data or from in situ data obtained from the aircraft during
profile ascents and descents; b) the NOx was emitted at a constant rate from the time
of sunrise to the time of the flight; c) that no significant advection of NOx into or away
from the area of the wet features took place after sunrise; and d) the only NOx loss5

processes occurring were deposition to the surface and reaction of NO2 with OH –
entrainment losses at the inversion are neglected. The time since sunrise was used
to integrate the fluxes over, as strong monsoon winds overnight are likely to remove
significant accumulations of locally produced NOx by dawn. In these calculations the
sunrise times were obtained from the StarDate website (www.stardate.org). The NOx10

concentrations over dry soil were taken as the average NOx concentration over regions
of dry soil in the boundary layer adjacent to the wet patches. The NOx concentrations
over the wet soils are the average NOx concentrations measured over wet areas that
show a clear elevation above the background “dry” NOx. These assumptions are sim-
plifications, not least the neglect of horizontal and vertical mixing of NOx, which will15

be significant at the length scales analysed here. A more realistic mixing assumption
would increase the flux required to maintain the observed concentrations. The change
in concentration with time of a species (C) is given by:

∂C
∂t

= P−LC (1)

where P is the production rate of the species and L its loss rate. The solution to this20

equation is:

Ct = C0e
−L∆t+

P
L

(1−eL∆t) (2)

Assuming that the NOx is only produced by emission (Flux F , molecules cm−2 s−1) of
NO from the soil into a boundary layer height of H (cm) and that the concentration over
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the wet soils at time=0 is the same as that over the dry soils gives:

F =
L.

(
Cwet−Cdrye

−L∆t
)

1−e−L∆t
× H (3)

where Cwet is the NOx concentration measured over the wet soil, Cdry is the background

NOx concentration measured over the dry soil (in molecules cm−3), L is the loss rate
of NOx in s−1. This loss rate is calculated as the sum of NOx loss due to reaction with5

OH (k=1.19×10−11 cm3 molec−1 s−1) and deposition to the surface using a deposition
velocity of 9×10−2 cm s−1 (von Kuhlmann et al., 2003). and ∆t is the time since sunrise.
The calculated fluxes (after conversion of units to ngN m2 s−1) are shown in Table 1.
The fluxes are calculated using a range of possible OH radical concentrations. This
range is based on the OH concentrations measured using the University of Leeds10

Fluorescence Assay by Gas Expansion (FAGE) instrument (which was not operated
on all flights) over the AMMA campaign.

The fluxes calculated using data from the two NOx instruments agree pretty well (as
can be seen from Table 1), except in the case where the NOx concentration was rel-
atively low (i.e. 14.0 N, 3.5 E flight B230) and the case where the TECO significantly15

overestimated the NOx concentration (e.g. 15.5 N 4.0 E flight B230). In the latter case
the PAN levels were of the order of 60 ppt whilst the TECO instrument was overestimat-
ing NOx by around 200 ppt. The cause of this is unclear as NOy equals the sum of NOx
and PAN for most of this flight, suggesting little interference from other NOy species.

3.5 Comparison of calculated fluxes to previous measurements20

Harris et al. (1996) calculated NOx fluxes based on the concentration profiles of ozone
and NOx. They did this by adopting an ozone deposition velocity of 0.2 cm.s−1 for
ozone over bare soil (Warneck, 1988) and estimating of the downward flux of ozone
required to balance the observed concentration difference in ozone in the lowest 100m
of the altitude range of the aircraft profile. Assuming the same eddy diffusivity profile25
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for the upward NOx flux between the same altitudes, and using the observed concen-
tration profile of NOx ,an estimate of the flux required to explain the NOx concentration
gradient can be obtained. Unfortunately the AMMA flights were not planned with this
type of analysis in mind and suitable vertical profile data was not collected to carry
out such a calculation. Using this analysis they obtained a flux of ∼32 ngN m−2 s−1

5

which is comparable to the fluxes obtained in this study assuming chemical loss with
OH=1×107 molecules cm−3.

As shown in Fig. 6 the average fluxes (averages over all individual wet patches for
a given OH concentration) calculated using the data from the NOxy instrument (4.7

to 30.1 ngN m−2 s−1 value calculated omitting fluxes marked with * in Table 1) are of10

similar order of magnitude to the values of the mean fluxes of NO from soils (∼2 to
83 ngN m−2 s−1) reported in the review of Davidson and Kingerlee (1997), for a variety
of land surface types in Africa and other tropical regions. The average fluxes derived
from the TECO data (∼6.2 to 37.3 ngN m−2 s−1) are higher than those calculated from
NOxy data as shown in Fig. 7 due to higher fluxes calculated for earlier flights where15

the NOxy was not operated, but they are still of a similar order of magnitude to those
reported in other studies. This could be due to the earlier flights being closer to the
onset of the rainy season when NO emission is expected to be larger. However, in
all cases, there had been a number of significant rainfall events in the weeks prior
to the flights, so the observations did not capture the first pulse of the season. The20

different OH values used lead to a range of fluxes which cover a similar range to those
reported in the literature. The extreme case with no OH is similar to the fluxes reported
from tropical areas in the dry season or that are nutrient poor, and case with high
OH (1×107 molecules cm−3) is similar to fluxes reported from tropical areas in the wet
season or immediately post rain.25
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3.6 Significance of calculated fluxes

Calculated fluxes for the July/August period were upscaled to the Sahel region from
10 W to 10 E and 10 N to 20 N, an area of 2.3 million km2. To do this an estimate had to
be made the fraction of this area that was recently wetted and emitting NO. This was
done using satellite measurements of soil moisture (from AMSR-E). A pixel was judged5

to be emitting NO when the estimated near surface volumetric soil moisture increased
by at least 0.02 m3 m−3 relative to the previous day. This yielded a regional mean wet
fraction of 11% during the July/August 2006 period. This “first guess” value can be
used as the percentage of the area emitting NO at any given time, assuming that this
increase in soil moisture triggers NO emissions and that these emissions last for 24 h.10

The total amount of nitrogen emitted is then given by Eq. (2):

total N = F × (A × 0.11) × t (4)

where F is the flux of NO in ngN m−2 s−1, A is the area of the region in m2 and t is
the length of time considered. The calculated emissions are shown in Table 2 (after
conversion of units to TgN). From this it can be seen that the amount of nitrogen emitted15

from wetted soils in this region ranges from 0.01 TgN (no chemical loss) up to 0.04
to 0.05 TgN if chemical loss (OH=1×107 molecules cm−3) is considered. There are
uncertainties in the values in Table 2, for example the calculation of the area of NO
emissions assumes this emission to only happen for 24 h after a rainfall event whereas
NO pulses have been shown to persist for longer periods. Also the estimate of the20

area of wet soil may be an underestimate being based on a threshold change between
observations which have insufficient temporal resolution to capture the fast dynamics
of the top 1 cm of soil.

Jaegle et al. (2004) have estimated a regional contribution of soil emissions to the
atmospheric budget of NOx over Africa in 2000. Using a top down approach from25

satellite NO2 data and emissions inventories for fossil and biofuels they obtained an
emission from soils of between 0.2 and 0.3 TgN/month for July and August in north
equatorial Africa (0 to 18 N, an area of ∼6 million km2). Using a value of 0.5 TgN for
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the sum of soil NOx emissions for July and August from their analysis and dividing by
2.58 (the ratio of the areas considered) a value of 0.19±0.1 TgN is obtained (where the
error assumes the same 50% value as in their global estimate). As can be seen from
Table 2, these values are significantly higher than those calculated in this study (by a
factor of 5 to 20). Furthermore, comparison between our estimate and that of Jaegle et5

al. 2004 assumes that emissions from the whole of tropical North Africa are the same
as that over the more limited region of the Sahel examined in this study, whereas the
greater proportion of NO emission may be expected to be come from the intermittently
wetted soils in the Sahel region. Accounting for this would increase the discrepancy
still further. There is evidently much further work required to produce reliable NOx10

budgets in this region. The direct comparison of concentration data presented here
with satellite column measurements of NO2 would be a useful next step.

3.7 Evidence of local ozone production over wet soil

In all 3 cases presented, increased NOx over wet soil is generally accompanied by
increased ozone (Figs. 3–5). It is less easy to attribute increased ozone to NO from15

the wet surface than increased NOx, due to the relatively long life-time of ozone. Higher
ozone in a region could simply reflect transport from a remote source region or from
higher in the atmosphere. However, what is striking in the data presented here is the
presence of sharp horizontal gradients in boundary layer ozone of up to 6 ppb over 7 km
(case 1) and 10 ppb over 40 km (case 3), which are coherent with changes in surface20

moisture and assumed emission of NO. Transport of ozone from a remote source in a
steady flow regime (in this case, the nocturnal monsoon flux) would not maintain such
horizontal structure, as turbulent diffusion would dissipate any gradients during the
day. Intermittent vertical mixing (by moist convection) could inject an air mass of high
ozone (or indeed NOx) into the boundary layer which immediately afterwards would be25

accompanied by sharp horizontal gradients. Again these would dissipate over time.
However, there was no evidence of localised convection (from satellite data) in the
hours prior to these flights, nor any plausible reason why such mixing would be located
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over wet soil. In all cases, the deep convection which produced the rainfall, occurred
more than 12 h before the data were taken.

The only plausible explanation for the observed spatial variability in ozone is that
it resulted from photochemical production in the boundary layer where NOx concen-
trations were large. These ozone enhancements were observed 8–10 h after sunrise5

leading to a possible ozone production rate of the order of 1 ppb h−1. Figure 7 shows
good correlation between NOx and ozone along all the low level transects of the flights
where a NOx flux has been calculated, illustrating the widespread nature of this pro-
cess. Figure 7 also indicates an ozone production efficiency of 7 molecules of ozone
per molecule of NOx and a background ozone concentration of 40 ppbv. The conclu-10

sion of active photochemical production of ozone is also supported by the observations
of locally-enhanced PAN above wet soil and the modelling study of Delon et al. (2007).
The physical response of the boundary layer to the wet soil would affect the concentra-
tion of ozone in several ways. On the one hand, the boundary layer is much shallower
over wet, NO-emitting soil, raising concentrations of NOx and thus the concentration15

of photochemically produced ozone within the boundary layer. On the other hand, a
shallower boundary layer will lead to increased surface deposition losses of ozone. An
impact of the variation in boundary layer depth with soil moisture is that when ozone-
rich air moves away from the wet soil, it is mixed into a much deeper ozone-poor
boundary layer. If the boundary layer depth were constant, the horizontal ozone gradi-20

ents surrounding a source would be rather smooth. In this case, where the boundary
layer height may double within a few kilometres of the source region, ozone gradients
become much larger. Another process acting to enhance horizontal ozone gradients is
the development of divergent boundary layer circulations over wet soil patches within
drier zones, as identified by Taylor et al. (2007). This increases the residence time of25

an air parcel over the wet surface during which time ozone may be produced.
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4 Conclusions

Elevated levels of NOx and ozone showing strong spatial variability have been ob-
served during the wet season in a semi-arid region of West Africa during the AMMA
2006 aircraft campaign. These elevations of NOx correlated well with specific humid-
ity and were anti-correlated with potential temperature and land surface temperature5

anomalies indicating that the emissions are linked to soil moisture. The elevations
in NOx are not associated with elevated levels of CO, benzene or acetonitrile – rul-
ing out an anthropogenic or biomass burning source for the NOx. It can, therefore,
be confidently stated that the NOx enhancements are due to emissions from recently
wetted soils. Observed NOx levels over the wet soils (as inferred by the LSTA) are10

around 0.8–1.4 ppb as compared to background levels of 0–0.2 ppb over dry soils in
the same area. To maintain the elevated concentrations over wet soils fluxes of ∼4.7 to
∼6.3 ng N m−2 s−1 are required if no chemical loss of NOx is considered or fluxes of up
to ∼30.1 to ∼37.3 ng N m−2 s−1 with OH concentrations of up to 1×107 molecules cm−3.
These fluxes are within the range of average NOx fluxes reported in the literature for15

a range of tropical and sub-tropical regions in chamber measurements. These calcu-
lated fluxes have been scaled up to cover the area of the Sahel bounded by 10 to 20 N
and 10 E to 20 W giving an estimated emission of up to 0.05 TgN from this area for
July and August 2006. This is about 25% of the satellite derived estimate of Jaegle et
al. (2004), but within the uncertainties of both calculations. Elevations of ozone and20

PAN were also often observed to be well correlated with the elevations in NOx and
other boundary layer properties suggesting local production of ozone driven by the soil
NOx emissions.
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Table 1. A summary of the observed NOx concentrations and boundary layer heights with the
calculated fluxes for all soil NOx flights.

Date Flight Position NOx wet NOx dry NOx wet NOx dry BL ∆t4 TECO flux NOxy flux
(T)1 (T)1 (N)2 (N)2 Ht3 h ng N m−2 s−1 ng N m−2 s−1

(ppt) (ppt) (ppt) (ppt) (m)

20 Jul B216 14.4–14.8 N 1.6–1.8 E 1023 405 – – 705 9.0 7.7; 11.2; 27.1; 49.7 –
21 Jul B217 15.9–16.6 N 1.0–1.1 E 1024 300 – – 620 9.0 6.8; 9.9; 23.8; 43.8 –
21 Jul B217 15.3–15.7 N 1.1–1.4 E 900 300 – – 620 9.2 5.3; 8.1; 20.7; 38.4 –
21 Jul B2175 13.7–14.3 N 1.8–2.2 E 903 300 – – 620 9.2 5.3; 8.2; 20.8; 38.5 –
1 Aug B224 15.9–16.4 N 0.4–1.0 E 918 200 – – 545 8.0 8.4; 10.7; 21.6; 37.8 –
1 Aug B224 16.6–16.7 N 0.1–0.2 E 920 200 – – 545 8 8.4; 10.8; 21.7; 37.9 –
6 Aug B227 14.9–15.5 N 3.8–4.7 E 636 100 600 90 850 10.0 7.2; 9.5; 20.4; 37.2 6.9; 9.0; 19.3; 35.1
11 Aug B230 15.5 N 4.0 E 746 210 548 210 800 8.8 7.8; 10.5; 23.0; 41.3 4.9; 7.0; 16.6; 30.3
11 Aug B230 14.0 N 3.5 E 495 210 229 210 800 9.2 3.9; 5.9; 14.7; 27.3* 0.3; 1.4; 6.3; 12.5*
11 Aug B230 15.5 N 3.0 E 610 210 561 210 800 9.6 5.3; 7.6; 18.2; 33.6 4.7; 6.8; 16.7; 30.8
11 Aug B230 14.0 N 2.5 E 477 210 520 210 800 9.9 3.4; 5.3; 13.9; 26.2 4.0; 6.0; 15.4; 28.6
11 Aug B230 15.5 N 2.0 E 471 210 470 210 800 10.4 3.2; 5.1; 13.7; 25.8 3.2; 5.1; 13.7; 25.8

Fluxes are presented as no chemical loss; OH=1×106; OH=5×106; OH=1×107 molecules cm−3

1 (T) indicates concentration data from the TECO instrument
2 (N) indicates concentration data from the NOxy instrument
3 BL Ht is the boundary layer height
4 ∆t is time since sunrise (see text for further details)
5 This area was an “old” wet patch that received rain ∼60 h before the flight.
∗ These values excluded from calculation of average fluxes as NOxy shows very small NOx enhancement
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Table 2. Average NO fluxes from wetted areas calculated from Table 1 (see text for details) and
calculated total nitrogen emissions for the region bounded by 10 to 20 N and 10 W to 10 E in
July and August 2006.

OH Average flux Average flux Total N emitted Total N emitted
molecules cm−3 (T)1 ngN m−2 s−1 (N)2 ngN m−2 s−1 (T)1 Tg (N)2 Tg

0 6.25 4.74 0.01 0.01
1×106 8.81 6.78 0.01 0.01
5×106 20.45 16.34 0.03 0.02
1×107 37.29 30.12 0.05 0.04

1 (T) denotes figures derived from TECO NOx data
2 (N) denotes figures derived from NOxy NOx data
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Fig. 1. A scatter plot showing the intercomparison of NOx data from the TECO and NOxy
instruments for all boundary layer data collected throughout the AMMA campaign. Inset shows
all data below 1 ppb (as measured by the NOxy instrument).

16276

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/16253/2007/acpd-7-16253-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/16253/2007/acpd-7-16253-2007-discussion.html
http://www.egu.eu


ACPD
7, 16253–16282, 2007

Biogenic soil NOx
emissions during

AMMA

D. J. Stewart et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

 

 

 

 

 

 

 

 

 

Fig. 2. LSTA (K) maps (shaded) for flights described in the case studies with the low level
flight tracks (dotted line), (A) B224, (B) B227 and (C) B217. White denotes no data due to
cloud cover or water bodies. The contours indicate minimum cold cloud temperature during the
previous storms.
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Fig. 3. Showing the variation of LSTA and (A) potential temperature, (B) specific humidity, (C)
TECO NOx, and (D) ozone and PAN as a function of latitude during a low level transect over
wet features (as described in the text) for flight B224.
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Fig. 4. Showing the variation of LSTA with (A) potential temperature, (B) specific humidity, (C)
NOxy NOx and (D) ozone and PAN as a function of latitude during a low level transect over wet
features (as described in the text) for flight B227.

16279

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/16253/2007/acpd-7-16253-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/16253/2007/acpd-7-16253-2007-discussion.html
http://www.egu.eu


ACPD
7, 16253–16282, 2007

Biogenic soil NOx
emissions during

AMMA

D. J. Stewart et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

 311.0

310.5

310.0

309.5

309.0

T
heta (K

)

16.516.015.515.0
Latitude (DegN)

-6

-4

-2

0

2

4

LS
T

A
 (

K
)

 Theta
 LSTA

A
15x10

-3

14

13

12

S
pec. hum

idity (kg/kg)

16.516.015.515.0
Latitude (DegN)

-6

-4

-2

0

2

4

LS
T

A
 (

K
)

 humidity
 LSTA

B

1.2

1.0

0.8

0.6

0.4

0.2

N
O

x (ppb)

16.516.015.515.0
Latitude (DegN)

-6

-4

-2

0

2

4

LS
T

A
 (

K
)

 NOx_
 LSTAC

54

52

50

48

46

44

42

O
zone (ppb)

16.516.015.515.014.5
Latitude (DegN)

60

50

40

30

20

10

0

P
A

N
 (

pp
t)

-6

-4

-2

0

2

4

LS
T

A
 (

K
)

 Ozone
 PAN
 LSTA

D

311.0

310.5

310.0

309.5

309.0

T
heta (K

)

16.516.015.515.0
Latitude (DegN)

-6

-4

-2

0

2

4

LS
T

A
 (

K
)

 Theta
 LSTA

A
15x10

-3

14

13

12

S
pec. hum

idity (kg/kg)

16.516.015.515.0
Latitude (DegN)

-6

-4

-2

0

2

4

LS
T

A
 (

K
)

 humidity
 LSTA

B

1.2

1.0

0.8

0.6

0.4

0.2

N
O

x (ppb)

16.516.015.515.0
Latitude (DegN)

-6

-4

-2

0

2

4

LS
T

A
 (

K
)

 NOx_
 LSTAC

54

52

50

48

46

44

42

O
zone (ppb)

16.516.015.515.014.5
Latitude (DegN)

60

50

40

30

20

10

0

P
A

N
 (

pp
t)

-6

-4

-2

0

2

4

LS
T

A
 (

K
)

 Ozone
 PAN
 LSTA

D

Fig. 5. Showing the variation of LSTA with (A) potential temperature, (B) specific humidity, (C)
TECO NOx and (D) ozone and PAN as a function of latitude during a low level transect over wet
features (as described in the text) for flight B217.
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Fig. 6. Average calculated fluxes from AMMA data compared to other fluxes reported in the
literature data taken from Davidson and Kingerlee (1997) and references therein. OH concen-
trations are in molecules cm−3.
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Fig. 7. Scatter plot of TECO NOx vs. ozone for low level runs from flights in which data is used
in Table 1.
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