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Abstract

The tropics strongly influence the global atmospheric chemistry budget. However, con-

tinuous in-situ observations of trace gases are rare especially in equatorial Africa. The

WMO Global Atmosphere Watch programme aimed to close this gap with the instal-

lation of the Mt. Kenya baseline station. Here, the first continuous measurements of5

carbon monoxide (CO) and ozone O3 at this site are presented. The representative-

ness of the site was investigated by means of statistical data analysis, air mass trajec-

tory clustering, interpretation of biomass burning variability and evaluation of O3-CO

relationships. Despite its location in equatorial Africa the site was rarely directly influ-

enced by biomass burning emissions, making it suitable for background observations.10

Located at 3678 m above sea level the night-time (21:00–04:00 UTC) measurements

were in general representative of the free troposphere, while day-time measurements

were influenced by atmospheric boundary layer air. Six representative flow regimes to-

wards Mt. Kenya were determined: eastern Africa (21% of the time), Arabian Peninsula

and Pakistan (16%), northern Africa free tropospheric (6%), northern Indian Ocean and15

India (17%), south-eastern Africa (18%) and southern India Ocean (21%). The sea-

sonal alternation of these flow regimes was determined by the monsoon circulation and

caused a distinct semi-annual cycle of CO with maxima during February and August

and with minima in April and less pronounced in November. O3 showed a weaker an-

nual cycle with a minimum in November and a broad summer maximum. Inter-annual20

variations were explained with variations in southern African biomass burning and in

transport patterns. The measurements at MKN were representative of air masses with

little photochemical activity as indicated by weak O3-CO correlations, underlining the

baseline character of the site. Future extensions of the measurement programme will

provide better understanding of the atmospheric chemistry of this globally important25

region.
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1 Introduction

Carbon monoxide (CO) and ozone (O3) are two key species in the photochemical sys-

tem of the troposphere. Carbon monoxide controls the concentrations and distributions

of atmospheric oxidants, such as O3, hydroperoxy (HO2) and hydroxyl (OH) radicals.

About 70% of OH radicals in the background atmosphere react with CO (Crutzen and5

Andreae, 1990). Therefore, the concentration of CO largely determines the availability

of OH radicals. The OH radical is the main “cleansing agent” of the atmosphere, re-

moving air pollutants or greenhouse gases, the most prominent being methane (CH4),

from the atmosphere. An increase in CO is expected to decrease OH and hence to

increase the lifetime and abundance of these gases. CO itself has a lifetime of weeks10

to months and therefore is a useful tracer for combustion of biomass and fossil fuels

(e.g. Fishman and Seiler, 1983; Parrish et al., 1993). CO is emitted from fossil fuel

and biomass burning at low temperature and low oxygen conditions. Up to 45% of the

total atmospheric CO source results from oxidation of methane and other organics in

the atmosphere (Scholes et al., 2003). Global emissions of CO from biomass burning15

were estimated by Andreae and Merlet (2001) to about 690 Tg CO yr
−1

, while earlier

numbers were given with large uncertainties (280–1190 Tg CO yr
−1

) (Crutzen and An-

dreae, 1990). This accounts for almost half of the global annual primary CO emissions

(IPCC, 2001; Crutzen and Andreae, 1990). Tropical forest and savanna fires comprise

about 50% of these emissions (Andreae and Merlet, 2001) and can therefore signifi-20

cantly lower the oxidative capacity of the troposphere and increase lifetimes of other,

climate relevant, gases (Crutzen and Andreae, 1990).

Tropospheric O3 acts both to control the oxidizing capacity of the atmosphere, by

photolysis followed by reaction with water vapor (H2O) forming OH radicals, and as a

greenhouse gas (Levy, 1971; Chameides and Walker, 1973). Ozone is produced in25

the troposphere by the photochemical oxidation of hydrocarbons, CH4, and CO in the

presence of nitrogen oxides (NOx=NO + NO2) (Chameides and Walker, 1973; Crutzen,

1974; Fishman et al., 1979) and is transported downwards from the stratosphere
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(Lelieveld and Dentener, 2000, and references therein). Most of the oxidation of long-

lived, reduced gases by OH takes place in the tropics, where high UV and humidity

promote the formation of OH from the photolysis of O3 (Logan et al., 1981; Thompson,

1992), which on the one hand represents an important O3 sink especially over the re-

mote tropical oceans. On the other hand, emissions of O3 precursors in the tropics5

have a large O3 production potential because deep convection can quickly transport

surface emissions to the middle and upper troposphere where their lifetimes are in-

creased due to dilution with unpolluted background air and lack of surface deposition

(e.g. Pickering et al., 1995). In addition, lightning-produced nitrogen oxides (NOx) will

increase O3 production. This mechanism has been called “mix then cook” by Chatfield10

and Delany (1990). Since surface emission of NOx in tropical countries (especially

India and Southeast Asia) are small due to the dominance of biofuel usage and the

associated low temperature combustion, O3 production is often limited (Lelieveld et al.,

2001). By means of global chemistry modeling, the contribution of biomass burning

to the tropospheric O3 burden was estimated to 10–15% in the tropics and <10% in15

the extra-tropics (Lelieveld and Dentener, 2000). The contribution of African biomass

burning emissions to O3 mixing ratios reaches ∼24% in the African boundary layer

(Marufu et al., 2000) and ∼14% for the tropospheric column over Africa (Lelieveld and

Dentener, 2000), while the contribution to global tropospheric O3 was estimated to be

3.2% (Marufu et al., 2000) and 2.4% (Aghedo et al., 2007). Seventy percent of the O320

produced from African emissions is found off the continent with the largest influence

on South America (Aghedo et al., 2007).

Despite these large-scale impacts, atmospheric chemistry over equatorial Africa re-

mains poorly documented. A number of field campaigns were conducted in tropical

and southern Africa, mostly focusing on emissions from biomass burning (e.g. SA-25

FARI 1992 Lindesay et al., 1996; TRACE-A 1992 Fishman et al., 1996; SAFARI 2000

Swap et al., 2003). Furthermore, the INDOEX experiment focused on pollution outflow

from India over the Indian Ocean and towards eastern Africa during winter monsoon

conditions (Lelieveld et al., 2001) and more recently the AMMA research project is
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investigating the West African monsoon and its influences on the physical, chemical

and biological environment (Redelsperger et al., 2006). In addition to these campaign-

based measurements, longer term observations of the O3 profile over Africa are cur-

rently being made within the SHADOZ programme (Thompson et al., 2004) and within

the MOZAIC programme (Marenco et al., 1998) onboard commercial aircraft starting5

from and landing at several tropical African airports (Sauvage et al., 2005). Never-

theless, Thompson et al. (2004) argue that weekly observations of O3 may not be

robust enough for trend analysis in the Tropics due to the strong variability caused by

deep convection. For CO, weekly flask sampling data from the tropical African region

are available from the Seychelles, Ascension Island and Mt. Kenya through the NOAA10

ESRL programme (Novelli et al., 2003). Finally, satellite observations of both O3 and

CO are available (e.g. Watson et al., 1990; Edwards et al., 2006b). However, so far

these don’t provide an adequate vertical profile and might be subject to large uncer-

tainties (e.g. Martin et al., 2002; Newchurch et al., 2001).

Up to now, no long term continuous observations of the composition of the tropical at-15

mosphere over Africa are available. Here we present the first continuous observations

of CO and O3 in tropical Africa as measured at the high altitude Global Atmosphere

Watch (GAW) station Mt. Kenya (MKN) in eastern Africa. We focus on the question

of representativeness of the station in terms of vertical atmospheric layer and hori-

zontal regions of influence, to discuss the stations’ adequacy to serve as a baseline20

site for tropical Africa. We describe the chemical climatology of the site depending

on air mass origin and discuss inter-annual variability in connection with the south-

ern African biomass burning season. O3-CO relationships are investigated to derive

further insight into the photochemical state of the free troposphere (FT) over Kenya.

Measurement results are compared to other existing measurements for this region and25

satellite-retrieved CO concentrations. In the future, these long term continuous obser-

vations are expected to be used for trend analysis, satellite and model evaluation and

climatological validation of event type data.
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2 Methods

2.1 Measurement site

The MKN Global Atmosphere Watch (GAW) (World Meteorological Organization, 2007)

station (37.297
◦
E, 0.062

◦
S, 3678 m a.s.l.; 660 hPa pressure equivalent and ∼1700 m

above the foot of the mountain) is situated on the north-western slope of Mt. Kenya5

and is surrounded by alpine grassland and bush. As part of the Mt. Kenya National

Park the whole mountain area is protected and there are no local anthropogenic emis-

sions, making the site suitable for continuous observations of the background free tro-

pospheric composition. The station consists of two containers with a flat walk-on roof,

where the air inlet and meteorological instrumentation is mounted. The containers are10

presently not air conditioned and undergo temperature variations from ∼10
◦
C in the

morning to ∼20
◦
C in the afternoon. A detailed description of the measurement site,

its meteorological instrumentation and the local meteorology can be found in Henne et

al. (2007)
1
.

2.2 Instrumentation and data quality control15

A rain and snow protected air inlet system is mounted 4.5 m above ground and is con-

nected to a glass manifold (length 3 m, diameter 5 cm) to which individual instruments

are connected. The manifold is permanently flushed by a high volume pump. Resi-

dence times were estimated to be below 10 s.

CO was measured using commercial non-dispersive infrared absorbance (NDIR),20

gas filter correlation technique (Thermo Electron Corporation TEI 48C TL). Sample air

was taken from the glass manifold through a 1.5 m, 4 mm diameter teflon tubing at a

flow rate of 1 lpm. A 47 mm teflon filter (5–6 micron) was installed before the sample

1
Henne, S., Junkermann, W., Klausen, J., Kariuki, J. M., and Aseyo, J.: The Establishment of

the Mt. Kenya GAW Station: Installation and Meteorological Characterization, J. Appl. Meteorol.

Clim., submitted, 2007.
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gas inlet and was regularly exchanged. To reduce the interference from water vapor,

a Nafion dryer (PERMAPURE PD-50-24”) was installed in the sampling line, oper-

ating in reverse flux mode using a critical orifice. A similar setup was described by

Nédélec et al. (2003). Due to the container temperature changes the NDIR showed

strong zero drift. Therefore, zero air measurements were performed every two h for5

20 min. Zero air was generated using a custom built system consisting of a rubin gel

cartridge, a SOFNOCAT 423 (Molecular Products Ltd) cartridge, inlet and outlet filters,

with a CO scrubbing efficiency of 99.9% for CO levels up to 1%. Since 2004, span gas

checks have been performed every two hours for 10 min. A higher concentration labo-

ratory standard (traced back to WMO-2000 CO scale by GAW World Calibration Center10

(WCC), Empa) was diluted with zero air (using Bronckhorst mass flow controllers) and

fed into the span gas inlet. In addition, manual span gas checks directly using 1 ppm

laboratory standards (WMO-2000) were performed by the station operators once per

month.

All measurements were subject to plausibility checks using time series plots and a15

semi-automated software tool for data flagging and data storage in a SQL database.

Due to drift, CO zero conditions during ambient air sampling were estimated from zero

air measurements using local regression models (e.g. Loader, 1999). A span cor-

rection was applied in a similar way. The combined uncertainty of every individual

1-min CO measurement was then determined from the contributions of the uncer-20

tainty of the CO analyzer, the uncertainty of the zero correction and the uncertainty

of the span correction. Data was aggregated to 1-h intervals. The enlarged un-

certainty of the 1-h data due to missing values was considered following ISO11222

(ISO, 2002). The average combined expanded uncertainty of the hourly CO measure-

ments was 16 ppb (95% confidence level). We compared our CO measurements with25

canister samples that were taken weekly (during station visits) for NOAA ESRL (for-

mer CMDL) (Novelli et al., 1998b,a, 2003). The relationship between continuous mea-

surements and canister samples was [CO]cont = 0.96(±0.11)[CO]canister-2.1(±11.3),

r=0.79, n=27. The comparison suggests no significant deviation between both mea-
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surements. However, there was large unexpected scatter in the individual pairs.

O3 was measured using commercial UV absorption (254 nm) technique (Thermo

Electron Corporation TEI 49, SN: 51959-290). Sample air was taken from the glass

manifold through a 1.5 m, 4 mm diameter teflon tubing at a flow rate of 2 lpm. A 47 mm

teflon filter (5–6 micron) was installed before the sample gas inlet and was regularly5

exchanged. The uncertainty of the O3 measurements was assessed following the anal-

ysis of Klausen et al. (2003), taking audit inter-comparisons with Standard Reference

Photometer into account. Aggregates and their uncertainties were derived similar to

CO. The average combined expanded uncertainty of the hourly O3 measurements was

3 ppb (95% confidence level).10

For both instruments standard operation procedures (SOP) were developed and

were followed closely by the station operators. The station was audited by GAW WCC

for O3 and CO in February 2002, February 2005 and February 2006, and measure-

ments were traced back to the GAW Reference Standard (Zellweger et al., 2002, 2005;

Klausen et al., 2006). The data discussed here cover the period from June 2002 to15

June 2006. Due mostly to frequent failures of the power supply at MKN, the data cov-

erage for the 4 year period was only 52 and 49% for CO and O3, respectively. All time

stamps of the hourly data refer to the end of the sampling period. Four-hourly aggre-

gates were derived for use with air mass back trajectories, in a way that the arrival time

of the trajectory fell in the center of the 4-h aggregation period.20

2.3 Trajectory calculation

Kinematic backward air mass trajectories were calculated on 6-hourly ECMWF anal-

ysis fields (T511L60 before February 2006 and T799L91 afterwards) interlaced with

3-hourly forecast fields with 1×1
◦

horizontal resolution using the trajectory model FLEX-

TRA (Stohl et al., 1995; Stohl and Seibert, 1998). Trajectories were initialized every 4 h25

(02:00, 06:00, 10:00, 14:00, 18:00, 22:00 UTC) at station altitude, which corresponds

to 1829 m above model ground, and were followed 10 days backward in time. Since

Mt. Kenya is an isolated mountain rising high above its surroundings and the following
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analysis focuses on long range transport influences, we are confident that the regional

scale, horizontal wind speed at the station is best represented by the chosen arrival

altitude. The trajectory position was stored every 3 h. Individual air mass trajectories

might be subject to calculation errors that arise from uncertainties of the utilized wind

analysis or forecast fields, truncation errors due to finite-difference integration scheme5

or temporal and spatial interpolation errors (Stohl, 1998). Furthermore, subgrid scale

processes like convection and turbulent diffusion are not represented by individual tra-

jectories. To cover part of this uncertainty, in addition to the central reference trajectory,

6 uncertainty trajectories were initialized equidistantly spaced on a circle of 0.5
◦

radius

around the site at the same altitude above model ground.10

2.4 Trajectory clustering

Several different approaches on air mass trajectory clustering to categorize air mass

influence on chemical composition measurements are described in the scientific liter-

ature (e.g. Moody and Galloway, 1988; Harris and Kahl, 1990; Dorling et al., 1992a,b).

Following the approach of Dorling et al. (1992a) we used a combined clustering method15

that in a first step applied Ward’s hierarchical clustering method (Ward, 1963) to deter-

mine the number of clusters to retain and in a second step used k-medoids clustering

(e.g. Kaufman and Rousseeuw, 1990) to assure the compactness of the derived clus-

ters. With hierarchical clustering the number of clusters to be retained can be deter-

mined semi-objectively during the amalgamation process. The relative increase in total20

within-cluster sum of squared distances for each reduction of the number of clusters

will be large when two relatively different clusters are joined. Therefore, the number

of clusters should be kept large enough so that no large relative increase occurs. A

threshold value of 5% was chosen in this study similar to Dorling et al. (1992a,b);

Brankov et al. (1998).25

All 3-hourly trajectory positions were used (i.e. a total of 80 points per trajectory)

as clustering variables. The sensitivity of the clustering procedure to the choice of

the distance measure between trajectory pairs was tested by applying different dis-
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tance measures (2-D-Euclidean, normalized 2-D and 3-D-Euclidean, 2-D-spherical,

2-D-spherical plus scaled vertical distance). All distance measures yielded similar re-

sults, however we preferred the two-dimensional spherical distance measure to avoid

erroneous behavior when trajectory pairs would lie on either side of the date line. No

additional weighting was applied to these variables, therefore strong relative differences5

in trajectory location close to the arrival will cause less absolute distance between two

trajectories than differences at their origin. This clustering method thus focuses on dif-

ferences in the air mass origin and not on differences in the local approach to the site.

The clustering was applied to reference and uncertainty trajectories when night-time

(22:00 and 02:00 UTC, see Sect. 3.2) CO and O3 measurements were available. A10

total of 1592 trajectories were taken into account in the final clustering.

All clustering calculations were performed with the statistics software package R ver-

sion 2.2.1 (R Development Core Team, 2005). Functions for hierarchical and k-means

clustering can be found in the stats package, while k-medoids clustering is available

in the cluster package, which implements the algorithms described in Kaufman and15

Rousseeuw (1990).

2.5 O3-CO correlations

The O3-CO relationship has been used to estimate the total ozone production potential

of certain O3 precursor source regions (Fishman and Seiler, 1983; Parrish et al., 1993).

It can further serve as a sensitive validation parameter for comparing photochemical20

models with atmospheric measurements. Both CO and O3 measurements are subject

to uncertainty. Therefore, we used a regression model that takes these uncertainties

in both variables into account (Press et al., 1992) weighting the data with the inverse of

the measurement uncertainty. Parrish et al. (1998) noted that using a method including

measurement uncertainties in both variables instead of the simple approach yielded25

steeper regression slopes for the O3-CO relationship. We confirmed this tendency

by comparing the Press et al. (1992) approach with reduced major axis regression.

However, differences were small for cases with large correlation coefficients.
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3 Results and discussion

3.1 Pollution events

As described above, the local environment of the MKN site is mostly free of anthro-

pogenic emissions. However, infrequent, small wildfires might occur within the forest

and bush belt of the mountain. These fires emit CO close to the measurement site5

and therefore can be detected as large peaks in the measured data that disturb the

atmospheric background measurements. In order to remove such events from the cli-

matological analysis the measurements were filtered by applying an iterative moving

standard deviation filter to CO. Using a window width of 14 days, moving average and

standard deviation of CO were computed. Data points outside of three standard devia-10

tions of the mean were then removed and the procedure repeated until no new outliers

were detected.

If more than two outliers (more than 2 h) were detected on an individual day

this day was flagged as a pollution event. Nine different pollution events were

detected with this method distributed over 16 of a total of 780 days (2%; see15

also supplementary material, http://www.atmos-chem-phys-discuss.net/7/17769/2007/

acpd-7-17769-2007-supplement.pdf).

The origin of two major events could be traced back to local fire observations made by

the station operators, one event could be identified as transport of an aged biomass

burning plume (see Sect. 3.6), while the causes of the minor events, with a length of20

1–2 days, could not be identified and are thought to be of local origin. All detected

events were excluded from the following climatological analysis of the data.

3.2 Diurnal cycle

Not only local sources and sinks but also the influence of variable atmospheric bound-

ary layer (ABL) depth might cause strong diurnal variations of atmospheric trace gases.25

Especially at high altitude sites the question arises which vertical atmospheric layer
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the measurements are representative of. Henne et al. (2007)
1

observed a frequent

development of slope wind circulations at MKN and turbulent vertical transport of

boundary layer air towards MKN during day-time. These transport processes mani-

fest themselves in a pronounced diurnal cycle of CO mixing ratios (Fig. 1). Shortly

after sunrise (04:00 UTC) CO starts to rise as a result of advection of more polluted5

ABL air and reaches a maximum between 11:00 and 13:00 UTC. The average diurnal

amplitude was 15 ppb. This pattern recurs during all months of the the year, with an

increased amplitude (25–30 ppb) during July and September.

For O3 the diurnal cycle is inverse to that of CO with a day-time minimum and night-

time maximum with an average amplitude of 4 ppb. The amplitude of the O3 diurnal10

cycle was larger in the months of December and January. The day-time minimum

of O3 is thought to have two different causes. On the one hand, due to surface dry

deposition, O3 mixing ratios in the ABL over Kenya are usually smaller than those in

the FT (Thompson et al., 2004), see also Sect. 3.7.2. Advection of ABL air would

therefore decrease O3 mixing ratios at MKN. On the other hand, O3 might also be15

photochemically destroyed in the FT under low nitrogen oxides (NOx) conditions likely

for the clean East African area (Klonecki and Levy, 1997).

The diurnal cycle was expected to be different for days with and without influence

from the ABL. In order to distinguish between these two categories we used the crite-

rion described by Henne et al. (2007)
1

categorizing days by the diurnal course of wind20

speed and direction and specific humidity. In a first step, this two-step criterion distin-

guished between days that showed a thermally-driven flow system (therm) and days

that were synoptically driven (syn). In a second step, days that showed a significant

increase in specific humidity (var) – used as a tracer for boundary layer air – were sep-

arated from days with insignificant variation in specific humidity (const). CO measure-25

ments at MKN showed different diurnal behavior for the different categories (Fig. 2).

CO experienced the strongest diurnal cycle with mixing ratios peaking in the afternoon

hours on days that showed a significant increase of specific humidity (category var),

with an average CO amplitude of about 20 ppb. The cycle was more pronounced for
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the thermally-influenced days (therm) than for the synoptically-influenced days (syn).

On days that did not show a significant increase in specific humidity (const), the CO

cycle was less pronounced and larger night time concentrations of CO (+5 ppb) were

observed, indicating the presence of residual layers in the FT. However, these condi-

tions only occurred during less than 25% of all nights and might have other causes5

than residual layers. Therefore, these data were retained for the climatological anal-

ysis. In general, the day-time measurements of CO at MKN reflect a mixture of free

tropospheric and boundary layer air.

The O3 diurnal cycle was amplified during days that showed significant increase

in specific humidity (var), when lower afternoon and higher night-time values were10

observed. Conversely, during days that did not show a significant increase in specific

humidity, the afternoon O3 minima were less pronounced. The diurnal cycle of ozone

concentrations for the different categories compares well with the findings of the CO

diurnal cycle in that days with stronger ABL influence experience lower O3 and higher

CO afternoon concentrations.15

In summary, throughout the whole year measurements at MKN were representative

of free tropospheric conditions during night-time (21:00–04:00 UTC) only, while during

day-time a mixture of boundary layer and free tropospheric air was usually sampled.

All further climatological analysis of the MKN measurements was therefore restricted

to the free tropospheric observations (21:00–04:00 UTC).20

3.3 Annual cycle and large scale advection

The overall average free tropospheric hourly CO mixing ratio at MKN was 94±16 ppb

(µ̂±2U , k=2, night-time data only). CO experienced a pronounced annual cycle

(Fig. 3a and Table 1). The largest mixing ratios were recorded for the months Jan-

uary to March, followed by a sharp decrease towards April and May and a recovery25

by the end of the year. In 2003 a strong increase in CO mixing ratios in the months

of July and August led to a secondary maximum in the annual cycle and also induced

a secondary maximum in the overall annual cycle. All other years showed average
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CO concentrations during this time of the year. The overall average free tropospheric

hourly O3 mixing ratio at MKN was 29±3 ppb (µ̂±2U , k=2, night-time data only). In

contrast to CO, O3 mixing ratios showed little deviation from the overall mean from

January to May (Fig. 3b and Table 1). For the months June to September, O3 as well

as CO mixing ratios were enhanced, while for the months October to December, O35

mixing ratios were reduced by about 5 ppb.

The general annual cycle of CO and O3 at MKN can be explained by the seasonal

variation of monsoon flow over equatorial East Africa (Fig. 4), which is dominated by the

seasonal displacement of the inter-tropical convergence zone (ITCZ) (Asnani, 1993;

Leroux, 2001; Slingo et al., 2005). Throughout boreal winter, the ITCZ is situated south10

of the equator (10–15
◦
S) extending from the northern tip of Madagascar towards south-

ern Tanzania and then northward towards Lake Victoria. Consequently, East Africa is

generally dominated by north-easterly monsoon carrying northern-hemispheric air to-

wards Kenya that is enriched in CO during the winter season (Novelli et al., 1998a,

2003). When the ITCZ starts to progress northward again, it brings a period of “long15

rains” from mid-March to the beginning of June to equatorial East Africa and with it

clean air from the Indian ocean, causing the distinct spring-time minimum in CO. Dur-

ing boreal summer, the ITCZ is situated far to the North over India (15–20
◦
N) and

along the southern coast of the Arabian Peninsula (10–15
◦
N), resulting in southerly

to south-easterly winds over Kenya. CO mixing ratios in the southern hemisphere20

increase during boreal summer due to enhanced biomass burning emissions (Nov-

elli et al., 1998a, 2003) and peak in boreal fall (Bremer et al., 2004; Edwards et al.,

2006a). Consequently, increased CO and O3 concentrations are transported towards

equatorial Africa from June to October. When the ITCZ crosses over Kenya from mid-

October to December it brings a second rainy period with strongly reduced O3 but25

only slightly reduced CO concentrations. This might indicate flow from the northern

hemispheric marine boundary layer where O3 is photochemically destroyed at rates of

2–6 ppb d
−1

, while CO concentrations are increased due to pollution outflow from India

(Lelieveld et al., 2001). From a meridional cross section of O3 soundings in the Indian
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Ocean in February/March 1999 Saraf et al. (2003) report the lowest O3 mixing ratios

within the maritime boundary layer in the ITCZ. Mixing ratios were below 30 ppb up to

650 hPa, which is in line with the MKN O3 measurements during ITCZ passage around

November.

3.4 Regions of influence5

Depending on the flow regime, an individual site might be representative for various,

discrete areas. Six different regions of influence were determined for MKN by trajectory

clustering. These air masses are presented in Fig. 5 in the form of residence time plots

for individual trajectory clusters and can be described as follows:

East Africa (EA, Fig. 5a): this cluster describes situations with relatively low wind10

speeds, air originating relatively close to the surface and possible recirculation over

eastern Africa. It represents 21% of airflow towards MKN. Advection was mostly from

the East with little contribution from the West, though with generally lower wind speeds.

Arabian Peninsula (AP, Fig. 5b): during 16% of the time advection towards MKN was

from the Arabian Peninsula and Pakistan across the Horn of Africa. The transport was15

in general directed downward within the Arabian high pressure system.

Northern Africa (NA, Fig. 5c): air masses combined in this cluster contributed 6 %

and were transported downward from the upper troposphere with little contact with the

surface and originated over western North Africa. Part of the flow occurred close to or

within the subtropical jet as indicated by large wind speeds.20

Southern Indian Ocean (SIO, Fig. 5d): advection was mainly over the south-western

Indian Ocean with most air masses arriving over Africa at the coastline between Kenya

and Tanzania. The northern end of Madagascar was often within the catchment area

of this air stream. The flow was close to the surface and in general ascending towards

the East African highlands and can be associated with flow within the active phase of25

the East African Low Level jet (Findlater, 1969). It contributed 21% to the total flow

towards MKN.

Southern Africa (SA, Fig. 5e): in contrast to the SIO cluster, air flow was more from
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the south along the coastal areas of Tanzania and northern Mozambique and often

originating over Madagascar. In total SA contributed 18% to air flow towards MKN. Air

masses stayed close to the ground during most of the transport and were in contact

with the surface over Malawi and eastern South Africa.

Northern Indian Ocean (NIO, Fig. 5f): during 17% of the time advection was from5

India over the northern Indian Ocean. Often the air masses stayed at altitudes higher

than 2000 m a.g.l. and therefore above the trade wind inversion.

The distinct seasonal pattern of the monsoon flow over the Indian Ocean can be

seen in the varying occurrence of the individual clusters during the year (Fig. 6 and

supplementary material). The situations with northern hemispheric advection domi-10

nated from November to March, while the southern hemispheric situations dominated

from May to October. The EA cluster could be observed all year round with largest

contributions during the rainy seasons, i.e. April and October. The descending flow

pattern NA was most prominent from January to May. Although the contribution of the

AP cluster was smaller during summer it did not cease completely as did the contribu-15

tion of the NIO and NA clusters. In general, the air mass categorization using trajectory

clustering yielded similar results to those reported before for the airflow towards Kenya

by Gatebe et al. (1999). They manually categorized backward trajectories for the years

1991 to 1993, resulting in 6 categories that were slightly different from the ones de-

scribed in this study. Instead of two categories of advection from the northern and20

southern Indian Ocean respectively (AP, NIO and SA, SIO in our study) they catego-

rized these cases as one for each hemisphere. In contrast, they describe a category

of very rare westerly air flow arriving from the Atlantic Ocean after crossing equato-

rial Africa that was not observed during our study period. Furthermore, they observed

two types of recirculation patterns within Kenya and eastern Africa that compare to our25

EA category. Apart from this, our findings for the annual cycle of different air mass

contributions agree well with their study.

Due to variations in CO background mixing ratios and emission source strengths

from biomass burning, CO mixing ratios within the different clusters also showed a
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strong annual cycle (Fig. 7a and Table 2). The cycle for the EA category was similar to

the overall annual cycle, showing a semi-annual pattern with a pronounced minimum

during April/May and a less pronounced minimum in November. The boreal spring

maximum seen for the AP category was more pronounced than average, while con-

centrations stayed low during boreal summer. The AP category therefore was clearly5

dominated by the northern hemispheric CO annual cycle. Although originating from

higher altitudes, air masses within the NA category also experienced a boreal spring-

time maximum and lower concentrations throughout the rest of the year, represent-

ing northern hemispheric, free tropospheric conditions. A similar annual cycle was

observed for NIO conditions, however, with generally lower CO concentrations when10

compared to NA conditions. This is surprising since large CO concentrations were ex-

pected from the winter-time outflow of emissions from India. This outflow, however, is

confined to the marine boundary layer below 4 km and its vertical extent is limited by

the trade wind inversion (de Laat et al., 2001). CO mixing ratios from January to March

within the NIO category were around 100 ppb, similar to those reported by de Gouw15

et al. (2001) for the altitude range 3–8 km (100–130 ppb), but considerably lower than

the previously reported 140 ppb for the marine boundary layer over the northern Indian

Ocean during this season (Stehr et al., 2002). The MKN O3 mixing ratios during the

same period were in the range of 30 ppb and comparable to measurements in the

maritime boundary layer that were under northern hemisphere, continental influence20

(Stehr et al., 2002), but higher than the average maritime O3 (∼ 20 ppb) for the 3–8 km

altitude range (de Gouw et al., 2001).

In contrast to the northern hemispheric categories, the southern hemispheric cate-

gories showed an annual cycle with pronounced maxima in the boreal summer and

lower concentrations during boreal winter. Thus, the SA category exhibited a larger25

maximum driven by biomass burning emissions from continental Africa, while the SIO

category was representative for the southern Indian ocean background with the lowest

CO of all between February and June.

Ozone showed less between-category variation than CO (Fig. 7b and Table 2). Most
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categories showed a minimum from October to December. There was a tendency to

larger O3 concentrations for the NA category most likely due to the origin at higher

altitudes. In contrast, O3 was lowest in the SIO category due to the origin in the marine

boundary layer of the remote Indian Ocean. Both SA and SIO showed an O3 maxi-

mum during boreal summer, the southern hemispheric biomass burning season. The5

maximum was more pronounced for the continental origin (SA) than for the maritime

origin (SIO). However, the maximum was less distinct than that observed by MOZAIC

flights within the lower FT (O3=80–100 ppb) over western equatorial sites in Africa,

but agreed with the observation of only small O3 enhancements during boreal summer

over Nairobi (Sauvage et al., 2005). During SAFARI 2000 even larger O3 (>120 ppb)10

concentrations were observed over Zambia in a layer reaching from 800 to 500 hPa as

a result of pollutant recirculation within the south African haze layer (Thompson et al.,

2002).

3.5 Inter-annual variability and southern African biomass burning

Inter-annual variability in the CO and O3 observations at MKN can be caused by both15

variability in the transport patterns and variability in CO emission strengths, mainly from

biomass burning. Inter-annual variability was largest during the southern hemispheric

biomass burning season (Fig. 3). The temporal evolution and inter-annual variability of

CO concentrations during this season can be understood by considering the southern

African biomass burning season.20

During the southern hemispheric biomass burning season, stable high pressure con-

ditions exist over large parts of southern Africa, hindering vertical transport and favor-

ing accumulation and recirculation of biomass burning emissions over the area (“south

African haze layer”, Garstang et al., 1996). Export of pollution takes place off the coast

of Angola by easterly tropical wave disturbances and off the coast of Mozambique and25

South Africa by westerly mid-latitude wave disturbances. The frequency of westerly

disturbances reaches a maximum in October (Garstang et al., 1996). Moreover, the

El Niño Southern Oscillation (ENSO) causes changes not only in precipitation amount

17786

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/17769/2007/acpd-7-17769-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/17769/2007/acpd-7-17769-2007-discussion.html
http://www.egu.eu


ACPD

7, 17769–17824, 2007

CO and O3 at

Mt. Kenya

S. Henne et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

over southern Africa (El Niño years are connected with drier conditions throughout

boreal summer and spring (e.g. Webster et al., 1999; Goddard and Graham, 1999; In-

deje et al., 2000)), but also in the frequency of wave disturbances clearing out the south

African haze layer (Singleton and Reason, 2007). During the SAFARI 2000 experiment,

a year with La Niña conditions, a typical southern African haze layer was observed dur-5

ing August/September that extended up to 3.5 km in the south of the fires and up to

6 km in the humid savanna region. Typical mixing rations of CO were 200–650 ppb

within this layer and <120 ppb above in the FT, while O3 within the layer ranged from

30 to 100 ppb (Yokelson et al., 2003). Hely et al. (2003) conclude that arid areas pro-

duce heavier fuel loads during wet years, while humid areas react in the opposite way.10

According to Swap et al. (2003) and Edwards et al. (2006a) pollutant concentration

within the south African haze layer reach maximal concentrations from August to Oc-

tober, while maximum fire activity, as observed by satellite-detected burnt area, peaks

in June/July (Silva et al., 2003). To elucidate this discrepancy we analyzed fire counts

as retrieved by Moderate Resolution Imaging Spectroradiometer (MODIS) sensors on15

board NASA satellites Terra and Aqua (Justice et al., 2002; Giglio et al., 2006) on a re-

gional basis for the years 2002–2006. To account for spatial variability in the frequency

of satellite overpasses and missing observations and to reduce the effect of day-to-

day variation in fire counts due to clouds, the climate modeling grid fire count product

(cloud-and-overpass corrected) was used with a horizonal resolution of 0.5
◦×0.5

◦
and20

monthly temporal resolution as described by Giglio et al. (2006). Southern African

countries were grouped as follows: (Central) Zambia, Angola, Dem. Rep. Congo;

these regions were not directly covered by any of the MKN footprints, but large scale

emissions might still increase the continental scale background and therefore influence

MKN during SA conditions. (eastern) Mozambique, Zimbabwe, Malawi, Madagascar;25

(southern) Botswana, South Africa, Swaziland, Namibia. The eastern and southern

region lie well within the footprint of the SA pattern and will therefore directly influence

measurements at MKN, while the SIO regime only touched the very eastern parts of

these regions. Kenya and Tanzania were treated separately to estimate the local to
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regional influence of biomass burning on MKN.

The overall fire count maximum was reached in August (Fig. 8a), while for the central

region, the largest contributor to total fire counts, the maximum was reached earlier in

July/August, slightly later than observed during the La Niña year 2000 (Silva et al.,

2003). In the eastern and southern region fire counts peaked in September. Their5

overall contribution to total fire counts was small, while the contribution of Tanzania and

especially Kenya itself was negligible. The shift of peak fires from earlier in the year

in the central western parts of southern Africa to later in the year in the southern and

eastern parts was also observed for the year 2000 (Silva et al., 2003). The question

remains, though, of why fire counts peak before pollutant concentrations. Fire counts10

are not proportional to pollutant emissions but the latter depend on the amount and type

of vegetation burned, and the burning conditions. Fire radiative power (FRP) which is

also retrieved from the MODIS instruments, offers a quantity that is more proportional

to the amount of biomass burnt (Wooster et al., 2005; Roberts et al., 2005). With

respect to the seasonal cycle of the MODIS FRP in southern Africa, the contribution15

of the central region is less dominant, although the contribution of Tanzania and Kenya

still remains small (Fig. 8b). Furthermore, the month of peak FRP (September) was

delayed by one month compared to the fire count seasonal cycle, which is in better

agreement with the observed maximum pollutant concentrations. In contrast to the

sharp decrease in fire counts in October, FRP remained high especially in the eastern20

region, sustaining high pollutant levels. An additional factor increasing emissions at

the end of the biomass burning season might be the transition from the burning of

less dense vegetation in the western part of southern Africa earlier during the year

to denser vegetation in the eastern part from August to October. This phenomenon

might be coupled to a transition from more efficient burning conditions to less efficient25

conditions, when dense vegetation tends to burn in smoldering fires.

Pollutants emitted in the eastern southern African region from August to October

might be readily exported towards the Indian Ocean and then northward towards East

Africa. However, CO concentrations at MKN showed a broad boreal summer maximum
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with the highest concentrations somewhat earlier than observed in southern Africa

and as deduced from FRP. Continental SA transport towards MKN was maximal in

July and ceased afterwards, while the SIO pattern dominated from August to Octo-

ber (Fig. 6). Therefore, the peak CO concentrations observed at MKN in July/August

can be explained as a combination of increased occurrence of the SA transport path-5

way and moderately increased CO concentrations over southern Africa, while during

September/October, when concentrations maximize in southern Africa, transport to-

wards Kenya tends to be more directly from the Indian Ocean (cluster SIO).

Inter-annual variability in regional fire count occurrence (Fig. 9) and in the two domi-

nating transport patterns in boreal summer (SA and SIO, Fig. 10) were used to explain10

variations in the MKN observations. The most prominent anomaly in monthly CO con-

centrations was observed in July/August 2003, when concentrations reached an overall

summer-time maximum. This increase was most likely caused by more frequent trans-

port in category SA throughout the whole summer 2003, while, especially for August,

the contribution from SIO was lower than in other years. No increase in biomass burn-15

ing as determined from regional FRP sums was observed. Average biomass burning

occurred in the eastern and central region. Local (Kenyan) biomass burning activity

was above average from August to October of that year and might have contributed

to CO levels in August. Although CO was strongly enhanced during August 2003,

O3 was below average. However, the correlation between O3 and CO was relatively20

large (r2
=0.3), indicating the photochemical origin of O3. The low concentrations might

therefore reflect variability in larger scale horizontal or vertical advection.

In June 2005 both CO and O3 concentrations were above average (Fig. 3). Although

Edwards et al. (2006b) observed little inter-annual variation in fire counts for the whole

south African subcontinent, we detected strong inter-annual variability on the regional25

scale. Biomass burning in the eastern region was intensified in 2005 throughout the

early burning season, starting as early as March and remaining elevated until the end

of July 9. Since transport from SA in June 2005 was reduced 10, the increased CO at

MKN was most likely caused by increased emissions in the eastern biomass burning
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region. In general, CO concentrations were low in July/August 2002, caused by less

frequent transport from southern Africa. Below average CO concentrations in May

2005 occurred together with increased transport of clean air from the southern Indian

Ocean. Increased CO concentrations observed in November 2002 (when advection

towards MKN was more directly from the east) were associated with increased biomass5

burning over Indonesia (Edwards et al., 2006b).

3.6 O3-CO correlations

For each year, monthly O3-CO correlation coefficients were calculated for the 1-hourly

night-time measurements at MKN (including pollution event data that were previously

omitted from the climatological study). Significant correlations (R2>0.2, p<0.01) were10

only observed for some individual months and not for all years. Only for May and

October were O3-CO correlations significant for 3 out of 4 years with slopes of 0.8 - 1.6

and 0.8 - 2, respectively. The Tropospheric Emission Spectrometer (TES) retrieves O3

and CO concentrations at 618 hPa. Global maps of O3-CO correlations were obtained

for July 2005 (Zhang et al., 2006). In agreement with our results no significant (|R |<0.2)15

correlations were found over equatorial eastern Africa, while in central to southern

Africa slopes were between 0.6 and 0.8. These low correlations can be indicative

of very aged air masses or of air masses with different background concentrations

influencing the station within the same month (Parrish et al., 1998).

Separating the O3 and CO measurements by air mass origin, correlations were cal-20

culated for different influence regions. Overall only the SIO origin showed a significant

correlation when taking all data into account, with a slope of 1.1 and R2
=0.25. On a

monthly basis correlations for different air mass origin improved, with the largest cor-

relations (R2
=0.6 − −0.8) for the SIO cluster from April to June and a slope of 0.5–1.

This might be indicative of photochemical destruction of both species over the remote25

Indian Ocean. The correlation was also slightly significant (R2
=0.25) for the SA cluster

in September with a slope of 0.4 that is more representative of recent biomass burning

plumes.
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Although MKN was rarely directly influenced by biomass burning events, these were

evaluated in terms of their O3-CO relationship. To determine events with increased

CO related to biomass burning, MODIS fire counts (0.5
◦×0.5

◦
horizontal and 8 day

temporal resolution) were evaluated along the back trajectories arriving at MKN. Fire

counts along each back trajectory were summed for the reference and the uncertainty5

trajectories at times when the trajectory was less than 2000 m above model ground. A

weighted average fire count for each arrival time was then derived by giving a weight of

1 to the reference and 1/6 to each of the 6 uncertainty trajectories. Biomass burning

events were then defined as times when fire counts were larger than their overall third

quantile and CO mixing ratios were at least 16 ppb (expanded uncertainty of 1-hourly10

data) larger than the background CO concentrations. The CO background was esti-

mated using the Robust Extraction of Background Signal (REBS) method of Ruckstuhl

et al. (2007)
2

applying a tuning constant b of 3.5, a 60 day window width and the “resid-

uals below the mode” scaling function. All night-time CO measurements, also at times

excluded for the climatological analysis, were used. Of the selected times only contin-15

uous periods with at least 12 data points (which is equivalent to 1.5 days due to the

use of night-time data only) were kept for regression analysis. Estimated correlation

coefficients further had to satisfy R2>0.2 and p<0.01.

With these criteria only 4 significant biomass burning events remained within the four

year period, again underlining the baseline character of the MKN site. The mean age of20

the plumes was estimated from the time along the back trajectories when the fire counts

were “picked-up”, using weighted average of the time with fire counts as weights. The

slope of the O3-CO relationship increased with plume age from 0.2±0.02 for a 3.1±0.1
day old plume to 0.62±0.12 for a 4.7±0.3 day old plume (Fig. 11 and Table 3). Of the

four detected events three were of northern hemispheric origin with pollutants being25

released from biomass burning in eastern Sudan and western Ethiopia, as is shown by

2
Ruckstuhl, A., Henne, S., Reimann, S., and Hglin, C.: Estimation of background concentra-

tions of atmospheric trace gases using robust local regression, Atmos. Chem. Phys. Discuss.,

in preparation, 2007.
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the back trajectories overlayed on the fire count map for the most pronounced plume in

February 2004 (Fig. 12). Note that this event was already identified as a pollution event

in Sect. 3.1 and was therefore not included in the climatological analysis. The remain-

ing plume was of southern hemispheric origin, carrying biomass burning emissions

from Madagascar and northern Mozambique.5

Increasing slopes of the O3-CO relationship with the age of biomass burning plumes

have been observed before. Our estimates agree well with estimates taken from flight

campaigns near the southern African biomass burning region or over the tropical South

Atlantic. As part of the CITE-3 flight campaign ∆O3/∆CO enhancements in the range

0.2–0.7 were observed for aged (7–10 d) biomass burning plumes (Andreae et al.,10

1994). During TRACE-A over southern Africa, South America and the South Atlantic,

Mauzerall et al. (1998) derived ∆O3/∆CO of 0.15±0.37 for fresh biomass burning

plumes (<0.2 d), 0.32±0.76 for recent plumes (≤1 d), 0.71±0.12 for aged plumes (≤5

d) and 0.74±0.9 for old plumes (>5 d). They suggest a correction of about −20% for

older plumes due to loss of CO during transport. During the SAFARI August/September15

2000 experiment in southern Africa Yokelson et al. (2003) observed slopes of 0.09

in fresh (<1 h) biomass burning using airborne FTIR measurements. This slope in-

creased to 0.22 for biomass burning haze with age 2-4 days. For the same campaign,

detailed information of the evolution of ∆O3/∆CO in biomass burning plumes observed

over Namibia is given by Jost et al. (2003). ∆O3/∆CO increased from 0.07 at 1 h af-20

ter the emission to 0.1 after two h. Model simulations successfully reproduced the O3

measurements. For fresh (<0.5 d) biomass burning plumes in northern Australia dur-

ing the 1999 BIBLE-B experiment Takegawa et al. (2003) estimated a ∆O3/∆CO slope

of 0.12±0.04. For average vertical profiles of CO as obtained by MOPITT and O3 from

sondes, Bremer et al. (2004) derived a fractional increase of ∆O3/∆CO of 0.2–0.4 from25

May to October over Natal, Brazil. During PEM-Tropics-A over the remote South Pa-

cific ∆O3/∆CO slope was determined to 0.75 in three plumes of aged biomass burning

pollutants originating in southern Africa and northern Australia (Singh et al., 2000).
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3.7 Direct inter-comparison with other measurements

To further support our findings on the representativeness of the MKN measurements,

these can be compared directly with satellite and other in-situ observations in the cov-

ered region of East Africa and the western Indian Ocean.

3.7.1 Horizontal distribution of CO5

To derive an areal picture of the CO distribution over eastern Africa and the western

Indian Oceans we calculated seasonal trajectory statistics using all night-time CO mea-

surements from MKN between 2002 and 2006. The corresponding trajectories and the

technique proposed by Seibert et al. (1994) and Stohl (1996), extended by Reimann

et al. (2004), was here applied with the additional constraint that only trajectory points10

between the surface and 600 hPa were evaluated. Using trajectory statistics, an indi-

vidual point measurement in time is assigned to a certain area, the source region of

the air mass, as represented by back trajectories. Thus, an areal distribution of the

measured pollutant is generated by the superposition of a large number of measure-

ments and back trajectories assuming that the large scale distribution of the pollutant15

or its sources does not change significantly with time. Obviously, this is not fulfilled for

biomass burning emissions within the course of a year. Therefore, distributions were

derived on a seasonal basis. Due to the distinct advection pattern towards MKN some

areas are better represented than others at various times of the year.

Figure 13 shows the horizontal distribution of CO as derived from the trajectory statis-20

tics separately for the four seasons. During winter a well defined north-south gradient

of CO existed over the Indian Ocean. Furthermore, CO was increased in northern

Africa, west of the Ethiopian Highlands, which coincides with the area of northern

hemispheric biomass burning. CO also increased towards India. The southern In-

dian Ocean was not seen by MKN during winter at all. In spring, CO concentrations25

generally decreased in comparison to winter. CO still remained high on and close

to the continent in the north. In contrast, the southern Indian Ocean largely showed
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very low CO concentrations. In summer of the northern hemisphere only the Arabian

Peninsula was visible for MKN, showing even more decreased CO concentrations. In

the southern Indian Ocean, however, CO increased, especially close to the continent

and around Madagascar, while the remote southern Indian Ocean remained under low

CO concentrations. In fall the area of elevated CO had spread also into the remote5

southern Indian Ocean. Only a small band around the Equator remained unpolluted.

These results can be compared to seasonal averages (covering the same years

as the MKN measurements) of satellite-retrieved CO from Measurement of Pollution

in the Troposphere (MOPITT) onboard NASA satellite Terra (Deeter et al., 2003) at

700 hPa. Since the measurement technique relies on the thermal contrast between10

the surface and atmosphere, the retrieval depends on surface temperature and shows

little sensitivity to CO in the boundary layer during night-time (Edwards et al., 2006a).

Therefore, we compared only night-time retrievals with the MKN trajectory statistics

that are more representative for the FT.

While general features of the seasonal CO distribution agreed quite well between15

the trajectory statistic (Fig. 13) and the MOPITT measurements (Fig. 14), substantial

differences in the absolute concentrations were observed. Over the Indian Ocean,

relative differences ranging from −40 to +20% (MOPITT - MKN) occurred, while over

land estimates from MOPITT were in general larger than estimates from MKN trajectory

statistics (+40%). Differences close to the receptor site MKN were in the range −2020

to +20 %. Relative differences were smallest during boreal fall when CO reaches

maximum concentrations in the southern hemisphere.

Previous inter-comparisons between MOPITT and in situ profiles showed good

agreement, with the bias mean and standard deviation for the retrieved CO column

being −0.5±12.1% (Emmons et al., 2004; Deeter et al., 2003). MOPITT 700 hPa25

monthly means for the lower southern hemisphere (0–30
◦
S) were compared with CO

from NOAA ESRL flask sampling network (Edwards et al., 2006b). MOPITT measure-

ments were clearly larger than in-situ measurements most likely due to different sam-

pling altitudes and different geographic representation. In addition to these sources of
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discrepancy, our large disagreement between MOPITT and MKN most likely can be

attributed to uncertainties connected to the trajectory statistics. In particular, grid cells

at the edge of the CO field produced by the trajectory statistic should not be interpreted

due to infrequent contributions of these grid cells. CO loss during the transport to MKN

might create a negative bias for regions further away from MKN. Taking a lifetime of5

CO of 20 days for the tropical atmosphere below 6 km a.s.l. into account (Mauzerall

et al., 1998), 15 to 19% of CO might have been lost during transport to MKN after 5 to

10 days, respectively.

3.7.2 SHADOZ O3

Regular O3 observations to MKN are performed in the context of the SHADOZ pro-10

gramme at Nairobi about 150 km south-west of MKN (Thompson et al., 2004). A total

of 212 O3 soundings were available for the period investigated (June 2002 to June

2006) and for 101 soundings the corresponding O3 measurements were available from

MKN. Soundings were usually started between 07:00 and 10:00 UTC. Since the MKN

site might already be influenced by up-slope flow at this time of the day, MKN O3 mea-15

surements of the previous night (21:00–04:00 UTC) were compared with the sounding

results within a 500 m thick layer centred around the station altitude. Linear regres-

sion yielded [O3]sounding=1.29(±0.04)[O3]MKN−0.4(±1), R2
=0.57, n=101. Comparison

of the means indicated an average absolute difference of [O3]sounding−[O3]MKN 7 ppb.

This result did not improve when only MKN measurements from 01:00 to 04:00 UTC20

were used. The large positive difference might be due to uncertainties in the O3 sound-

ings at low O3 mixing ratios, different air streams affecting either site at the same time

or due to surface deposition of O3 before reaching the MKN measurement site. The

latter could be caused when down-slope flow transports free tropospheric air towards

MKN within a shallow surface layer during night-time.25

The annual cycle of O3 measurements at MKN and for different 500 m thick alti-

tude ranges over Nairobi showed a similar pattern with maxima in February/March

and June to September (Fig. 15). However, the cycle was less pronounced at MKN,
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especially the broad boreal summer maximum as seen in the soundings was not as

clearly identified at MKN. In general, the cycle at MKN agreed better with the lower alti-

tudes centered at 2250 (surface layer) and 2750 m a.s.l. than with the layer centered at

station altitude (3750 m a.s.l.). The less pronounced O3 maximum in the surface layer

was probably caused by night-time O3 surface deposition and O3 titration by fresh NO5

emissions in the Nairobi metropolitan area. The soundings were done in the morning

hours before convective mixing carries down O3 from the residual layer and photo-

chemical production maximizes. The similarities to the surface layer suggest that O3

surface deposition at MKN cannot be ruled out as a contributor to the observed bias.

4 Conclusions10

Although the Mt. Kenya GAW station is situated in equatorial Africa it is largely unaf-

fected by African biomass burning emissions that are most prominent in the western

parts of the continent but insignificant in Kenya. The local environment of the Mt. Kenya

site is in general free of anthropogenic emissions and makes atmospheric baseline

measurements possible. On only 2 % of all times local wildfire emissions influence the15

measurements. These events can easily be detected and removed from data analysis

and therefore do not disturb the baseline character of the station. At the high altitude

site night-time (21:00–04:00 UTC) measurements were in general representative of FT

conditions, while day-time measurements were influenced by the ABL throughout the

whole year and under different synoptic conditions, rendering day-time measurements20

not appropriate for atmospheric baseline estimation. The measurements at Mt. Kenya

were found to be representative of six different catchment areas at different times of

the year: eastern Africa throughout the whole year (21%), continental northern hemi-

spheric air originating over the Arabian Peninsula and Pakistan throughout the whole

year (16%), northern hemispheric free tropospheric background from January to May25

(6%), northern hemispheric air originating over India and crossing the northern Indian

Ocean from November to April (17%), continental southern hemispheric air originating
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in south-eastern Africa from April to October (18%) and southern Indian Ocean mar-

itime air from April to November (21%).

The average overall night-time CO mixing ratio at MKN was 94±16 ppb. The CO

annual cycle with two maxima in February and August indicates the influence of the

oscillating monsoon circulation. The winter/spring maximum was caused by advection5

of northern hemispheric air that is enriched in CO during the boreal winter. In contrast,

the summer maximum was observed during advection of southern hemispheric air

loaded with emissions from biomass burning in southern Africa. Peak CO concentra-

tions in the southern African biomass burning regions occur later (August/September)

than at MKN. However, direct northward transport ceases when concentrations are10

maximal in southern Africa. Inter-annual variability in summer time CO could mostly

be explained by a combination of changes in transport patterns and biomass burning

intensity. The average overall night-time O3 mixing ratio at MKN was 29±3 ppb. The

annual cycle of O3 was less pronounced than the one of CO. Mixing ratios were highest

during the southern hemisphere biomass burning season from July to September and15

reached a minimum during the southward passage of the ITCZ during November.

The measurements at MKN are representative of air masses with little photochemical

activity as indicated by weak O3-CO correlations. The strongest correlations were

found in air masses originating from the remote southern Indian Ocean, indicative of

photochemical destruction. On the one hand, these weak O3-CO correlations and the20

infrequent number of pollution events prove the baseline character of the station, on

the other hand, the station is sometimes influenced by biomass burning events and

can therefore be used as a platform to study aged biomass burning plumes. Biomass

burning plumes observed at the site were between 3 to 5 days old, showed a strong

O3-CO correlation with slopes increasing from 0.2 after 3 days to 0.6 after 5 days.25

Areal comparison of trajectory statistics using the MKN CO measurements with

satellite-retrieved CO showed similar general patterns, but relative differences of −40

to +20%. The inter-comparison of the MKN O3 measurements with O3 soundings in

Nairobi showed general agreement of the annual cycle, but also revealed a negative
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offset of the MKN measurements when compared to the sounding observations at sta-

tion altitude. This might indicate that O3 deposition might influence the measurements

at MKN even during night-time when compared to free tropospheric conditions.

The MKN GAW station is a very promising site for future studies of atmospheric

chemistry in the equatorial western Indian Ocean and eastern Africa. The location of5

the site within the strong monsoonal currents crossing the Equator along the eastern

edge of the African continent would allow for studies of inter-hemispheric exchange.

The expansion of the ongoing measurement program will promote our understanding

of the atmospheric chemistry over the remote Indian Ocean and eastern Africa. Fu-

ture trend analysis will show the influence of increasing Asian emission on the marine10

environment of the Indian Ocean.
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Table 1. Annual cycle of night-time (21:00–04:00 UTC) CO and O3 mixing ratios (ppb) mea-

sured at MKN in the period 1 June 2002 to 1 June 2006. x̄: Mean, ux: expanded uncertainty

(p<0.05) of the mean, α10: 10% percentile, α90: 90% percentile.

Month CO O3

x̄ ux α10 α90 x̄ ux α10 α90

Jan 96 1.0 78 113 30 0.7 20 42

Feb 104 1.6 85 121 31 0.9 15 45

March 95 1.2 74 135 32 0.4 22 42

April 74 0.8 61 91 30 0.4 20 39

May 75 1.0 60 88 33 0.6 22 44

June 84 1.2 68 99 36 0.6 26 45

July 94 1.5 75 111 35 0.5 27 44

Aug 95 1.7 75 128 33 0.6 25 40

Sep 86 0.8 70 107 35 0.4 24 46

Oct 90 0.9 72 111 28 0.6 15 40

Nov 85 0.9 71 96 23 0.4 14 31

Dec 89 1.1 77 104 26 0.9 16 39
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Table 2. Annual cycle of night-time CO and O3 mixing ratios (ppb) for different air mass origins.

Values given in parentheses are expanded uncertainties (p<0.05) of the mean.

EA AP AA SIO NA NIO EA AP AA SIO NA NIO

Month CO O3

Jan 86 (1) 98 (3) 95 (2) 97 (4) – (–) 101 (1) 26 (1) 32 (1) 35 (1) 25 (2) – (–) 30 (1)

Feb 103 (2) 110 (2) 103 (2) 77 (5) – (–) 102 (3) 21 (2) 34 (1) 41 (2) – (–) – (–) 30 (1)

March 87 (2) 113 (4) 99 (4) 76 (2) 84 (7) 87 (1) 30 (1) 34 (1) 31 (1) 30 (3) 33 (5) 32 (1)

April 75 (1) 84 (3) 81 (6) 67 (1) 73 (1) 72 (1) 31 (1) 33 (3) 37 (6) 28 (1) 26 (1) 31 (1)

May 76 (1) 82 (2) 87 (1) 66 (1) 74 (1) – (–) 34 (1) 39 (1) 41 (1) 26 (1) 31 (1) – (–)

June 86 (3) 85 (2) 86 (3) 79 (3) 84 (1) 76 (4) 39 (1) 38 (1) 42 (2) 33 (1) 34 (1) 39 (2)

July 92 (3) 89 (3) 87 (7) 87 (3) 99 (2) – (–) 35 (1) 36 (1) 43 (6) 33 (1) 35 (1) – (–)

Aug 96 (4) 85 (2) – (–) 87 (2) 109 (3) 84 (4) 32 (1) 35 (2) – (–) 32 (1) 33 (1) 30 (1)

Sep 83 (2) 84 (2) – (–) 86 (1) 91 (2) 85 (3) 35 (1) 37 (1) – (–) 34 (1) 36 (1) 34 (2)

Oct 86 (1) 82 (2) – (–) 91 (1) 97 (2) 82 (4) 27 (1) 20 (2) – (–) 28 (1) 32 (1) 24 (3)

Nov 81 (1) 88 (1) 93 (3) 83 (2) 84 (4) 86 (1) 24 (1) 24 (1) 25 (3) 24 (1) 24 (3) 21 (1)

Dec 87 (2) 92 (2) 93 (6) 74 (8) – (–) 89 (1) 27 (2) 29 (1) 36 (4) 20 (2) – (–) 22 (1)
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Table 3. Characteristics of detected biomass burning plumes. Values given in parenthesis are

expanded uncertainties (p<0.05). CO and O3 mixing ratios and fire counts are mean values.

Start End No. R2
Slope Age CO O3 Fire Counts Origin

(ppb/ppb) (d) (ppb) (ppb)

3 February 2004 6 February 2004 22 0.86 0.22 (0.02) 3.1 (0.1) 179 45 1005 Sudan, Ethiopia

7 March 2004 10 March 2005 22 0.43 0.46 (0.15) 3.8 (0.2) 140 36 118 Sudan, Ethiopia

26 September 2004 30 September 2004 30 0.61 0.62 (0.12) 4.7 (0.3) 127 43 82 Mozambique, Madagascar

1 March 2006 5 March 2006 29 0.68 0.36 (0.05) 4.2 (0.1) 139 31 345 Sudan, Ethiopia
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Fig. 1. Diurnal cycle of (a) carbon monoxide and (b) ozone. The black line represents the

annual mean, while coloured lines refer to individual months. Note that the diurnal mean was

subtracted before aggregation.
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Fig. 2. Diurnal cycle of (a) carbon monoxide and (b) ozone anomalies for different categories

(see text for details). There were 365 days (67%) within the therm/var category, 93 days (17%)

in therm/const, 50 days (9%) in syn/var, and 40 days (7%) in syn/const. Note that the daily

mean was subtracted before aggregation.
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Fig. 3. Annual cycle of (a) carbon monoxide and (b) ozone. The black line represents the

overall mean, while coloured lines refer to individual years. The error bars give the expanded

uncertainty (95% confidence level) of the monthly mean, including uncertainty due to incom-

plete data coverage.
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Fig. 4. Schematic position of the ITCZ (bold lines) and associated flow (arrows) over the

western Indian Ocean for the month July and January. The position of the Mt. Kenya site is

marked with a black dot.
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Fig. 5. Trajectory residence time composites for different trajectory clusters: (a, EA) East

Africa, (b, AP) Arabian Peninsula, (c, NA) North Africa, (d, SIO) Southern Indian Ocean, (e,

SA) Southern Africa, (f, NIO) Northern Indian Ocean. Residence times are given in seconds.

The grey shades refer to residence times in the total tropospheric column, while the rainbow

colours refer to residence times below 2000 m above model ground.
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Fig. 12. Backward trajectories (colour refers to carbon monoxide concentration (ppb) mea-

sured at MKN) during a pollution event in February 2004. In addition, MODIS fire counts,

totalled for the same period, are indicated in red shades for large and yellow shades for small

fire count density. The map is left blank where no fires were detected.
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Fig. 13. Seasonal average CO distribution over the western Indian Ocean at 600 hPa as

retrieved from trajectory statistics.
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Fig. 14. Seasonal average CO distribution over the western Indian Ocean at 600 hPa as

retrieved from night-time MOPITT scans. Grid cells that were not covered by the trajectory

statistic are left blank.
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Fig. 15. Annual cycle of O3 mixing ratios as measured at different altitude levels by Nairobi O3

soundings and by MKN.
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