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Abstract

Modelling as a tool for supporting research on major scientific questions in
atmospheric chemistry and climate research, has received a lot of attention
during the last decades. Many aspects of modelling atmospheric processes have
been investigated.

In this report, the global three-dimensional chemistry transport model of the
Royal Netherlands Meteorological Institute (KNMI), TM3, is used to compare
ozonesonde profiles in the tropics with corresponding modeled ozone distributions
in order to validate the model results for ozone. TM3 uses 6-hourly meteorological
data from European Centre for Medium-Range Weather Forecasts (ECMWF)-
analysis and includes parameterisations for subgrid scale processes such as
convection. TM3 includes an ozone chemistry module containing the methane
and carbon monoxide oxidation chain for the troposphere and lower stratosphere.

Our study was limited to three ozonesonde stations in the tropics: Ascension
Island, Nairobi and San Cristobal. Generally, monthly mean modeled ozone
profiles compare reasonably well for all three stations with the natural
variability constructed from all the available observations in the corresponding
months, except for the upper stratosphere (above 50 mbar). In the upper
stratosphere, an evident systematic deviation is visible. From this, it can be
concluded that the prescribed climatology for the upper stratosphere in TM3 is
less reliable for the tropics, due to the low number of included observations in the
tropics.

Furthermore, the seasonality of ozone for the ozonsonde stations Ascension
Island and Nairobi has been investigated. For Ascension Island, which is located
on an island far away from the continents and therefore should not be affected by
local pollution, the seasonality is reproduced quite well by TM3, except for
— again — the upper stratosphere. For Nairobi, which is located at the equatorial
East-coast of Afrika, the seasonality is only reproduced reasonably well in the
lower troposphere.

Finally, an attempt has been made to investigate the possibility to reproduce
daily changes in ozone profiles with TM3. For this, individual soundings in
September 1998 at the San Cristobal station were simulated. The conclusion is
that the modeled ozone profiles are not accurate or sensitive enough to show
detailed features. Probably this can be explained by the very high spatial and
temporal resolution required to reproduce these fine structures. The used model
resolution of 8° x 100 x 19 vertical layers is probably not fine enough.

Key words index: 'TMS3, ozone, tropics.
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1 Introduction

Models merely provide a limited, simplified description of reality. However,
models can help to gain insight into relevant processes in the real atmosphere.
Therefore, models are important tools for research on major scientific questions
in atmospheric chemistry and climate research. Validation of such models is
essential in order to assure the quality of the impact studies. This can be done by
comparing the modeled with observed ozone distributions.

In this paper, the global three-dimensional chemistry transport model of the
Royal Netherlands Meteorological Institute (KNMI), TM3, is used to compare
observed ozonesonde profiles in tropics with corresponding modeled ozone
distributions in order to validate the model results for ozone.

The contents of this paper are as follows. A model description of the TM3 model is
given in chapter 2. Chapter 3 gives a detailed comparison of modeled and
observed ozone profiles using available ozonesonde data for various stations in
the tropics. Differences for individual stations as well as systematic discrepancies
are identified. It also discusses several explanations for the discrepancies
between the modeled and observed ozone distributions. Finally, chapter 4 gives
some main conclusions.



2 Model description

The three-dimensional chemical transport model of the KNMI (TM3) has been
adapted from the global tracer transport model TM2 [cf. Heimann, 1995]. TM3
calculates the horizontal and vertical transport of tracer mass on the basis of six
hourly output from the European Centre for Medium-range Weather Forecasts
(ECMWF) model [cf. Meijer, 2000]. The analyzed meteorological fields of wind,
surface pressure, geopotential height, temperature, clouds and humidity with a
horizontal resolution of 2.5 x 2.50 are used for this purpose. These meteorological
data contribute to a rather realistic description of the actual meteorological
situation since observations are included in the ECMWF analyses. The
meteorological data are preprocessed for use in TM3. This involves the evaluation
of parameterisations of subgrid scale processes and the integration/interpolation
of data to the model grid of TM3.

2.1 Model resolution

For the present study TM3 was run with a horizontal resolution of 100 in
longitude and about 89 in latitude. The longitudes (4;) and latitudes (f;) of the

centres of the grid boxes are located at

O/ _
2, =-180° + 360 G=D 2.1.1)
m
and
O/ ¢ _
B, =—90° + 180G =D 2.1.2)
jm

where i=123,..,im with im=36 the number of boxes in the zonal and
j=123,...,jm with jm =24 the number of boxes in meridional direction. Here,

longitudes West of Greenwich and latitudes in the southern hemisphere are
denoted by negative values of A and S, respectively. The boundaries of the grid

boxes are situated halfway between two neighbouring centers. There is only one

grid box centered on each of the Poles (namely i=1 for j=1 and j=jm) and
0
these polar grid boxes have a meridional extent of -9l i.e. half the meridional
jm
extent of the grid boxes at other latitudes. The horizontal grid is illustrated in
Fig. 2.1.1.
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Figure 2.1.1 Illustration of the horizontal grid taken from Heimann [1995]. The
numbers on the top and left border denote longitude and latitude in
degrees, whereas the numbers on the bottom and right border are the
longitudinal (Z) and latitudinal (§) indices of the gridboxes.

Vertically, the model has 19 o -levels. The lower boundary of this coordinate
system coincides with the surface whereas its upper boundary is situated at 0
hPa. The pressure p, of the k -th o -level can be obtained from

P =0, (P, = p,) (2.1.3)
where p, is the surface pressure and p, is the pressure at the upper boundary of

the model. The surface pressure depends on the location and varies in time. The
main part of the spatial variation is due to differences in the elevation of the
surface. High surface pressure values occur over the oceans whereas low values
are located over elevated areas such as the Himalayas and the Antarctic.



2.2 Transport

The advection of tracers in TM3 is calculated with the slopes scheme of Russell &
Lerner [1981]. The amount of tracers in each grid box is specified by its mass and
the slopes of tracer mass in the zonal, meridional and vertical direction. The
mass fluxes through each boundary of the grid box are computed from the
ECMWF analyses in the pre-processing stage and stored for use in TM3. The
amount of tracer mass transported in a time step from one cell to another can
then be calculated. This can be used to calculate the new tracer mass in a grid
box and its slopes. If the gradients in the spatial distribution of tracer mass are
strong, the slope might be such that a negative value of the tracer mass occurs at
the boundary of a grid box. This may lead to advection of negative tracer mass
and even to negative values for the total tracer mass in a grid box. Since this is
not realistic and can lead to problems in the chemistry module, the slopes are
limited such that no negative tracer masses occur at the boundaries of the grid
boxes. The advection time step used for the computations on the 8° x 10°
horizontal grid of TM3 is one hour. One such model time step is a combination of
4 advection time steps in the East-West, 2 in North-South and 1 in the vertical
direction. Afterwards vertical adjustment is applied in order to conserve mass.

In addition to vertical advection subgrid scale vertical transport occurs. This sub
scale transport is obtained from parameterisations for cumulus and shallow
convection and vertical diffusion. The vertical transport associated with these
processes is also determined from ECMWF analyses data in the pre-processing
stage.

The subscale convection fluxes are evaluated according to the scheme of Tiedtke
[1989]. This scheme uses the water vapour convergence in combination with the
evaporation from the surface in order to detect the presence of a cloud. In case a
cloud is present a convection matrix is constructed which gives the fraction of
tracer mass from one grid box that ends up in another due to the convection
process. Here the altitude at which surface air condensates when lifted
adiabatically gives the cloud base height and the altitude at which the cloud
parcel is no longer buoyant defines its top. The air mass flux remaining at the top
of the cloud is detrained in the two layers above the cloud top to simulate
overshooting.

The vertical diffusion is calculated based on the stability of air using the
formulation of Louis [1979]. This scheme, which utilises a stability function
involving the Richardson number, yields the largest diffusion coefficients in the
boundary layer.



2.3 Chemistry

TM3 contains a chemistry module from the MOGUNTIA model [cf. Crutzen &
Zimmermann, 1991]. This scheme evaluates the time evolution of 13 trace gases
according to the so-called quasi steady state assumption. This means that the
chemical production and loss terms, denoted by P and L respectively, are
assumed to be constant during the chemical time step Ar. The time evolution of

the concentration of a trace gas C is then given by

dc ‘
= =-P-IC (2.3.1)
dt
Note that the changes in the concentration of a trace gas due to advection and
convection are not included in the above relation. These processes are considered

in other modules of TM3. The solution of the differential equation (2.3.1) is
Con = (Cx - %)CXP(—LA’ ) +% (2.3.2)

which is a relatively computer demanding expression to evaluate. For trace
gasses with a relatively short lifetime (L-1<<1l) this expression can be

approximated by the so-called steady state solution (i.e. g =0)

C.. =§ (2.3.3)
On the other hand, an expansion of the exponential factor in Taylor series yields
C,n =C,+(P-LC)At, (2.3.4)

which can be used for trace gases with a relatively long lifetime. This last
solution is called explicit because the concentration on the right hand side of the
differential equation is evaluated at time ¢. Sometimes this technique leads to
stability problems resulting in the occurrence of negative concentrations. This
implicit technique, which uses the concentration at ¢+ Az, gives for trace gases
with a relatively long lifetime
_ PAt+C,
A 1+ LAt
which is always stable. One of these above mentioned solutions for the
differential equation (2.3.1) describing the time evolution of a trace gas is used
for each trace gas, depending on its lifetime. The gases with relatively long
lifetimes, i.e. O3, NOx, H202, CH4, CO, HNO3 and CH3OOH, are transported in
TM3, where after their change due to chemistry is computed. The concentrations
of the trace gases with relatively short lifetimes, i.e. HCHO, NO, HO2, CH3O2,
O(D) and OH, are calculated in the chemistry module by the assumption of
steady state.

(2.3.5)

During daytime the chemical module contains 7 photo-dissociation reactions and
18 thermal reactions (cf. Table 2.3.1). Photo-dissociation is a chemical reaction in
which a molecule absorbs a quantum of radiation 4#v and dissociates. This can be
written schematically as

A+hv—> B+C (2.3.6)



with A, B and C concentrations of trace gases. The reaction rate of photo-
dissociation reaction is given by

” Aj 2.3.7
with j the photolysis rate of the reaction. In the chemical module daytime
averaged photolysis rates for O3, NOz, H2O2, HNO3, CHsCOOH and HCHO are
used, which have been computed off-line with the model described in Bruhl &
Crutzen [1989]. Thermal reactions can schematically be written as

A+B—>C (2.3.8)

and proceed at the rate

dc

== — k4B (2.3.9)
dt

with k& the rate coefficient of the reaction. Expressions for the rate coefficients are
taken from De More et al. [1992] and Atkinson et al. [1992] and are listed in
Table 2.3.1. These reaction rates are calculated by using the pressure,
temperature and relative humidity fields from the ECMWF analyses. During
nighttime the chemistry module evaluates an off-line parameterised
heterogeneous reaction. This parameterisation, which is based on the work of
Dentener & Crutzen [1993], converts NO2 and O3 into HNO3 and accounts for the
heterogeneous conversion of N2Os into HNOj3.

Additional sinks of trace gases are dry deposition of O3, NO2, H202, HNOs3,
CH300H and NO, and wet deposition of H:O2 HNO3 and CH3OOH. The dry
deposition flux F of a species is defined as the product of its concentration C (at a
certain height above ground, which in the model is the centre of the lowest layer)
and its dry velocity v,

F=vC (2.3.10)
Constant deposition velocities are used for each of the tracers involved with
distinctions between land and sea surface [cf. Hein, 1994]. According to Junge
and Gustafsen [1957], wet deposition changes the concentration of a species
according to

oC '
—=L.C 2.3.11
o ( )
with the deposition rate Lk [s'1] given by
=2 (2.3.12)
Az,.L

¢ denotes the scavenging efficiency, P the precipitation rate which originates from
the corresponding layer [mm/day] calculated from ECMWZF’s daily precipitation
forecasts and a vertical distribution is given by climatology data from Newell et
al. [1974], Azr the thickness of the model layer [m] , L the volume fraction of
liquid water in clouds.

Emissions of trace gases and/or surface mixing ratios of trace gases can be
prescribed in the chemistry module. In general, the geographical and temporal
distribution of emissions is pre-calculated and read from data files, whereas the
absolute amount of global annual emissions is given as a parameter in the model
code. Since the surface emissions for CHs and CO are not well established,
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surface mixing ratios rather than emissions are specified. For this purpose
prescribed surface concentrations have been used for CHs and CO according to
Fung et al. [1991] and Dianov-Klokov & Yurganov [1981], respectively. NOx
emissions are partitioned according to three source categories, namely NOx from
aircraft traffic [Gardner et al., 1997], from lightning [Price and Rind [1992] and
from several surface contributions.

Since the chemical scheme cannot adequately describe stratospheric chemistry, a
zonally and monthly mean ozone climatology based on ozonesonde measurements
[Fortuin and Langematz, 1995] is prescribed above 50 hPa. It should be noted
that the quality of these climatological upper tropospheric ozone data is
inhomogeneous due to the irregular spatial distribution of stations at which
ozonesonde measurements take place. In particular, the data for the equatorial
region and for the southern mid-latitudes are only based on few measurements
and thus potentially less reliable than northern hemispheric data.

Also the destruction of CHy in the stratosphere through reactions with O(!D) and
Cl is prescribed from montly mean rates (calculated with a 2-dimensional
stratosphere model [Bruhl & Crutzen, 1993]).



Table 2.3.1

The chemical reactions considered in TM3 during daytime and expressions

for their reaction rates. Here n, T, p and H20 denote the density,
temperature, pressure and water vapour concentration of the air in a grid

box.
Code Reaction Rates
J1 O3+ hv — O(D) + O2
J2 H20: + hv - 20H
J3 NOz2+ O2+ hv - NO + Os
J4 HNOs3 + hv — NO:z + OH
Jb HCHO + hv— Hz+ CO
J6 HCHO + 202 + hv -» 2 HOz2 + CO
J7 CH300H + O2 + hv - HCHO + HO:2 + OH
R1 O(D)+ Oz+M —» O3+ M KR1
R2 O('D) + H:0 — 2 OH 2.2 x 1010
R3  HO:+ OH - H:0 + O 4.8 x 1011 exp (250/T)
R4 H:0: + OH — HO2 + H20 2.9 x 1012 exp (-160/T)
R5 Os + OH —» HO:z + O2 1.6 x 1012 exp (-940/T)
R6 HO2 + HO2 —» H202 + O2 (kR6a+kR6b)kR6¢
R7 O3+ HO2 » OH + 202 1.1 x 104 exp (-500/T)
R8 HNOs + OH + O2 - NOz + O3 + H20 KR8a + kR8c/(1+kR8c/kR8b)
R9 NO:+ OH+M —» HNOs; + M kR9
R10 NO + HOz2 —- NO: + OH 3.7 x 1012 exp (250/T)
R11 NO+ 03— NO2+ 02 2.0 x 1012 exp (-1400/T)
R12 CHs4+OH+ O2+M —» CH302 + H20 + M 2.9 x 10-12 exp (1820/T)
R13 CO + OH +02 — CO2 + HO: 1.5 x 1013 (1+0.6p/1013.25)
R14 HCHO +OH + Oz —» HOz + H20 + CO 1.0x 1011
R15 CH30:2 + HO2 - CH300H + O2 3.8 x 10-18 exp (800/T)
R16 CH3OOH + OH — CH30: + H20 0.3 x 3.8 x 10-12 exp (200/T)
R17 CH3OOH + OH - HCHO + OH +H20 0.7 x 3.8 x 1012 exp (200/T)
R18 CH302 + NO + O2— HCHO + HO2 + NO2 4.2 x 1012 exp (180/T)

kR1=[1.4058 x 10-1 exp (110/T) + 6.704 x 10-12 exp (70/T)]n

kR9 = kR9i / (1+kR9i/kR9h) 0.6**(1 / (1 + (log(R9i/kR9h))?)) ; where
kR9i = 2.6 x 10-3¢ (T/300)32n and

kR9h = 2.4 x 1011 (T/300)-13

kR6a = 2.3 x 10-13 exp (600/T)

kR6b = 1.7 x 10-33 exp (1000/T) n

kR6c= 1.0+ 1.4 x 102! exp (2200/T) H20
kR8a = 7.2 x 1015 exp (785/T)

kR8b = 4.1 x 1016 exp (1440/T)

kR8¢ =1.9 x 1033 exp (725/T) n



2.4 Main chemical reaction mechanism

In this section the main chemical reaction mechanisms will be described. This
description explains the oxidation of CH4 via HCHO and CO into CO2 by OH, the
influence of NOx on the various paths that can be followed in this oxidation chain,
and the resulting effect for Os. The chemical scheme continuously converts CHs
and NOy via several intermediary products, which contains all kinds of feedback
reactions, into COz and HNOs3, respectively. Emissions of CHs and NOx therefore
end up as COg, which is not chemically active, and HNOs, which is removed from
the atmosphere by deposition. These chemical mechanisms influence the
concentration of Oz and that of other trace gases. The Oz production and
destruction by chemical reactions in the troposphere is more than the
stratospheric input of Os in the troposphere. A more detailed description,
involving all the reactions that are listed in table 2.3.1 and more, can be found in
e.g. Dentener [1993], Crutzen [1995] and AERONOX [1995]. Here, only a brief
overview will be given.

OH plays an important role in the oxidation of the most trace gases. The primary
source of OH is photo-dissociation of O3 (J1) followed by reaction with water
vapour (R2), i.e.

O,+H,0+hv — 20H + 0, (2.4.1)

The oxidation of CHs by OH gives CH302 (R12). In NO-rich air this CH3O2
oxidises to HCHO (R18). In NO-poor regions it leads to CHsOOH (R15), which
oxidises to HCHO (R17, J7). HO2 and CH3032 are products of the oxidation of CHy,
which form NO2 when being combined with NO (R10, R18). Photolysis of NO2
leads to O3 production in the troposphere and returns the NO again (J3). The net
reaction in the NOx catalysed oxidation of CHj is, e.g. (R12+R18+R10+2J3)
CH,+40,+hv— HCHO + H,0 + 20, (2.4.2)
Note that HO2 and NO can also lead to the destruction of O3 (R7, R11). The
HCHO, which is produced in the oxidation of methane, is eventually transformed
into CO (J6, J7, R14). The net oxidation of HCHO to CO is, e.g. (J6+2R10+2J3)
HCHO +40, -» CO+20H +20, (2.4.3)

Oxidation of CO into COz occurs via (R13). The net change due to oxidation of CO
is either (R13+R10+dJ3)

CO+20, » CO, + 0, (2.4.49)
or (R13+R7)
CO+0, > CO,+0, (2.4.5)

Hence, the oxidation of CO may lead to ozone production as well as destruction.
In the presence of sufficient NOx reaction (R10) will dominate reaction (R7), so
that the oxidation of CO leads to ozone production. In general, net chemical
production of O3z occurs in the NOx-rich and destruction in the NOx-poor regions
of the troposphere.

The ratio between NO and NO2 is mainly determined by the reaction of NO with
O3 that produces NOgz (R11) and photolysis of NO2 that converts it into NO again
(J3). These reactions are so fast that a steady state is reached where



NO, ki (2.4.6)

NO j,
with &1z the rate coefficient of (R11) and js the photolysis rate of (J3). NOz can be
converted to HNOs (R9), which is efficiently removed by dry and wet deposition.
The above mechanisms are driven by photolysis and occur during daytime. At
night the main sources of O(D), OH and NO are absent, so that these
concentrations rapidly diminish. The only reaction that is considered in TM3 is
then the heterogeneous reaction

2NO, + 0, + H,O — 2HNO, + O, (2.4.7)
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3 Comparison of Ozone Profiles

3.1 Scope of investigation

In this section, modeled ozone profiles of the global three-dimensional chemistry
transport model of the KNMI (TM3) are compared with ozonesonde observations
in the tropics in order to validate the model results for ozone. For that purpose,
TM3 has been run for a period of two years using realistic tracer fields as start
values derived from the output of a multiple-year run of the TM3 model. The first
year was used to initialise the model. The results of the second year, obtained
with the meteorological data from 1998, are analysed here.

In order to get a detailed validation of modeled ozone profiles, the modeled ozone
profiles are compared with ozonsonde profiles at individual stations. In the initial
stage of this study, the intention was to validate observations of the Paramaribo
ozonesonde station. Unfortunately, no observations were available for the
investigated year 1998. However, observations from a small number of stations
operating in the southern hemisphere tropics and subtropics are available. But,
these stations have a different launch frequency and different reporting
procedures. SHADOZ [Southern Hemisphere ADditional OZonesondes] has been
designed to remedy this data discrepancy by coordinating launches, supplying
additional sondes in some cases, and by providing a central archive location. Data
have been collected in a timely manner and have been made available through
the SHADOZ website [Thompson and Witte, 1999] to the scientific community.

Table 3.1.1 lists the stations considered in the present comparison. It reports the
geographical position of the stations together with the number of soundings in
each month of 1998. Also the total number of soundings launched in 1998 is
listed for each individual station. It can be seen that the soundings have been
launched with a quite variable launch frequency.

Table 3.1.1 Ozonesonde stations used in the present comparison of modeled ozone
profiles with observations.

Number of soundings, 1998

Stati Latitude  Longitud Total
10N atitugae ongl (] § g § -c> § g E E 5 g g E
c = o < 0 s B8 < Q
E (<] = [=1 [¢] o [}
3 5 = 2 3 & 8 B
(=2 o [~
3 g <
San 0,92°S 89,6"E - - 4 2 - - - - 7 2 2 2 2
Cristobal
Nairobi 127°S  368°W 4 4 4 4 3 - - 4 5 4 4 4
Natal 5,42°S 3538°E 1 - 2 1 - - - - - 1 - 5
Watukosek, 7,50°S 112,6°E 2 2 2 2 2 2 2 1 3 1 2 1 22
Java
Ascension  7,98°S 1442°W 8 5 7 - 7 6 5 7 4 5 8 6 68
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Is.

Am.Samoa 1423°S 170,56°W 3 4 3 3 5 4 3 - 2 4 4 2 37
Tahiti 18,00°S 149,00°W 1 2 1 - 5 3 4 1 3 4 2 - 26
Fiji 18,13°S 17840°E 4 4 2 6 3 3 3 1 4 2 3 4 39
LaReunion 21,06°S  5548°E 2 1 - 2 1 1 2 1 2 2 2 2 18
Trene 25,90°S  2822°E - - - - - . - - .- 2 2 4

Furthermore, Figure 3.1.1 shows geographical positions of the stations in a more
visible manner. As can be seen, the spatial coverage of the SHADOZ ozonesonde
stations is also very irregular.

Tahiti

Figure 3.1.1 Overview of the geographical position of the SHADOZ ozonsonde stations.
The Paramaribo station has also been depicted.

However, inspite of the fact that the used SHADOZ-data have a very irregular
basis, a serious effort has been made to compare some observations with model
calculations. Some considerations restricted our study to the ozonesonde stations
in Ascension Island and Nairobi; since they have the greatest numbers of
soundings during 1998 on a regular weekly basis, they are the stations best
suited for a seasonality study. Also the ozonsonde station in San Cristobal will be
subject of investigation; since in September 1998 five soundings were launched in
ten days, these data are suitable to investigate the possibility of modelling daily
changes in ozone profiles with TM3. Note that the aim of the study was only to
evaluate the performance of the TM3 ozone simulations. Deficiencies found in the
simulation can be due to a wide range of causes, which often fall outside the
scope of this study.
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3.2 Ascension Island

In this section the modeled ozone profiles of the station Ascension Island are
compared with ozonesonde observations. The ozone soundings are detailed
vertical measurements at one geographical position, which are difficult to
compare to model calculations on a regular horizontal grid at fixed pressure
levels. Such a comparison with individual soundings is also very sensitive to
errors in the analyzed wind fields and to local emissions. Furthermore, the
quality of a comparison of modeled and observed instantaneous ozone profiles
would be rather poor in a statistical point of view, because regular ozone
soundings are generally performed only once a week at most stations. In order to
overcome the above mentioned difficulties, monthly averaged ozone values are
considered. The modeled ozone profiles are then less dependent on the various
simplifications which are present in the model, such as climatological emissions
in stead of emissions coupled to the actual meteorological parameters, prescribed
deposition velocities regardless of the surface characteristics, and daytime
averaged photolysis without a diurnal cycle [c.f. Wauben, 1998].

Since the ozonesonde station Ascension Island is located on an island far away
from the continents, the observed ozone values should not be affected by local
pollution. Let us first consider Figure 3.2.1, in which the monthly mean volume
mixing ratios of ozone calculated by TM3 for February, May, August and
November 1998 i are presented together with all the observations in the
corresponding months. All the observations are displayed in order to get an
impression of the natural variability of observations.

I These months have been depicted in order to get isochroneous time-intervals.
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Figure 3.2.1 Monthly mean volume mixing ratios of ozone calculated by TM3 for
February, May, August and November 1998 at Ascension Island together
with the observations in the corresponding months.

As can be seen, the agreement between model results and observation is quite
well, except for a deviation in the upper stratosphere (above 50 mbar). This
deviation turns out to be a systematic deviation of the modeled ozone mixing
ratio. Recall from chapter 2 that the chemical scheme of TM3 cannot adequately
describe stratospheric chemistry and that therefore a zonally and monthly mean
ozone climatology based on ozonesonde measurements [Fortuin and Langematz,
1995] is prescribed above 50 hPa. This is needed since the chemistry module in
TMS3 contains only relevant processes for the troposphere and lower stratosphere
and as a result underestimates the amount of ozone formed under the influence
of ultraviolet radiation higher in the stratosphere. Due to the low number of
included observations from the tropics, this climatology could potentially be less
reliable in the tropics.

The seasonality of the observed and modeled ozone values at Ascension Island is
compared in Appendix A, Figure A.1. The monthly mean ozone values are given
as a function of the month for all the nineteen standard vertical pressure levels
in TM3 (i.e. 980, 967, 940, 895, 834, 758, 672, 582, 489, 402, 321, 250, 190, 140,
102, 73 50, 30 and 10 mbar). All the observed ozone profiles from 1998 at
Ascension Island have been interpolated to these vertical levels in order to get an
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impression of the natural variability of observations. Note that, conform table
3.1.1, no observations are available for April.

Figure A.1 shows that in the upper stratosphere (i.e. 10, 30 and 50 mbar) is an
evident systematic deviation of the modeled values in comparison with the
observed values. It can be concluded that the prescribed climatology for the upper
stratosphere in TM3 is less reliable for tropics, due to the low number of included
observations in the tropics.

At levels in the lower stratosphere and upper troposphere (i.e. 73, 102, 140, 190,
250, 321 and 402 mbar) the modeled seasonality compares well with the
observations, especially if one realises that no standard deviation bars are
included in these plots. From other publications [e.g. Wauben, 1998] it can be
seen that the standard deviation amounts to at least 5% for the simulated values.

Furthermore, at the lower levels (i.e. 489, 582, 672, 758, 834, 895, 940, 967 and
980 mbar) the modeled values compare reasonably well with the observed values.
Only the values of the months September (9) and October (10) and November (11)

show a small deviation. However, the seasonality of the ozone concentrations is
still reproduced by TM3.

3.3 Nairobi

In this section the modeled ozone profiles of the Nairobi station are compared
with ozonesonde observations. In Figure 3.3.1, the monthly mean volume mixing
ratios of ozone calculated by TM3 for January, May and September 1998 ii at
Nairobi station, are presented together with all the observations in the
corresponding months.

# These months have been depicted in order to get isochroneous time-intervals.
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Figure 3.3.1 Monthly mean volume mixing ratios of ozone calculated by TM3 for
January, May and September 1998 at Nairobi together with the observa-

tions in the corresponding months.

The agreement between model results and observation is quite well again, except
for the systematic deviation in the upper stratosphere (above 50 mbar). Note also
that the simulations sometimes show an underestimation in the troposphere.

Next the seasonality of the observed and modeled ozone values at Nairobi station
will be compared. In Appendix B, Figure B.1, the monthly mean ozone values are
given as a function of the month for the upper fourteen standard vertical
pressure levels in TM3 (i.e. 758, 672, 582, 489, 402, 321, 250, 190, 140, 102, 73
50, 30 and 10 mbar); there were no observations available of the lowest five levels
(i.e. 980, 967, 940, 895 and 834 mbar). Again, the observed ozone profiles have
been interpolated to these vertical levels in order to get an impression of the
natural variability of observations. This time, no observations are available for
July and August, conform table 3.1.1.

The levels in the (lower) troposphere (i.e. 489, 582, 672 and 758 mbar) show good
results: the seasonality of the observed ozone concentrations is reproduced quite
well by TM3. Higher up (> 402 mbar) the simulation gets worse and at levels in
the upper stratosphere (i.e. 10, 30 and 50 mbar) a clear deviation is visible, with
the same explanation (prescribed climatology is less reliable for the tropics) as
before.

-16 -



3.4 San Cristobal

Finally, modeled ozone profiles of September 1998 from the station San Cristobal
are compared with ozonesonde observations. In Figure 3.4.1, all the ozonesonde
measurements taken in september 1998 at San Cristobal station are displayed.
Also the modeled monthly averaged ozone profile is displayed.

20 |
40 |

60

80/f
200 -

400 |-

pressure [mbar]

Ozone [ppmv]

Figure 3.4.1 All observed instantaneous ozone profiles at San Cristobal and monthly
mean ozone profile for September 1998 in ppmv.

As can be seen, the monthly mean model values are within the natural
variability band defined by the instantaneous observations, except for the upper
stratosphere (above 50 mbar).

Finally, an attempt has been made to reproduce individual soundings in
September 1998 at the San Cristobal station, in order to investigate if it is
possible to reproduce daily variability in ozone profiles with TM3. For this
purpose, some subroutines, that produce ozone profiles at specific moments in
time coinciding with the time of sounding (see appendix C), have been written
and included in the TM3 model code. The results for these specific days in
September 1998 are shown in Figure 3.4.2.
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Figure 3.4.2 Observed and modeled instantaneous ozone profiles in ppmv

At first sight the modeled profiles seem to compare reasonably well with observed
profiles, except for the upper stratosphere. However, closer inspection clearly
shows that the modeled ozone profiles cannot reproduce detailed features - like
waves, advection of different sources and biomass burning - and that the
simulations sometimes (e.g. 4 and 28 September) show an underestimation in the
troposphere. The former deficiency is likely to be due to the limited resolution of
TM3 (8° x 109 x 19 vertical levels), the latter can be associated with imperfect
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4 Conclusions

Observed ozonesonde profiles in the tropics are compared with ozone
distributions simulated by TM3 in order to validate the model results for ozone.
The aim of the study was to evaluate the performance of the TM3 ozone
simulations. Deficiencies found in these simulations can be due to a wide range of
causes, which often fall outside the scope of this study.

TM3 uses meteorological data from ECMWF analyses for transporting the
chemical constituents in combination with an ozone chemistry module containing
methane and carbon monoxide oxidation chemistry. Also several emissions (e.g.
NOy, CH4, and CO-emissions) are included. The ozone concentrations above 50
mbar are prescribed according to a zonally and monthly mean ozone climatology
based on sonde measurement values.

The study was limited to three ozonesonde stations: Ascension Island, Nairobi
and San Cristobal. Generally, monthly mean modeled ozone profiles compare
reasonably well for all three stations with the natural variability constructed
from all the available observations in the corresponding months, except for the
upper stratosphere (above 50 mbar). In the upper stratosphere, an evident
systematic deviation is visible. From this, it can be concluded that the prescribed
climatology for the upper stratosphere in TM3 is less reliable for the tropics, due
to the low number of included observations in the tropics.

Furthermore, the seasonality of ozone for the ozonesonde stations Ascension
Island and Nairobi has been investigated. For Ascension Island, which is located
on an island far away from the continents and which therefore should not be
affected by local pollution, the seasonality is reproduced quite well by TMS3,
except for — again — the upper stratosphere. For Nairobi, which is located at the
equatorial East-coast of Afrika, the seasonality is only reproduced reasonably
well in the lower troposphere.

Finally, an attempt has been made to investigate the possibility to reproduce
daily changes in ozone profiles with TM3. For this, individual soundings in
September 1998 at the San Cristobal station were simulated. The conclusion is
that the modeled ozone profiles are not accurate or sensitive enough to show
detailed features, like waves, advection of different sources and biomass burning.
Probably this can be explained by the very high spatial and temporal resolution
required to reproduce these fine structures. The used model resolution of 80 x 100
x 19 vertical layers is probably not fine enough.
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Figure A.1 The seasonality of observed and modeled monthly mean ozone for

Ascension Island station at standard vertical TM3-levels. By displaying all
the observations during 1998, an impression of the natural variability is
developed to compare with model calculations.
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Appendix B
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Figure B.1

The seasonality of observed and modeled monthly mean ozone for Nairobi
station at standard vertical TM3-levels. By displaying all the observations
during 1998, an impression of the natural variability is developed to
compare with model calculations.
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Appendix C

In this Appendix the subroutines are displayed, that were written in order to
produce ozone profiles at specific moments in time that coincide with the time of
sounding.

aoocacaoaaoaoaoao00a0Q000aa0

subroutine SOUNDING

gives output at position of sounding, at midday
output is date, lat, lon, p(hPa), T(K), O3 (ppmv)

called from : tracer
every nchem seconds !

expected input file is "sounding.dat", containing date, lat, lon
if "sounding.dat” does not exist, no output is generated.

for each sounding a new output file is generated with the
name: sound yyyymmdd.d

It is not possible to evaluate multiple soundings on 1 day!!!

implicit none
include "constants"”
include "common"

external openfile, getsounding

integer ksi, kso ! input and output file unit numbers
parameter (ksi=41, kso=42)
character*16 fout ! name of output file

integer date, lat, lon
integer ix,iy
integer iz

integer tm3date

date, and lat,lon position of sounding
X,y indices of sounding's position
loop variable over column

idate converted to yyyymmdd format

real loctime local time at (lat,lon)
real temp temperature (K)
real o3 [03] (ppmv)

logical fex
logical first
data first /.true./

flag for existing of sounding.dat

!
f
!
|
!
real press ! pressure (hPa)
!
'
1
! flag for initializing routine

save first, fex, fout,date,ix,iy,lat,lon
INITIALISATION

if (first) then
first = .false.
inquire (file='sounding.dat',6 exist=fex)
if (fex) then
opgn (unit=ksi,file='sounding.dat’,statquéold')
read (ksi,*) ’
call GETSOUNDING (fex, ksi,date,lat,lon,ix,iy)
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read (ksi,*) date, lat,lon
call OPENFILE (kso, fout,date)
endif
endif

if (.not.fex) return ! no sounding data

GIVE OUTPUT AT REQUESTED DATA AT (AS CLOSE AS POSSIBLE TO) MIDDAY

tm3date idate (3)+100* (idate(2)+100*idate (1))
loctime = mod(float (idate(4))+24.*float (ix-1)/float (im)+12.,24.)

if (tm3date.eg.date.and.abs(loctime-12.).le.nchem) then

do iz=1,1lm
temp = t(ix,iy,iz)
press= (phlb(ix,iy,iz)+phlb(ix,iy,iz+1))/2.

o3 = 1l.e6 * rm(ix,iy,1iz,i03) / ra(iO3) * m(ix,iy,iz)
write (kso, ' (i10,4£7.2,1p,ell1l.3)"') date,lat,lon,press, temp, 03
enddo

close (kso)
call GETSOUNDING (fex, ksi,date,lat,lon,ix,iy)
if (fex) call OPENFILE (kso, fout,date)

endif

return
end

subroutine OPENFILE (kso,fout,date)

implicit none
include 'constants'
include 'common'
character*16 fout

integer kso,date

write(fout,'(a6,i8,a2)') 'sound ',date,’'.d’

open (unit=kso,file=fout,status="new')
write(kso, ' (al0,4a7,all)"') 'date', 'lat', 'lon', 'p(hPa)',
S 'T(K)', 'O3(hPa)’

return

end

subroutine GETSOUNDING (fex,ksi,date,lat,lon,ix, iy)

implicit none
include 'constants'
include 'common'
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9999

logical fex
integer ksi,date, ix,iy,lat,lon
integer tm3date

date = =999
tm3date = idate(3)+100.* (idate(2)+100.*idate (1))
do while (date.lt.tm3date)
read (ksi,*,end=9999) date, lat,lon
enddo
ix = int((lon+180.)*float (im)/360.)+1
iy = int((lat+ 90.)*float(jm)/180.)+1
return

ceontinue ! get here if no more sounding data is available

fex=.false.

return
end
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Appendix D

A schematic overview of all my activities during my traineeship at KNMI.

Weeknumber Place Activities

1 KNMI, De Bilt Introduction into the field of research by reading
several (TM3 related) articles and articles about
climatology in the tropics.

2 KNMI, De Bilt Introduction into some elementary UNIX and
elementary Fortran by reading and "playing"
with the computer.

3 KNMI, De Bilt Finding out how TM3 works by reading an
obsolete manual and ‘"playing" with the
computer.

4 KNMI, De Bilt More finding out how TM3 works by reading an
obsolete manual and "playing" with the computer
and performing some TM3 runs.

5 KNMI, De Bilt Performing more TM3 runs and evaluating of the
obtained TMS3 results.

6&7 KNMI, De Bilt Translation of the UNIX based version of TM3
into a LINUX based PC version. In practise this
implied installing LINUX on a PC, compiling the
Fortran code again with a Fortran PGF90
compiler and rewriting the binary input files.

8 KNMI, De Bilt Testing the LINUX based PC version of TM3 and
studying the working principles of a photometric
ozone analyser and following a short course into
installing this ozone analyser.

9 Anton de Kom University, Installing a dual bootable system (LINUX &

Paramaribo Windows) at a PC and installing and testing
TM3. .

10 Anton de Kom University, Due to a Harddisk error, TM3 had to be re-
Paramaribo installed several times.

11 Anton de Kom University, Writing a step-by-step "TM3 installation
Paramaribo procedure” for possible TM3 wusers and

controlling this procedure by having TM3
installed on a PC by a potential user.

12 Anton de Kom University, Writing a completely up-to-date "Model
Paramaribo documentation" for potential users. This report

can also be very usefull for new TM3-users at
KNMI, since a proper documentation is not
present.

13 Anton de Kom University, Finishing the "Model documentation" and
Paramaribo showing some TM3 demonstrations.

14 Anton de Kom University, Preparation of a 50 minutes guest-course about
Paramaribo "Modelling in Atmospheric Research" and

keeping the guest-course. Showing some more
. TM3 demonstrations.

15 Meteorological Service Writing a step-by-step procedure to install the
Surinam (MDS), ozone-analyser , since the ozone-analyser didn't
Paramaribo arrive.

16, 17 & 18 KNMI, De Bilt Further investigation of TM3 results and writing

this final report.
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