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Abstract 

The three-dimensional structural and seasonal variations of the inter-hemispheric 

exchange processes between the Northern and Southern Hemispheres were studied in order 

to develop a tropospheric chemical transport model (CfM). A global atmospheric transport 

model (ATM) and a Lagrangian trajectory model (LTM) were developed using twice daily 

three-dimensional wind fields analyzed at the European Centre for Medium-Range Weather 

Forecasts (TAGA Basic, 1989). A CTM was developed incorporating a simple planetary 

boundary layer and chemical reactions using meteorological data reponed every 6 hour 

(TOGA Advanced, 1992). The three-dimensional distribution of carbon dioxide (C02) was 

studied to evaluate the planetary boundary layer (PBL)fonnulations. The three-dimensional 

distributions of methyl chloroform (trichloroethane; CH3CCI3 ) and methane ( CH., ) were 

used to evaluate the performance of the CfM. 

A compositional gradient zone (CGZ) associated with the Inter Tropical Convergence 

Zone (ITCZ) between the Northern and Southern Hemisphere were observed in the lower 

troposphere of the ATM. A partial barrier between the Northern and Southern Hemispheric 

air masses was observed in the distribution of the exu·ema of the latitudes of trajectories 

during the 30 days of integration in the LTM and is consistent with the CGZ in the ATM. 

The CGZ coincided with the ITCZ in the Pacific throughout the year and shifted to 30°N in 

Asia in the northern summer and to 30°S in South America in the northern winter. 

Although upper tropospheric trajectories crossed the CGZ both in January and July, 

there was an asymmetry for trajectories passing between hemispheres in the lower tropo

sphere. Trajectories from the summer hemisphere to the winter hemisphere went via the 

lower troposphere in the tropics then they were lifted in the tropics. Those from the winter 

hemisphere to the summer hemisphere crossed the CGZ only in the lower troposphere. 

PBL effects in the CfM were investigated using a current estimate of the sources and 

sinks of C02 due to fossil fuel combustion ( fossil run) and land ecosystem ( vegetation 
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run). The annual mean surface concentration in the vegetation run was sensitive to the for

mulation of the PBL. 

The interhemispheric exchange time between the Northern and Southern Hemispheres 

in the ATM was about one year, although the ATM includes neither vertical mass transport 

nor horizontal diffusion arising from cumulus convection. The interhemispheric exchange 

time in the CfM was also about one year, even though the meteorological data in the CTM 

are reponed every 6 hours, rather than every 12 hours as used in the ATM. 

The inter-hemispheric gradient of methyl chloroform was about 25pptv, which is con

sistent with the Atmospheric Lifetime Experiment (ALE/GAGE) data. The global average 

hydroxyl radical concentration required to reproduce the inter-annual trend as observed by 

the ALE/GAGE was 4.7x lcY(molecules/cm 3) The inter-annual trend of CH
4 

as reponed 

by the Climate Monitoring and Diagnostics Laboratory (CMDL) was well simulated by 

using the required amount of the OH radical, adjusted for methyl chloroform's inter-annual 

trend and a 524 Tg/year source of methane. However, the seasonal variation of all sites, 

except at the highest northern hemisphere latitudes, was modeled successfully. The 

interhemispheric contrast was not large enough and the base amount in the southern hemi

sphere was larger than observed. 

Based on these experiments, we can conclude that the CfM represents atmospheric 

transport precisely and has a potential capability to assess the the source strength of minor 

constituents. 
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Chapter 1: General Introduction 

1. Atmospheric composition 

Nitrogen and Oxygen occupy 99% of the 
atmosphere in volume and they are transparent to 
infrared radiation. On the other hand, other con
stituents, such as water vapor, C02 and CH4 , have 
global warming effects due to their absorption of 
infrared radiation, and have an important role in 
maintaining the atmospheric temperature. The 
amount of the minor constituents changes with 
natural variation of the solar-earth system as well 
as human activities. Global warming is predicted 
in the next century due to the increase of these 
minor constituents. 

In spite of the importance of the concentra
tion of the minor constituents in the atmosphere, 
our knowledge of their sources and sinks shows 
significant uncertainty. Furthermore, to evaluate 
human activities on the atmospheric environment, 
we have to synthesize all the processes connect
ing the sources and sinks with the receptor: emis
sion, transport, chemical and physical 
modification and deposition. 

Some aspects of the transport of the minor 
constituents are illustrated in Figure I. The atmo
sphere can be divided into PBL, Troposphere and 
Stratosphere. The constituents released from the 
surface are injected into the PBL. Inside the 
PBL, the concentration is well within a few 
hours. The time scale of the exchange between 
PBL and free troposphere ranges from a few 
hours to few days, depending on the strength of 
the stratification of the inversion layer at the top 
of the PBL. The concentrations of some minor 
constituents, such as C02 or Chlorofluorocarbons 
(CFCs), indicate that the exchange rate of the air 
in the Northern Hemisphere and that in the 
Southern Hemisphere is about one year (Keeling, 
1960, Prather eta/., 1987). The stratosphere and 
troposphere are divided by the tropopause, and 
the exchange rate through the tropopause is 
estimated as two years, in terms of the turn over 
time of the stratospheric air. Observation of the 
concentration of the minor constituents in remote 
areas from the source may be interpreted if the 
above mentioned transport process is taken into 
account in a model. 

The amount released into the atmosphere is 
known for some constituents, such as CFCs and 
sulphur hexafluoride (SF6), because they are 

purely artificial products. The concentrations of 
CFCs have been observed in ALE/GAGE, and 
have been used to evaluate or calibrate the atmos
pheric transport models (Prather ed. 1990), 
although there are uncertainties in their lifetimes 
(Kaye et a/., 1994). The observation of the con
centration of SF6 have been accumulated (Maiss 
and Levin, 1994), and may be used to evaluate 
the transport model in the future, because the 
atmospheric life time of SF6 is 3200 years. 

Stable 14C isotopes are created in the upper 
atmosphere, due to cosmic radiation, and are used 
to calibrate the mass transfer rate between the 
stratosphere and the troposphere. Stable 222Rn 
isotopes are released from the soil and are used to 
calibrate the mass exchange rate between the 
planetary boundary layer and the free troposphere 
(Heimann and Keeling, 1989), although the 
observation of 222Rn is not enough, in terms of 
the coverage of the area and seasons. 

The size of sources and sinks of some con
stituents are not well known, such as Krypton-85 
( 85Kr), C02 and C~. In the reprocessing of 
nuclear fuel waste products, 85Kr is released into 
the atmosphere and its mean life time is 15.6 
years. Although the source distribution was not 
known well in the former Soviet Union, the con
centration of 85Kr was used to calibrate the 
atmospheric transport model (Hein1ann and Keel
ing, 1989, Zinlmermann et a/., 1989) when the 
data of CFCs were not available. 

Atmospheric concentration of C02 has 
increased since the industrial revolution. The 
emission of C02 due to combustion of fossil fuel 
is estimated as 5 to 6 GtC per year, and 3GtC 
remains in the atmosphere. We do not know the 
fate of the remaining 2GtC. The surface concen
tration of the atmospheric C02 has a seasonal 
peak to peak cycle of 5 ppm in the Northern 
Hemisphere and 0.5 ppm in the Southern Hemi
sphere. Resent observations of stable isotopes 
(Nakazawa et a/., 1993) indicate that the seasonal 
variation of the C02 concentration in the west 
Pacific can be explained only with the biological 
activity over the land. This seasonal variation has 
made the detection of the so-called missing C02 

sink difficult, due to the complex distribution of 
the sources and sinks and their irregular variation 
with time. 
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Minor Constituents in the atmosphere 
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Fig.l Minor constituents in the atmosphere. The atmosphere can be divided 
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sphere. The troposphere can be devided into two parts near the Equa tor: 

the Northern and Southern Hemisphere. 
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The amount of CI-L, in the atmosphere is 
increasing but the source distribution is not well 
known. In 1990's, this increase has stopped but 
there is no explanation for this phenomena 
because of the lack of knowledge about CH4 

sources. The major removal mechanism of CH4 

is a reaction with the OH radical, 

(1) 

Both the estimates of the sources of methane in 
the atmosphere and the rate of its removal have 
large uncertainties ( Taylor eta/., 1991 ; Fung et 
a/., 1991). 

The OH radical is also the most important factor 
in the removal of methyl chloroform in the tropo
sphere, 

CHJCC13+0H~CH2CCIJ+H20. (2) 

Since the source strength of methyl chloroform 
is relatively well known, it is sometimes used to 
estimate the global OH radical concentration 
(Prinn eta/., 1992, etc.). 

For a minor constituent with a life time 
longer than one year, an interhemispheric 
exchange process between the Northern and 
Southern Hemisphere in the troposphere is a key 
factor in determining its current global distribu
tion, while the understanding of this process is 
very limited because of the poor meteorological 
data in the tropics. Recent improvements in the 
quality of the meteorological data may make it 
possible to study this process. This study 
attempts to resolve the interhemispheric exchange 
process through the tropics using the best 
meteorological data set available. Based on the 
results of the interhemispheric transport, a global 
transport model is used to reproduce the current 
distribution of some minor constituents. 

2. Transport of trace constituents between 
hemispheres 

Earlier observations of minor constituents 
(Keeling, 1960: Newell et a/. , 1974) have already 
identified a compositional gradient zone or a mix
ing barrier in the lower latitudes, around the Inter 
Tropical Convergence Zone (ITCZ). Halter et 
a/., (1988) showed that the variability of atmos
pheric C02 at American Samoa (14° S, 171 ° W) 
was the result of alternating influences of air 
masses from separate source regions. They sug
gested that the ITCZ and South Pacific Conver
gence Zone (SPCZ) function as barriers. Prim1 et 
a/. , (1992) showed that the variation of concentra-

tion of methyl chloroform at American Samoa 
shows a remarkable sensitivity to the El Nino
Southern Oscillation (ENSO). Although the posi
tion of the barrier over the oceans has been 
extensively studied, its position is not known in 
the upper part of the atmosphere, nor over land. 

3. Exchange Through the Barrier 

Junge (1962) discussed the interhemispheric 
exchange rate based on C02 data published by 
Keeling (1960) and on data published by Bishop 
et a/., (1961) on tritium content in methane. 
Junge(1962) estimated an interhemispheric 
exchange time of about one year, based on the 
amplitudes of seasonal variations in C02 concen
tration in the Northern and Southern Hemi
spheres. Newell et a/. (1969) studied the 
interhemispheric exchange processes using 
meteorological data and the distribution of ozone. 
Newell et a/. (1974) later extended their study to 
include the distribution of CO. Czeplak and 
Junge (1974) summarized interhemispheric 
exchange times estimated from several species. 
The exchange times varied greatly, from 0.7 to 
4.4 years, depending on the species and the esti
mation method. 

The strength of the interhemispheric 
exchange is critical in the distribution of minor 
constituents in each hemisphere. Even for the 
simplest framework of a reaction between two 
constituents, such as methane or methyl chloro
form and the hydroxyl(OH) radical, the interhem
ispheric exchange time may affect the global dis
tribution of the OH radical. The OH radical con
centration and distribution are therefore adjusted 
for different transport models. (Spivakovsky, et 
a/. 1990, Hartley and Prinn, 1991 , Cunnold and 
Prinn, 1991). 

The seasonal variation of the exchange 
strength and transport paths between the hemi
spheres are also important factors that affects the 
concentration of minor constituents in the atmo
sphere. Pearman and Hyson (1980) suggested 
that the correlation which exists between the 
release and the absorption of C02 due to biologi
cal activity, and that the strength of the interhem
ispheric exchange may indicate a net flux from 
one hemisphere to another. 

Despite the work discussed above, the 
actual exchange mechanism has not been clearly 
understood because of unreliable wind data in the 
tropics. Newell et a/. (1969) showed the impor
tance of the upper tropospheric transport in the 
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tropics, based on the large value of the mean 
meridional circulation (indicating a high level of 
transport) and on the standard deviation of the 
meridional component of the wind (indicating a 
high level of dispersion) in the upper troposphere. 
y amazaki and Chiba (1992) investigated the 
interhemispheric exchange process using a semi
Lagrangian model combined with a GCM. 
Yamazaki (1992) investigated the interhem
ispheric exchange process using a global Lagran
gian model with observed wind fields. Both stu
dies indicated the importance of the exchange in 
the upper part of the troposphere. However, 
because both studies are restricted to the analyses 
of the zonal mean, the horizontal distribution of 
exchange paths remains unclear. 

4. Model 
Among the global three dimensional tran

sport models, only models which made a com
parison with observations of tropospheric concen
tration of any species are listed in Table 1. The 
order of appearance in the literature is approxi
mately reflected in the order in the list. The first 
two appeared in 1970's. Models after the number 
eight appeared in 1990's. The last line shows the 
present study. 

The Euler method corresponds to a finite 
difference method including spectral representa
tions of the mixing ratio. A slope method, that is 
alternatively called second order momentum 
methods, was used in the GISS transport models 
(3,4,5,8,9). The Lagrangian method means a 
large number of particles are traced in the model. 
The Semi-Lagrange method uses back trajectory 
of a particle at each time step at each grid point 
to estimate the mixing ratio at a grid point. 

As the continuous observation of the con
centrations were accumulated, many attempts 
were made to adjust the model transport with the 
observation, using known source strengths. One 
reason for the wide use of GISS/Harvard model 
may be the functionality for the adjustment of the 
interhemispheric exchange time using horizontal 
diffusion. Prather et al., (1987) simulated the 
global distribution and temporal variability of 
chlorofluorocarbons (CFCs) using the original 
GISS model. They found that interhemispheric 
transport rates for trace gases, as resolved by the 
parent GCM, were too slow to account for the 
CFC concentration observed in the Southern 
Hemisphere. They adjusted the interhemispheric 
transport time of the model by scaling diffusion 
rates in the tropics. 

Despite its attractive features, the GISS 
transport model has a strong limitation in its 
application because it uses the wind field gen
erated by the GISS climate model. Heimann and 
Keeling (1989) simulated atmospheric C02 and 

tlct12C using the GISS/SIO model, in combina
tion with observed wind field data derived from 
the First GARP Global Experiment (FGGE). 
They adjusted the interhemispheric exchange time 
to 1.3 years by reducing the strength of convec
tion in the model by half. 

Taylor (1989) simulated the global distribu
tion of C02 and Taylor et al., (1991) simulated 
the global distribution of methane using a Lagran
gian transport model, combined with 5-years of 
atmospheric analyses from the ECMWF. Their 
interhemispheric exchange time was 1.2 years and 
required no adjustment. 

Kao et a/. , (1992) simulated global 
CFCll(CFCI3) concentration using the Los 
Alamos chemical tracer model. They showed that 
simulated amounts of CFCll at Samoa and 
Tasmania are sensitive to the interhemispheric 
exchange time. 

A global material transport model may be 
created with either on-line or off-line methods. 
("Off-line" means that meteorological information 
relating to tracer transport is taken from the GCM 
and used in a different model). The transport 
model may be constructed in either Eulerian 
(Hunt and Manabe, 1968, etc.) or Lagrangian 
form (Taylor et al., 1991; etc.) A semi
Lagrangian form of the transport model has also 
been used by Yamazaki and Chiba (1992) and 
Hartley et al., (1993) . A review of the develop
ment of transport models is given by Brasseur 
and Madronich (1992). In this work, three off
line models have been developed, one in Lagran
gian and two semi-Lagrangian form, in order to 
make use of recently improved meteorological 
analysis data. 

5. Meteorological Data 

Global gridded meteorological data has been 
available since the First Global GARP Experi
ment (FGGE), conducted from late 1978 to the 
end of 1979. The ECMWF compiled the FGGE
illb data using a four dimensional data assimila
tion system (Bengtsson, et al., 1983). In this sys
tem, data at grid points where observations are 
sparse are filled with the data generated by a 
numerical weather prediction system. 
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No CODE Scheme User( constituent) Wind mode 

1 GFDL Euler Rayner (COz) GFDL GCM off 

2 MIT Euler Golombek(CFC) Cunnold GCM off 

3 GISS Slope Fung(COz) GISS GCM off 

4 GISS Slope Prather(CFC), J acob(85Kr) GISS GCM off 

- /Harvard - Spivakovsky(OH,CH3CCl3) - -

- - - Fung(COz ,CH4) -

5 GISS/SIO Slope Heimann( C02) ECMWF/FGGE off 

6 MPI Euler Zimmerman (85Kr) Oort off 

7 ANU Lagrange Taylor(COz,CH4) ECMWF/WMO off 

8 GISS/Ta Slope Tans(C02) GISS GCM off 

9 MPI/TM2 Slope Heimann (Z22 Rn,COz,CFC) ECMWF/WMO off 

10 LANL Euler Kao(CFC) LANL GCM on 

11 LLNL Lagrange Penner(CFC) CCM1(NCAR) off 

12 CCM2 Semi-Lag Hartley ( CFC) ,Erikson ( COz) CCM2(NCAR) on 

13 NIRE Semi-Lag Taguchi(CH3CCl3,CH4,COz) ECMWF/TOGA off 

Table 1. List of the global tlu·ee dimensional trace transport models. Each row 

shows the name of the organization (or the name of the model, if appropriate), the 

numerical scheme used to calculate the transport, the name of the user of the model 

and the constituent(s) investigated, the wind field used , and calculational mode: on 

or off line. The abbreviations of the institutions are listed in the appendix. 
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Table 2 lists the data set released from the 
ECMWF, including data yet to be released 
(ECMWF Newsletter December 1993, ECMWF 
1994). 

The quality of the data vary in each archive. 
Figure 2 ( copied from Trenberth 1992, Figure 
35) shows the zonally averaged vertical velocity 
at 500 hPa for two data set of ECMWF: (a) 
WMO and (b) TOGA. In both figures, the verti
cal velocity increased significantly, probably not 
due to natural variation, but to the ECMWF 
analysis procedure. During 1985 to 1989, the 
zonal mean omega is confined in more narrow 
region in the TOGA archive than in WMO 
archive. In May 1989, significant changes were 
observed in both archives when the vertical mass 
flux scheme was introduced in the physical 
parameterization of the ECMWF numerical pred
iction model. The re-analysis project (ERA) has 
been conducted at the ECMWF to respond to the 
request from researchers for a data set with a 
homogeneous quality . They are not yet available. 

The following chapter contains a discussion 
of the atmospheric barriers in the tropics and the 
atmospheric exchange of mass between hemi
spheres in the ATM. In chapter 3, the same sub
jects are discussed for the LTM. In chapter 4, 
CTM is described in detail and the result of C02 
simulation is discussed. Simulations of CH3CCJ3 
and CH4 are performed with the CTM and the 
results are compared with ALE/GAGE and 
CMDL observation network in chapter 5. Con
clusions are summarized in chapter 6. 
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Name NM-init H-res. V-res. Int. period 

FGGE-IIIb initialized 2.5 14 12H 1978/Dec- 1979 

WMO initialized 2.5 7 12H 1978/Dec- 1989 

FGGE-SOP-A non-init 1.875 15 6H 1979/Feb and 1989/June 

FGGE-SOP-B initialized 1.875 19 6H 1979/Feb and 1989/June 

TOGA/Basic non-in.it 2.5 15 12H 1985-now 

TOGA/ Advanced non-init 0.5 15 6H 1989-now 

ERA non-init 0.5 15 6H 1979-1994 

Table 2. List of ECMWF archive. SOP stands for the special observation pe-

riods. TOGA is the tropical ocean and global atmosphere. ERA is the ECMWF 

Re-analysis Data. For details of the evolution of the data, refer to the description 

of the data given from the ECMWF. 
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Chapter 2 : Interhemispheric Exchange in the Troposphere by an Atmos

pheric Transport Model. 

Abstract 

A global atmospheric transport model was developed using a simple semi-Lagrangian method and 
the inter-hemispheric exchange was investigated. The time evolut ion of the mixing ratio of an artificial 
tracer at grid points with resolution of 2.5° horizontal and 14 vertical pressure levels is obtained using 
three-dimensional wind fields analyzed at the European Centre for Medium Range Weather Forecasts. 

A steep horizontal gradient zone was observed in the equatorial region of the lower troposphere and 
indicates a boundary between the hemispheres. The latitude of this boundary changed with longitude 
and the seasons; it was located north of the equator, on the average. The boundary coincided with 
the Inter Tropical Convergence Zone in the Pacific throughout the year and shifted to 30°N in Asia 
in the northern summer a nd to 30°S in South America in the northern winter. 

~lonthly flux of mass across this zone was estimated. The maximum mass exchange from south to 
north occurred in December and the minimum in May; the maximum from north to south was in May 
and the minimum in October. The interhemispheric exchange time was about one year. 

The results of this experiment suggest that sources and sinks of atmospheric constituents along the 
Indo-China peninsula may affect air quality in the Southern Hemisphere during the northern summer 
while such sources and sinks in the Amazon Basin may affect air quality in the Northern Hemisphere 
during the northern winter. 

1. Introduction 

Air mass exchange between the Northern and 
Southern Hemispheres is slow compared with the 
diffusion inside each Hemisphere. The spatial vari
ation of the mixing strength can be recognized by 
a steep compositional gradient zone (CGZ) that di
vides the Hemispheric air masses near the equator. 
Intermittent fluctuations of this zone account for the 
daily variations of minor constituents as shown in 
American Samoa by Halter et aL (1988). 

Let us consider the formation of the CGZ in detail. 
If the contribution of sources and sinks is negligible 
when compared with the initial distribution, then 
the CGZ is formed as a result of different mixing 
strengths as well as initial conditions. In horizon
tal shear situations, when transport is faster than 
mixing along the shear boundary, the transported 
air-mass maintains its characteristics and forms the 
CGZ as it moves. \Vhen mixing is dominant, indi
vidual air masses of different compositions cannot 
be identified. Transport and dispersion are defined 
by an averaging procedure. If the average time is 
very long or the area very wide, then mixing may 
dominate transport b an observation. ff air motions 

can be resolved precisely, then it is not necessary to 
worry about diffusion because mixing is described 
by wind fields. In summary, the reproduction of the 
CGZ in a simulation depends on the space and time 
resolution of transport wind fields. 

The importance of the CGZ between Hemispheric 
air masses has been recognized since the 1970's be
cause the interhemispheric exchange time was used 
as an indicator of transport model performance. 
Czeplak and Junge (1974) compared a two-box 
model with a large scale diffusion model and con
cluded that "it is quite realistic to approximate the 
troposphere with respect to inter-hemispheric ex
change by a two-box model." They used tracer gas 
data and obtained an estimate of one year for an 
exchange time. Global transport of chemical con
stituents has been studied extensively for the At
mospheric Life Time Experiment (ALE) (Prinn et 
al., 1987). Prather et al. (1987) investigated global 
transport by following fluorocarbon distributions us
ing a three-dimensional chemical transport model 
with wind derived from a GCM developed at the 
Goddard Institute for Space Studies (G ISS ). Sub
grid scale diffusion was necessary for their model to 
reproduce the observed inter-hemispheric exchange. 
Jacob et al. (198i) investigated the global distribu-



tion of So K r using the same model as Prather et 
al. (1987). They obtained an interhemispheric ex
change time of 1.1 years. Taylor et al. (1991) inves
tigated methane sources using a particle diffusion 
model driven by the 7 layer wind fields analyzed by 
the European Centre for Medium Range Weather 
Forecasts (ECMWF). Their interhemispheric ex
change time was 1.2 years. Heimann and Keeling 
(1989) investigated the global circulation of carbon 
dioxide with a global transport model driven by the 
observed wind fields analyzed at ECMWF. Heimann 
and Keeling (1989) used parameters to express the 
effect of diffusion by cumulus activity and obtained 
an interhemispheric exchange time of 1.3 years. 

Global transport of an artificial constituent has 
been investigated by Kida (1983a, 1983b) with a La
grangian particle diffusion model driven by the wind 
generated by a hemispheric GCM, and by Yamazaki 
and Chiba (1992) with a semi-Lagrangian transport 
model driven by the whole globe GCJ\1 winds. With 
an artificial tracer, they were able to demonstrate 
the performance of the model efficiently, because 
they could single out transport characteristics from 
emission and washout. The semi-Lagrangian scheme 
used by Yamazaki and Chiba (1992) is a simple 
method for describing advection which requires pos
itive definite transport and stability of the compu
tation for a relatively large time step. A review is 
provided by Staniforth et al. (1991). 

Despite wide awareness of slow exchange through 
the CGZ, the global structure of the zone has not 
been well characterized. The first aim of the present 
model is to visualize important aspects of atmo
spheric diffusion fields, especially the CG z. The sec
ond purpose of the model is to evaluate the transport 
characteristics of a semi-Lagrangian scheme driven 
by the ECMWF winds, without any tuning for sub
grid scale mixing. The need for a three-dimensional 
global transport model was demonstrated by Tans 
e1 al. (1989) when they failed to estimate accurately 
the magnitude of sources and sinks of carbon diox
ide. Diffusion due to cumulus activity introduced in 
the previous model (Prather, et al., 1987, Jacob, et 
al., 1987 and Heimann and Keeling, 1989) was based 
on statistics from the GISS climate model. Since 
the statistics cannot reflect the annual variation of 
the circulation, for analysis of regional sources and 
sinks, the cumulus diffusion must be replaced by 
observations. Total mass conservation was not in
tended. The model is unsatisfactory for the estima
tion of sources and sinks of minor constituents. 

This paper describes the model, the time evolu
tion of the mixing ratio of an artificial constituent, 
and inter-hemispheric exchange through the CGZ. 

2. Model description 

2. I Semi-lagrangian model 
An off-line type semi-Lagrangian model was de-
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veloped with pressure coordinates for the vertical 
and longitude-latitude coordinates for the horizontal 
plane. The backward trajectory was obtained with 
wind data generated at 30 minute intervals by lin
ear interpolation of 12-hour-interval data. The pro
cedure for obtaining mixing ratios at grid points in 
the semi-Lagrangian model is comprised of a back
ward trajectory calculation and an interpolation of 
the mixing ratio at departure points. The grid point 
at which the mixing ratio at a certain time is con
sidered is called the arrival point, and the point cal
culated by the backward trajectory is called the de
parture point. 

Though several sophisticated designs of 
semi-Lagrangian transport have been proposed 
(Williamson and Rash 1989, etc.), all complex treat
ments were avoided to keep the model as simple 
as possible. The linear interpolation in space and 
time of observed winds was used as t.he carrier in 
the present model. 

The data, the method of trajectory calculation, 
interpolation in space, the boundary conditions and 
the time interval for the backward trajectory are 
described in this section. 

2.2 Data 
The wind data that drives the circulation is 

ECMWF's WCRP /TOGA basic level III data set. 
Data are given at 14 pressure levels (1000, 850, 
700, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30 
and 10 hPa), with 2.5 x 2.5° horizontal resolution 
at OOUTC and 12UTC. These data are a product of 
ECJ\.JWF's four-dimensional data assimilation sys
tem , acquired before the application of normal-mode 
initialization. The one year period from January to 
December 1989 was used in this study. Quality of 
these data is reported by Trenberth (1992). 

The data is archived at EClviWF from data pro
duced in the forecast analysis cycle. The data at 
a grid point are interpolated horizontally from the 
very dense data field (T106 spectral truncation= 
1.125 x 1.125°). The data are extrapolated or inter
polated in the vertical direction from sigma coordi
nates to fit the vertical profile of the pressure scale 
data. 

The wind data were not modified further for the 
following reasons. 

(1) Data sampling maintained the profile of the 
fields in time and space although the delicate 
mass balance in the original data was lost. 

(2) There is no way to recover the information re
lated to smaller scale fluctuations. 

(3) While the mass balance in the wind field may be 
equivalent to that of the Eulerian type model , it 
is not necessarily equivalent to the mass balance 
in a semi-Lagrangian model. 
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The quality of the data is influenced by changes in 
forecast and analysis methods. The vertical veloc
ity included in the model was changed drastically 
by modifications in analysis methods during 1989 
(Trenberth, 1992). The major changes occurred 
in May, August and November, 1989. The results 
of the present calculation must be considered with 
these changes in mind. The procedure for construc
tion of this data set and quality of the data before 
1989 are reported by Shaw et al. (1986), Trenberth 
and Olson (1988) and Hoskins et al. (1989) . 

2. 3 Trajectory calculation 
The departure point f'depc.rt at times t-12 hour, for 

an arrival point f'c.rrwal at time t was estimated by 
a backward trajectory. A backward trajectory con
sists of 24 short trajectories calculated sequentially 
along the trajectories from the wind at times t and 
t-12 hour. The procedure follows: 

(1) Obtain a set of three-dimensional wind data at 
each of two times, t and t-12 hour, at the arrival 
point, i'c.rrtval· Interpolate to a time of t-15 
minute, and obtain the wind; v (f, t-15 minute). 

(2) ~love backward 30 minutes from Tarrival along 
ii (farr!vall t-15 minute) and obtain point f't. 

(3) Obtain the wind vectors at the eight grid points 
surrounding f 1 at t and estimate the wind vec
tor at f 1 by interpolation in space (v (f1 , t)). 
Obtain the wind u (f1 , t-12 hour) by the same 
procedure. Obtain the wind vector iJ (T1, t-
45 minute) by interpolation in time of the two 
winds, v (f1 , t) and v (f1 , t-12 hour). 

(4) ~love back 30 minutes by v (f1 , t-45 minute) 
from f 1 , and obtain f2 at t-1 hour. 

(5) Repeat steps (3) and (4) until the position at 
t-12 hour, 1~-1, is obtained. 

The rationale for choosing a 30 minute time in
terval will be discussed later. 

2.4 Spatial interpolation 
The spatial interpolation used in this model is a 

simple one in longitude (x), latitude (y) and pressure 
(p) coordinates as shown in Fig. 1. The wind at a 
point P (x, y, p) surrounded by eight grid points (a, 
b ... h) is obtained by the following equation: 
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v = :LV;w; (1) 
i=l 

where W, is the weight of each of the three wind 
components at the grid point. The weight is calcu
lated by the volume of a box defined by P. The point 
P defines the volumes of eight weighting boxes in
side the eight grid points. The weight of a grid point 

POc:.Y.Zl 

l h 

Fig. 1. A schematic view of the linear inter
polation in three-dimensional space. Grid -
points are located at eight corners of the 
cube denoted by a, b, c, d, e, f, g and 
h. The size of the cube is one. Three
dimensional wind and the mixing ratio at 
the point P (X, Y, Z) are obtained by 
summing each value at the points multi
plied by the weights. The weight is calcu
lated from the volume of the box defined 
by the interpolation point and the oppo
site corner of the cube. For example, the 
volume of the small box inside the cube is 
the weight for the value at grid point c. 

is determined by the volume of the weighting box in 
the diagonally opposite corner. 

Sub-grid scale mixing is not explicitly defined in 
this model but is implicitly calculated when the mix
ing ratio at a departure point is interpolated from 
the grid point values surrounding it. 

2. 5 Boundary conditions 
This model assumes that the top and bottom pres

sure levels are boundaries for the atmosphere. The 
bottom boundary is the 1000 hPa pressure level and 
does not recognize topography, although the wind 
is analyzed according to topographic conditions. If 
the departure point is obtained at a pressure greater 
than that of the bottom boundary, the value at 1000 
hPa is used instead. If the departure point is ob
tained above the upper pressure boundary, the value 
at 10 hPa is used. 

The model may create an artificial source or sink 
of the tracer with this boundary condition. This 
effect will be taken into account in the calculation 
of the exchange time. 

2. 6 Time interval for the backward trajectory 
Wind data should be frequent enough so that the 

length of air mass advection for one step is less than 
the distance between grid points. This requirement 
is not based on the stability of the computation but 
on the simple relation between spatial variation of 



the wind and the length of advection of one time 
step. Advection beyond the next grid point will not 
follow the wind field if the wind field changes in the 
distance between grid points (unless the spatial vari
ation of the wind is not considered in the departure 
point calculation). 

A wind of 100m/sec transports air mass at 360 
km/hour; the grid distance at 45° is about 180 km. 
In this situation, typical at the core of the jet stream, 
the time required to traverse one grid interval is 30 
minutes. Thus, a 30-minute time step was chosen for 
interpolation of the winds. With this time scale, the 
trajectory calculation takes advantage of the infor
mation of the spatial change in the winds. It is not 
clear how much error is introduced by the backward 
trajectory calculations. 

One test to evaluate the error generated by the 
wind sampling interval is to investigate the differ
ence in the departure points calculated using 30-
minute intervals and using a 12-hour interval. Be
cause the observed wind data for 30-minute in
tervals are not available, alternative data are pre
pared from the output of a GC~I. The winds de
rived from the National Center for Atmospheric 
Research's community climate model version one 
(CCM!: Williamson et al., 1987) were used to test 
the departure points. This model performs the in
tegrations of the primitive equations with a spec
tral method using Rl5 and 12 vertical sigma levels, 
and with a semi-implicit time integration method. 
The grid point system converted from spectral space 
in CCM! has a resolution of 7.5° long by 4.5° lat. 
Departure points were first calculated using wind 
data from CCM! at 30-minute intervals. Departure 
points were next calculated from twelve-hour inter
val CCM 1 data, using the sequential interpolation 
to 30-minute data previously described. A ma.xi
mum difference between the two results of about 6° 
was found in the upper troposphere of the Middle 
Latitudes. A smaller difference of about 2° to 4° 
appeared at the Middle Latitudes through the tro
posphere. In the Equatorial Latitudes the difference 
was less than 2° . Although the model may introduce 
artificial mixing in the !\Iiddle Latitudes, the model 
can be expected to perform well for 12-hour interval 
winds in the Equatorial Latitudes. 

3. T ime integration 

3.1 Initial distribution 

The time evolution of the distribution of an ar
tificial tracer was investigated. The tracer was in
troduced in a small enough concentration to ignore 
contributions to the total mass. The concentration 
distribution at grid points over the globe is defined 
(in arbitrary units) by 

C(x, y,p) = (90- y)/180 (2) 

where x is longitude1 y is latitude (negative values in 
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the Southern Hemisphere) and pis pressure. There 
is no variation in concentration with x or p. The 
sensitivity to the initial condition will be addressed 
later in this paper. The tracer has no buoyancy and 
no sources or sinks. 

3. 2 Time evolution in the first. month 
The time integration was carried out for one vear 

beginning at OOUTC January 1, 1989. Horiz;ntal 
distributions of the constituent at 850 hPa in the 
first month are shown in Fig. 2. For the sake of 
clarity, only five contours (0.4 to 0.6) are drawn. 

At the initial condition (a) contour lines are 
straight and parallel to the equator. Five days later 
(b), contour lines have already twisted because of 
transport and mixing in the tropical region. Con
tour lines are compressed from the Indian Ocean to 
Northern Australia. 

Ten days later (c), air in the tropics has moved 
southward near the international date line

1 
and over 

the Amazon basin where it has formed a tongue
shaped distribution. Fifteen days later (d). con
tour lines almost overlap each other over southern 
Africa and equatorial Asia and form a CGZ. It must 
be stressed that the motion of the contours is not 
caused by transport alone. The mixing ratio on ei
ther side of the CGZ is also dependent upon diffu
sion in its respective hemisphere. The CGZ forms a 
barrier between the hemispheres

1 
across which mix

ing is inhibited. 

3. 3 Seasonal change in the lower troposphere 
Figure 3 shows the monthly mean horizontal dis

tribution of mixing ratio at 850 hPa for February 
(a), April (b), June (c), August (d), October (e) 
and December (f). The contour interval for these 
months has been varied from 0.05 (a) to 0.01 (f) in 
order to show more clearly the distribution of the 
tracer in the steep gradient region. 

In February (a), though the initial distribution 
still remains 1 the steep gradient region has extended 
from the Indian ocean to the South Pacific ocean 
where the South Pacific Convergence Zone (SPCZ) 
is observed. From the center of the Pacific to the 
Atlantic the steep gradient zone is located along the 
equator. A kink in the zone is observed along the 
west coast of South America. The features remain 
until May. 

In May, the steep gradient zone shifts north over 
the Indian ocean and South America. In July, the 
entire Indian and Indo-China peninsulae are covered 
by Southern Hemispheric air. It may be important 
to note that the barrier which separates the Hemi
spheres is composed not only of the Inter-Tropical 
Convergence Zone (ITCZ) but also the monsoon 
area. The CGZ remains until September over Africa 
(10°, l0°N), the Middle Ea't (90°E. 30°N) and the 
international dateline (180°, l0°N). The CGZ re
turns to its previous position near the equator in 
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Fig. 2. Time evolution of the steep gradient zone at 850 hPa in January. Contour interval is 0.04. Note 
that a compositional gradient zone was formed in about one half month. 

December (f). In December the CGZ is not as evi
dent over the Pacific as in other months. Out-going 
long wave radiation data provided from EC~IWF 
as the ECMWF /TOGA Supplementary Fields Data 
Set indicates that the ITCZ over the Western Pacific 
was not active at this month. 

As indicated in the introduction, the CGZ is cre
ated by the combination of the transport and mix
ing. The trajectories of separate air masses which 
originate in distant regions can create CGZ if they 
pass adjacent to each other. A trajectory analy
sis (not shown) indicates that the air masses con
verge at the CGZ and are forced upward. It must 
be stressed repeated ly1 that air mass on either side of 
the CGZ is mixed quite rapidly. Thus, the results of 
this experiment suggest that sources and sinks of at
mospheric constituents along the Indo-China penin
sula may affect air quality in the Southern Hemi
sphere during northern summer while such sources 
and sinks in the Amazon Basin may affect air quality 

in the Northern Hemisphere during northern winter. 

3.4 Seasonal change in the upper troposphere 
Horizontal distributions of monthly-average mix

ing ratio at 300 hPa are shown in Fig. 4 for the same 
months as Fig. 3. A comparison of the two figures 
shows that, although the CGZ can still be recognized 
in the tropical region at 300 hPa, for each month the 
horizontal gradient is smaller at 300 hPa than 850 
hPa. In the Northern Middle Latitudes, a CGZ is 
formed near the core of the jet stream. 

3.5 Local effect of the barrier 
Daily variations and seasonal migration of the 

CGZ are indicated in Figs. 2 and 3, respectively. 
Both of these effects are crucial in determining the 
atmospheric composition of local environments near 
the CGZ. 

As indicated in Fig. 2, the CGZ varies daily, es
pecially in the tongue-shaped features of the CGZ. 
The CGZ sometimes closes upon itself, allowing a 



- 14 -

Fig. 3. Horizontal distribution of an artificial constituent for selected months at 850 hPa; (a) February, (b) 
April, (c) June, (d) August , (e) October and (f) December. 1'\ote that the contour interval varies in 
each frame and is indicated in each frame. 

teardrop shaped body of air from one Hemisphere 
to move into the other. These masses of air may 
change the atmospheric composition in the down
stream area from one Hemispheric air type to the 
other. Daily variat ions in C02 concentration at 
~merican Samoa, for example, may be explained by 
such a phenomena (Halter et al., 1988). 

The seasonal variation of the CGZ may influence 
the local level of atmospheric chemical activity over 
India and the Indo-China Peninsula. Over that area, 
Southern Hemispheric air is supplied continuously 
during the northern summer. The lifetime of at
mospheric methane depends on the hydroxyl radi
cal concentration, which is different in the North
ern and Southern Hemispheres (Taylor et al., 1991 ). 
The implication here is that t he seasonal variat ion 
of the CGZ may create a difference in the lifetime 
of methane emitted from India in the northern sum
mer and that em it ted from the Amazon Basin in the 
southern summer. 

4 . Exchange between the northern and south
ern he1nispheres 

4.1 Seasonal change in the zonal mean mixing 1·atio 
The lati tudinal profiles of zonally- and monthly

averaged mixing ratios, integrated over pressure lev
els from 1000 to 100 hPa are shown in Fig. 5. The 
ordinate scale corresponds to the sine of the latitude 
to express the relative weight at a given latitude. 

North of 30°1\ and south of 30°S, the mixing ra
tio changes monotonically with time toward a fi
nal equilibrium value. In t he tropics, however

1 
the 

tracer concentration undergoes a seasonal cycle of 
increasing concentration from January through Au
gust, and decreasing concentration from September 
through December. 

The coordinates of triangles plotted on monthly 
lines correspond to the global-average mixing ratio 
and the latitude at whi ch the mixing rat io coincides 
with the global-average. 

The total mass of the tracer increased from Jan
uary through April. The final global-average mixing 
ratio was 0.56. There are several possible causes of 
the tracer mass conservation error. 
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1989 300hPa 1989 300hPa 
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Fig. 4. Same as Fig. 3 but for 300 hPa. 

1. The accumulation of truncation error generated 
by the precision of rEEE 32 bit floating point 
data must be considered. The mass conserva
tion error is on the order of that which would 
be caused by a 10 90 skew in the randomness of 
the sign of the error, an unlikely occurrence at 
best. 

2. If we observe the continuous growth of error 
through the first four months of the integra
t ion, there is reason to question the use of such 
a simple boundary condition. It is obvious that 
the current boundary condition must be mod
ified to include the emission or deposition of 
mass if the model is to be used to simulate real 
gases. Further modification of the model has 
been delayed pending implementation of a more 
sophisticated boundary condition. 

3. The vertical pressure coordinate system may 
also present a problem. In the pressure coordi
nate system the region below the topographic 
surface is not treated properly. Sigma coordi
nates are required for proper expression of the 
boundary conditions. ~fodifications to correct 
this situation also await future study. 

Because major modifications to the model would 
be required in order to close accurately the mass 
balance. another strategy was implemented. Such 
a strategy permits the investigation of inter
hemispheric mass exchange phenomena without the 
necessity of mass conservation. 

4-!! Two box model 
The inter-hemispheric exchaugl' rate is defined 

as the fraction of the atmo::;pheric mass transferred 
from one Hemisphere to the other as shown in Fig. 
6. Suppose the mixing ratio of the Southern Hemi
sphere is A a nd that of the ; orthern Hemisphere is 
B at a time T - oT and that the respective weight 
fract ions of the total are p and I - p. A volume 
of air of mass .z: is transferred from the Southern 
to the Northern Hemisphere, and a different mass, 
y moves. from the Northern to the Southern Hemi
sphere. The fract ion of the total atmospheric mass 
in t he Southern Hemisphere. q at time T may be 
writtpn 

q = p - J; + y. (3) 

The mixing ratios C and D at timeT in either Hemi
sphere satisfy the following relations: 

Cq = Ap- .4.c +By+ r (4) 
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Fig. 5. Latitude 
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profiles of the zonally-
averaged concentration of an artificial 
trace integrated over the troposphere; 
from 1000 hPa to 100 hPa. The ordinate 
is the mixing ratio and the abscissa is the 
sine of the latitude. The month is labeled 
on each line. 

for the Southern Hemisphere, and 

D(1- q) = 8(1- p) +Ax- By+ s (5) 

for the Northern Hemisphere, where r and s are 
small residual terms. We may get the best estimate 
of x and y by minimizing the residuals r2 + s2 If 
we substitute for y from Eq. (3) in Eqs. (4) and (5) 
this condition can be written as 

d(r2 + s2) = 0 
dx 

then we have, 

{6) 

X= (A-B)p +(2B-D-C)q+D-B (7) 
2(A-B) 

y = q - p +X. (8) 

Thrn around time or inter-hemispheric exchange 
time is defined as 

Tsouth =!!. 
X (9) 

for the Southern Hemisphere and 

1-p 
Tnorth = --

Y (10) 

- 16-

Southern Hemisphere Northern Hemisphere 

A B 
(a) 

T-dT 

(b) 

(c) 

P I l·p 
'"•19ht !Co1oled[by total mass 

t 

, , 1 Flux from S toN 
'XJ~ , ____ , i ,-, 

-t-- ',Y_) 
Flux: from N to S ! -

t 

·~-.. 
c 

'l'rac•r c,nc•ntntion D 

q Wei<;ht scal,d by total mass 1-q 

Fig. 6. Two-box model with moving barrier. 
A globe is separated into two boxes with 
the fraction p and 1 - p for time T - dT 
and q and 1 - q for time T. The mixing 
ratio of the boxes is A, B, C and D , respec
tively. The exchanged mass is expressed 
by x and y depending on the direction of 
the movement. Note that x is not equal 
to y because the boundary of the box was 
taken into account in this system. In this 
paper, dT is one month. 

T 

for the Northern Hemispheric air. These expressions 
are equivalent to the resistance time seen in Jacob 
et al. {1987) and Heimann and Keeling (1989). 

The boundary was defined as the latitude for 
the zonal vertically (1000- 100 hPa) and monthly
averaged tropospheric mixing ratio, which is given 
by the coordinates of the triangles in Fig. 5. 

4. 3 Two initial conditions 
The boundary of the Hemispheric air masses and 

exchanged mass are shown in Fig. 7a. The latitude 
of the boundary moves from 4°S in February to 
ll 

0

N in August and September. On the average, 
the boundary is located in the Northern Hemisphere 
(6.4°N) resulting in the unequal partitioning of air 
mass between the Hemispheres. 

Exchanged mass as a fraction of the total changes 
with the seasons. The maximum exchange from 
south to north (Eq. 7) occurred during December, 
while that from north to south (Eq. 8) occurred in 
April. The reason for this seasonal difference in 
maximum exchange rate for each Hemisphere is that 
the mass exchanged contributes both to the move
ment of the boundary position and to the change in 

.... 
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Fig. 7. The position of the boundary and the flux from north to south and vice·versa. (a) for a line~r initial 
distribution with zero at the Arctic Pole and one at the Antarctic Pole. (b) for a step funct1on case 
such with zero in the Northern Hemisphere and one in the Southern Hemisphere. The flux is scaled by 
total atmospheric mass. 

hemispheric mixing ratios as a function of time as 
shown in Figs. 7a and 5, respectively. The exchange 
time may be calculated by Eqs. (9) and (10) . A value 
of 0.04 for exchanged mass corresponds to a value of 
slightly more than one year for an inter-hemispheric 
exchange time if the difference in atmospheric mass 
between the Hemispheres is ignored. The overall av
erage of the monthly exchange times is 1.27 for the 
Southern Hemisphere (Eq. 9) and 0.95 years for the 
Northern Hemisphere (Eq. 10). 

The exchange time in this model is quite similar 
to the values in previous calculations, even though 
the present model does not include the effects of 
cumulus convection or sub-grid scale mixing. In 
the case of GCM winds (Prather et al., 1987) or 
observed wind data (Heimann and Keeling, 1989). 
the model required mixing by cumulus convection 
to get the proper inter-hemispheric exchange time. 
The effect of convection can be summarized: dry 
convection near the surface mixes materials released 
from surface of the earth in the planetary boundary 
layer. Moist convection transports materials near 
the surface vertically in the mesoscale convective 
complex, especially in the tropics. The proper ex
change rate in the present model may be due to 
the 14 vertical levels of wind data which resolve 
the inter-hemispheric flow in the upper troposphere 
quite well , and to the representation of mass flux 
by mesoscale convection complexes by the ECMWF 
winds. 

To test the robustness of the analysis, another 
simulation, with a different initial condition may 
be compared. A tracer concentration step function 
with respect to latitude is used; 

{ 
1 if y > 0 

C(x,y,p) = 0 if y :-:; 0 (ll) 

where x is longitude, y latitude and p pressure. The 
results are displayed in Fig. 7b. 

The position of the boundary is nearly the same 
as in the linear case (a) after April. The fraction of 
mass exchanged in months after April is also nearly 
the same as the linear case (a). The global average 
mixing ratio is 0.39 in December. If this result is 
compared with the value of 0.56 obtained in the lin· 
ear case (Fig. 5) it indicates that the model tends to 
weight the information of the Southern Hemisphere 
more heavily than that of the Northern Hemisphere. 
These results indicate that the exchange ratio and 
exchange time are almost independent of the initial 
condition. 

4-4 Mixing by a moving boundary 
Let us consider the effect of movement of the 

boundary on exchange through the boundary. A 
simple wall model is used to make an estimation of 
the effect of the movement of the boundary. Figure 8 
shows the notation for two boxes separated by a 
moving wall. The wall entrains some air mass in the 
direction of motion as it moves. Diffusion inside the 
box is assumed to be fast enough to ignore the spa
tial distribution of the tracer. Consider a step func
tion distribution of concentration of a tracer along 
a line from the South Pole to the North Pole. The 
step occurs at some point s between the poles, with 
a value of one (in arbitrary units) on the southern 
side of s and zero on the northern side. This ini
tial distribution occurs in February. The boundary 
moves from the southern limit, s in February to a 
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Fig. 8. A simple model of mixing by a half
transparent wall. Assume the whole globe 
is separated by a wall which moves be
tween s and n during a seasonal cycle 
shown in Fig. 2 or Fig. 7a. The material of 
the northern side is moved to the southern 
side by the motion of a wall which entrains 
the air mass of the other side of the wall 
as it moves. 

northern limit, n in August. The total amount of the 
constituent is s. When the boundary moves from s 
to n, the mixing ratio changes from one to sjn on 
the southern side, but remains zero in the north
ern side because the barrier entrains air from the 
northern side as it moves north. When the bound
ary returns from n to s, the boundary entrains air 
from the southern side. Thus the mixing ratio on 
the northern side is s(n- s)/n/(1- s) in February. 
The mass exchanged in one year x is 

(n- s)s 
X=---. 

n (12) 

If n = 0.62 and s = 0.49 (based on data from Fig. 
7a), then x = 0.1 and the exchange time is 0.5/x = 
5 years. The entrainment of the air at the barrier 
seems to have a significant effect on the exchange 
time, but is not rapid enough to account for the 
actual exchange between sides. 

4-5 Effect of vertical velocity 
To investigate the effect of vertical mass ftux, a 

diffusion experiment was conducted without vertical 
flux , and compared with the actual model results. 
The profiles of the zonal- and monthly-averaged 

- 18 -

mixing ratios are displayed in Fig. 9. The profiles 
for two pressure levels, 300 hPa and 850 hPa, are 
presented for the vertical-flux and the no-vertical
flux cases. The initial distribution in both cases is 
identical. The mixing ratio profiles for the two pres
sure levels show very different characteristics. 

In the lower troposphere (a, c) , a striking fea
ture appeared in the no-vertical-flux case (c). No 
mixing between hemispheres occurred. resulting in 
a different equilibrium value of the mixing ratio for 
each hemisphere. These profiles resemble Fig. 2 of 
Prather et al. (1987) in which two mixing ratio ver
sus lati tude profiles of an artificial tracer are com
pared. 

In the upper troposphere, the tracer mixed faster 
in the no-vertical-flux case (Fig. 9d) than in the 
vertical-flux case (Fig. 9b). In the no-vertical-flux 
case, the air mass in both Hemispheres was al
most totally exchanged within six months. In the 
vertical-flux case, information in the lower tropo
sphere seems to play an important role in maintain
ing the upper troposphere composition gradient. 

This comparison demonstrates the two roles of 
vertical motion: to relax the inter-hemispheric con
trast in the lower troposphere and to maintain the 
inter-hemispheric gradient in the upper troposphere. 
In other words, the inter-hemispheric exchange oc
curs mainly in the upper troposphere due to a com
bination of ·~ue CGZ and vertical motion, as sug
gested by Prather et al. (1987) and Yamazaki and 
Chiba (1992). 

5. Conclusions 

A simple semi-Lagrangian tracer transport model 
was developed and the time evolution of the mixing 
ratio of an artificial constituent was analyzed. The 
results obtained in this study can be summarized as 
follows: 

(1) A steep compositional gradient zone is formed 
in the lower troposphere in the low latitudes. 
There is a barrier to the exchange of the tracer 
across the zone. A seasonal variation of the 
CG Z occurs. In the central Pacific, the barrier 
is located near the ITCZ for most of the year. 1 t 
shifts to 30°N during the northern summer over 
Southern Asia. It also shifts to 30°S during the 
northern winter over the Amazon Basin. 

(2) Daily fluctuations of the position of the bound
ary are observed. A teardrop-shaped intru
sion of one Hemispheric air into the other is 
frequently observed in the lower troposphere. 
Although this inter-hemispheric exchange con
tributes litt le to total inter-hemispheric mass 
exchange, it may have a significant effect on 
the local atmospheric composition. 

(3) The average position of the barrier is located in 
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Fig. 9. same as Fig. 2, but for two selected pressure levels for cases with and without vertical motion: "With 
vertical motion, (a) for 850 hPa, (b) for 300 hPa and without vertical motion, (c) for 850 hPa and (d) 
for 300 hPa. 

the Northern Hemisphere( = 6.4"N) resulting in 
a different mass and volume for either hemi
sphere. 

(4) The seasonal cycle of the monthly inter
hemispheric mass exchange was different for ei
ther hemisphere, due to the movement of the 
boundary. The flux from the Northern Hemi
sphere to the Southern Hemisphere showed a 

maximum in May and a minimum in Octo
ber. Flux from the Southern Hemisphere to 
the Northern Hemisphere showed a maximum 
in December and a minimum in May. 

(5) A one-dimensional model with a moving bound
ary and atmospheric entrainment at the bound
ary was used to study exchange time. Based 
on the observed position of the CGZ, an inter-



hemispheric exchange time 5 years was esti
mated. The discrepancy between actual ex
change time and that estimated from this sim
ple model indicates the importance of other 
mixing mechanisms. 

(6) The inter-hemispheric composition gradient is 
observed in the upper troposphere. A diffusion 
simulation without vertical mass flux indicates 
rapid mixing of the air mass in the upper tro
posphere. This result indicates that the gradi
ent is maintained by vertical fl.ux in the tropo
sphere. 

The implication of observed seasonal variation of 
the CGZ is that sources and sinks of constituents 
along the Indo-China peninsula may affect air qual
ity in the Southern Hemisphere during the northern 
summer while such sources and sinks in the Amazon 
Basin may affect the Northern Hemisphere during 
the northern winter. 

-20-



-21-

Chapter 3 : Interhemispheric Exchange in the Troposphere by a Lagrangian 

Transport Model 

Abstract 

The trajectories of passive tracers in the global atmosphere were statistically analyzed with emphasis 
on the exchange paths crossing the boundary between the Northern and Southern Hemispheres. Twice
daily three-dimensional wind data for January and July 1989 from the European Centre for Medium-Range 
\Veather Forecasts were used for the trajectory calculation. 

The statistics of the latitudes of tracers indicated that the partial barrier between the Northern and the 
Southern Hemispheric air masses was at 15°8 and 5°S in January and at l0°N and 30°N in July. 'fracers 
moving from the northern side of the boundary to the southern side and those moving in the opposite 
direction were selected with a criterion for the trajectory. The trajectories were classified into three types: 
one passing through only the lower part of the troposphere; one passing through only the upper part of the 
troposphere; and one going into the tropics from the lower troposphere, lifted to the upper troposphere in 
the ITCZ, and entering the other hemisphere. The trajectory from the summer to the winter hemisphere 
consists of an upper~only path and a lifted path, whereas the trajectory from the winter to the summer 
hemisphere consists of a upper-only path and a lower~only path. 

Although individual trajectories were sensitive to the methods of computation, a set of trajectories was 
insensitive to them. The regional characteristics of the trajectories were discussed by making a comparison 
among the three trajectories obtained from instantaneous wind fields, and from twice-daily, and monthly~ 

a\·eraged wind fields. 

1. Introduction 

The tropospheric air mass in the Northern and 
Southern Hemispheres is exchanged through the 
tropics. In the tropics, atmospheric motion is char
acterized by vertical drift from isentropic surfaces 
due to diabatic heating and cooling induced by con
densation or evaporation of water vapor and by in
teraction with cloud droplets which have effective 
infrared radiation to space. These diabatic pro
cesses make isentropic analysis useless and make 
trajectories of air motion impenetrable. Until re
cently, these complexities have restricted our under
standing of the tropical atmospheric motion in the 
model atmosphere. Recent development of assimi
lated winds (Bengtsson et al., 1982) might allow us 
to overcome the above-mentioned complexities. The 
aim of this paper is to resolve the atmospheric mo
tion in the tropics associated with inter-hemispheric 
airmass exchange, which is crucial for global tracer 
simulation in the troposphere. 

Tracer simulation relies on the atmospheric mo
tion that can be classified into transport and dif
fusion based on the time and spatial scales of the 

observations. Atmospheric flow relevant to trans
port in the assimilated wind data in the tropics con
sists of at least three classes over a finite time in
terval, say one month. One is flow that is closed 
in the tropics, for example a vertical eddy such as 
the Hadley circulation or a horizontal eddy such as 
a tropical cyclone. The second is the flow connected 
to the middle latitudes of either the Northern or the 
Southern Hemisphere. The third is some kind of 
flow connecting each hemisphere. We will call the 
third class the conveyor belt and focus our attention 
on this class. 

Atmospheric flow relevant to diffusion in the as
similated wind data, sometimes called sub-grid scale 
mixing, is composed of mesoscale eddies, advection 
in the cumulus convection, turbulence in the plane
tary boundary layer, etc. While the sub-grid scale 
mixing has a major role in the mixing of the sub
grid scale structure (the formation of the sub-grid 
structure was demonstrated by Pierrehumbert and 
Yang, 1993), these processes are outside the scope 
of the present study because there is no simple way 
to deal with sub-grid scale diffusion using the assim
ilated wind data. 

The importance of inter-hemispheric exchange 



processes in the upper part of the troposphere was 
reported by Newell et al. (1969). They estimated 
the inter-hemispheric exchange using meteorological 
data and trace material observations, and discussed 
the relative role of mean motion and eddy motion 
in the inter-hemispheric exchange. They suggested 
the importance of eddy motion near 15()-200 hPa 
based on the standard deviation of the meridional 
current. Prather et al. {1987) showed that the inter
hemispheric transport of CFC's occurred between 
15()-200 hPa in their global three-dimensional trans
port model. Yamazaki (1992), and Yamazaki and 
Chiba {1993) also demonstrated the upper tropo
spheric path in a three-dimensional model, although 
they did not consider the horizontal distribution of 
the path. 

The position of the barrier which divides mid
latitude air and tropical air was discussed by Pier
rehumbert and Yang (1993). They found a barrier 
between the middle latitudes and the tropics on the 
315 K surface, and a pipeline which connects the 
middle latitudes and the tropics. The boundary 
which divides the two hemispheric air masses was 
discussed by Taguchi (1993). He showed that the 
boundary can be obtained in a three-dimensional 
simulation of an artificial material and moves north 
and south with season. A tracer simulation with 
an artificial material, however, cannot show the lo
cation and strength of mixing because the air mass 
entering the other hemisphere loses its identity soon 
after the invasion owing to the mixing there. Tra
jectory analysis is an alternative way to investigate 
interhemispheric mixing (Kida 1983a, b, Noda 1988, 
and Yamazaki 1992) although previous studies did 
not consider the horizontal position or seasonal mi
gration of the boundary. 

The trajectory obtained from the time-dependent 
three-dimensional wind field is sensitive to the com
putational procedure and even to the computer ar
chitecture due to the representation of floating-point 
numbers. That sensitivity reduces the reliability of 
a path. One way to increase reliability might be 
to use monthly-mean wind fields for the trajectory 
calculation. In fact, some transport models are de
signed to use long-term averages of the wind, such 
as a monthly or bi-monthly average (Zimmermann 
et al., 1989, Taylor et al., 1991, etc.). They are 
taking into account the effect of fluctuations of the 
wind direction and strength by using the standard 
deviation of the wind as well . If we use monthly
mean wind fields without considering the standard 
deviation, we will lose the t ime variation in the at
mospheric motion which might have a crucial role 
in the inter-hemispheric exchange. Another way to 
increase reliability is to use statistical analys is from 
long-term atmospheric trajectories. We will use the 
latter method in this paper, because including the 
standard deviation of the wind in the trajectory 
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analysis confuses the interpretation of the results; 
once the transport and diffusion are combined they 
cannot be separated again. Only a small number 
of cross-tropical trajectories are selected from the 
widespread trajectories over the entire atmosphere. 
Without using this selection, the conveyor belt can
not be determined from the figures. 

Even if we use t ime-dependent three-dimensional 
wind fields, we cannot avoid the effects of the tur
bulent nature inherent in the grid-scale flow. The 
turbulent nature of the grid-scale current includes 
both the time variation and spatial structure of the 
wind . To investigate the effects of the turbulent na
ture, the trajectories are calculated I:iy three meth
ods. The first uses the time-dependent wind field 
(Section 4), the second uses the frozen or fixed wind 
field (Section 5), and the third uses the monthly
mean wind field (Section 6). Most of the following 
discussions are confined to the time-dependent wind 
mode; the other two modes are treated to illustrate 
how the trajectories are distorted from reality. 

2. Ana lysis m ethods and data source 

2.1 Meteorological data 
The trajectory used in this study was calculated 

from the assimilated data from the European Centre 
for Medium-Range Weather Forecasts (ECMWF). 
ECMWF's TOGA basic level-III data set was used. 
The data are given with 2.5° horizontal spacing and 
at 14 vertical-pressure levels: 1000, 850, 700, 500, 
400, 300, 250, 200, 150, 100, 70, 50, 30, and 10 hPa. 
Three-dimensional winds and surface pressure were 
used in the calculation of the trajectory. Temper
ature and humidity fields were used to assess the 
reliability of the trajectory. Trajectories were calcu
lated for January and J uly 1989. 

ECMWF has been using the T106 resolution at
mospheric model since 1985. The data for the 2.5° 
resolut ion were interpolated from this fine-resolut ion 
data at ECMWF. The advantage of this data set 
compared to previous ones (WMO archive) is that 
it has a larger number of vertical levels and it does 
not suffer from normal-mode init ialization. As a re
sult of excluding the normal-mode initialization, the 
vertical velocity sometimes exceeds 1000 hPa/day 
in the middle troposphere in the tropics. This 
rapid vertical motion was retained in the conver
sion process in which omega was sampled (not aver
aged) to the low-resolution grid (2.5°) from the high
resolution analysis (T106). In the high-resolution 
model, some of the mesoscale features in the tropics 
are possibly realized to some degree, which may af
fect the current data through the assimilation pro
cedure. The disadvantage of this data set is that 
the three-dimensional wind has lost its mass balance 
in the Eulerian coordinate system. The trajectory 
analysis is, however, rather insensitive to this defi
ciency. 

EC~!WF is continuously changing the forecast 
models in resolution and the physical processes. 
Since the data are the product of the four
dimensional assimilation system, the quality of the 
data pertains to changes in the forecast models. The 
data used in this paper do not experience a major 
change during each month, while a mass flux form 
of the cwnulus parameterization scheme was intro
duced in ~lay and it affected the quality of the data 
(Trenberth, 1992) . One has to consider this fact if 
one wishes to discuss the difference in the results 
between January and July. 

2. 2 Tmjectory calculation 
A total of 143,136 passive particles were released 

from every grid point except the poles and they were 
traced for 30 days. The three-dimensional position 
of the particles was recorded and analyzed later. 

Vertical spacing is not uniform in terms of num
ber per air mass, which emphasizes the upper part of 
the atmosphere. It was intended to investigate the 
upper part of the transport more closely since the 
importance of the upper part of the troposphere was 
suggested in previous studies (Newell et al., 1969, 
Prather et al. , 1987, Yamazaki 1992, etc.). This bias 
hinders us from evaluating the relati,·e importance 
in the vertical direction in this model. Number den
sity per area in the meridional direcLion is also un
even and the air masses in the polar region are more 
emphasized than those in the tropics , so care is re
quired for the interpretation of latitude dependency 
of the trajectories. 

The method for tracing the trajectory is the same 
as that of Taguchi {1993), except that the direc
tion of time is reversed. The intention of this algo
rithm is to use the spatial distribution of the three
dimensional wind field as precisely as possible. The 
time interval is 30 minutes. 

The arrival point ft+l2 hour for a departure point 
f", is estimated by a set of forward trajectories. The 
estimate consists of 24 short trajectories calculated 
sequentially along the trajectories from the wind at 
times t and t + 12 hour. The procedure is as follows: 

(1) Obtain the wind vectors at the eight grid points 
surrounding f", from the wind data at t. 

(2) Estimate the wind vector at f", (ii(f",, t)) by lin
ear interpolation in space. 

(3) Obtain the wind vectors at the eight grid points 
surrounding ft from the wind data at t + 12 
hours 

(4) Estimate the wind vector at 
f", (ii(f",,t + 12 hours)) by interpolation in 
space. 

(5) Estimate the wind vector ii (r,, t + 15 minute) 
by linear interpolation in time of the two winds, 
ii(f",, t) and ii(r,,t + 12 hour). 
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Fig. 1. Schematic diagram of the frequency 
distribution of extrema latitudes when 
there is a barrier for atmospheric motion 
in one-dimensional form. 

(6) Move forward 30 minutes by ii(f",, t+l5 minute) 
from ft, and obtain Tt+30 minute. 

(7) Repeat steps {1) to (6) until the position 
Tt+l2 hours is obtained. 

The wind is interpolated in the pressure
coordinate system, while the horizontal motion is 
calculated in the Cartesian coordinate system fixed 
to the earth. If a trajectory descends below the sur
face pressure, the particle is lifted to that level. Par
ticles initially under the ground are traced above the 
ground from the second time step. If a particle as
cends over 1 hPa, it is set to 1 hPa. 

Trajectories are calculated on CRA Y /X~lP / 
UNICOS, IBM/R6000/AIX, and SUN/Spare/ 
Solaris. Calculated trajectories are different from 
mach ine, to machine probably due to difference in 
precision in floating point number. \.Yhen the time 
interval to calculate trajectory was reduced to 15 
minutes, calculated trajectories were also changed. 
Different trajectories were selected when the criteria 
which will appear later in this paper were applied to 
the trajectories calculated on the different machines 
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Fig. 2. Parcel frequency of extreme latitudes achie\'ed during 30-day tracing in January (a) for the 
southern extreme and (b) for the northern extreme and in July (c) for the southern extreme and {d) 
for the northern extreme released from five latitudinal bands indicated in the figures. 

and with different time intervals. The spatial pat
terns, however, for the selected trajectories were al
most the same. The results displayed in this paper 
were obtained on the IBM. 

3. Statistics characterizing mixi ng 

3.1 Partial barrier 
A particle would travel over all latitudes if it is 

traced over a long time. But if the tracing time 
is limited to one month, the particle travels over a 
relatively narrow latitude band because it tends to 
stay in an eddy or in the original hemisphere. In 
fact, most of the particles remained in the original 
hemisphere and only a small number migrated into 
the other hemisphere. 

For the first step, the extrema of the latitudes of 
trajectories obtained during 30 days were investi
gated to show the partial barrier between Northern 
and Southern Hemispheric air masses. This barrier 
can be considered as a field boundary, not a mate
rial boundary, because air masses are transported 
through this barrier. The northern and southern 
extrema latitudes were defined only once for each 
direction and for each trajectory. If there is a bound
ary for the mixing of air masses in a fluid 1 one may 
see a high density region in the frequency distribu
tion of extrema, as illustrated in Fig I. This diagram 
explains the situation in one dimension, where en-

ergy or inertia is required for a tracer to penetrate 
a region that contains a mountain (top figure). If a 
cluster of tracers is released from the right side of 
this mountain, most of the tracers are forced to re
main on the right side of the mountain so that a high 
frequency of southern extrema latitudes is expected 
there. A small amount of tracer turns to the north 
at the left side of the mountain, because the turning 
at that position requires high energy, so a gap in 
the frequency distribution is expected there. If the 
tracers are released from the left side, a peak at the 
left side and a gap at the right side are expected, as 
indicated at the bottom of the figure. 

Figure 2a shows the frequency distribution of 
southern extrema latitudes of a trajectory ini tially 
located between 1000 and I 00 hPa in the verti
cal and the following five latitude bands: 37.5-
300N, 27.5-20°N, 17.5-I0°N, 7.5°N-EQ, and 2.5-
1008. The frequency rapidly reduces from north to 
south around 5°S and increases again south of 2o•s 
for all groups. The implication of this figure is that 
the partial barrier is located somewhere between the 
Equator and 10°8. 

Figure 2b shows the frequency distribution of the 
northern extrema latitudes of a trajectory initially 
located between 1000 and 100 hPa at the follow
ing five latitude bands: 10-17.5°8, 20-27.5°8, 30-
37.508, 40-47.5°8. and 50-57.5°8. The frequency re-

·-·-·- . .,.... ...... -.,., ION(Januaryl, 40N(Julyl --T-----------\.- ----------------------------
Transilion Zone \ 

___ L _____________ ~\--------- -,.t.:~~'-~~7~7---
30S(Janua.ry).l0S(July) \\,.,.. ..... ·-·-· 

Minimum Residence Time 

-------------------------------- 30 
days 

Fig. 3. Schematic diagram for selection of 
trajectory. Transition zone and mini
mum residence time was set to confirm 
the part of the air that belongs to each 
hemisphere at initial and terminal peri
ods. See text for details. 

duces gradually from south to north southward of 
12.5°8 and increases again where a local maximum 
at 7.s•s is observed. 

If the local minima in Fig. 2a (2o•s) and 2b 
(12.5°5) are used as a clue, a partial barrier can 
be detected at !5°S. If the steep gradient in Fig. 2a 
(5°S) and the local ma.xima in Fig. 2b (7.5°8) are 
used as a clue, a partial barrier can be detected at 
5°S. These multiple barriers can be explained by the 
longitudinal variations of the latitudes of partial bar
riers deduced from the compositional gradient zone 
in the previous study (Taguchi, 1993). A longitu
dinal variation was also observed in the horizontal 
distribution of extrema latitudes (not shown). 

The same statistics are presented in Fig. 2c and 
2d for July, when the latitude bands for the selection 
of trajectories are 70-62.5°N, 60-52.s•N, 50-42.s•N, 
40-32.5°N, and 30-22.5°1 for southern extrema lat
itudes, and 20-J2.5"N, 10-2.s•N, EQ-7.5°8, !O
J 7.s•s, and 20-27.5°8 for northern extrema lati
tudes. For southern extrema latitudes (Fig. 2c), the 
frequencies decrease from north to south northward 
of 40°N and at J2.5°N. For northern extrema lati
tudes (Fig. 2d), the frequencies decrease gradually 
south of the Equator, forming a local minimum at 
the Equator and a local ma.ximum at 7.5•N. A lo
cal minimum is observed at 32.5°N for the tracers 
released from 20-J2.5°N. Therefore, partial barriers 
are speculated at to•N and 30°N. Longitudinal vari
ations of the horizontal position of extrema latitudes 
are also observed (not shown). 

3. 2 Transition zone 
The statistics of extrema latitudes presented in 

the previous section suggest that a large number 
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Table 1. Number of trajectories selected 
from those calculated during 30 days for 
(a) January and (b) July 1989. Lati-
tudes at each column indicate the tran-
sition zone. Minimum residence time is 
five days. For details, see text. 

(a) January 
208-EQ !OS-ION EQ-20N 

North to South 445 597 1014 
South to North 475 599 489 

30S-EQ 20S-!ON IOS-20N 
North to South 134 176 295 
South to North 171 133 137 

40S-EQ 30S-ION 20S-20N 
North to South 17 39 85 
South to North 36 26 23 

50S-EQ 40S-ION 30S-20N 
North to South 4 4 15 
South to North 18 5 · 3 

(b) July 
ION-30N 20N-40N 30N-50N 

North to South 981 1514 1629 
South to North 432 394 419 

EQ-30N !ON-40N 20N-50N 
North to South 448 454 765 
South to North 175 107 126 

IOS-30N EQ-40N ION-SON 
North to South 184 177 !57 
South to North Ill 36 25 

20S-30N !OS-40N EQ-50N 
North to South II 54 53 
South to North 45 26 21 

of tracers are returned to the original hemisphere! 
even if tracers crossed the equator. Therefore, it 
is not sufficient to detect a trajectory relevant to 
the inter-hemispheric exchange by simply picking 
up any cross-equatorial trajectory which does not 
necessarily cover the equal area separated by the 
Equator. To ensure the migration, we can set two 
latitudes separated by a transition zone (Fig. 3). In 
addition to this zone, to ensure the residence in the 
hemisphere, we can request a minimum residence 
time during which parcels stay in either the northern 
or southern part of this zone. A minimum residence 
time is required in both the first and final part of 
the analysis period. 

Table I shows the dependence of the zone setting 
on the number of trajectories selected for a minimum 
residence time of 5 days. The transition zone was 
set to cover the tropics. The zone width varies from 
20 to so•. 

For the January case (Table Ia), more than 400 
trajectories can be selected for the case of 20• zone 
width. \Vith the same minimum residence time, the 
zone width was increased as the row decreases. The 



(a) 

(b) 

-26-

(c) 

lON 

~~r . + 

(d) 

!ON - 30N 20N 

~~~++ / 
400 
500 

700 

850 

981 

Fig. 4. Entry points for trajectory relevant to interhemispheric exchange: (a) entry point at 10°S for 
north-to-south motion for the transition zone of20°S and the Equator for January, (b) south-to-north 
motion , (c) at 20°N for north-to-south motion for the transition zone of l0°N and 30°N for July, and 
(d) south-to-north motion. 

number selected is reduced with the increase of zone 
width because a smaller number of tracers could 
transverse the zone. 

The number selected also changes with the shift of 
the zone from south (left) to the north (right). The 
number selected for north-to-south migration in
creases with the northward shift of the zone. On the 
other hand, for south-to-north migration, the num
ber decreases with northward shift. Thus, the num
ber selected results in asymmetry between north-to
south and south-to-north, depending on the position 
of the zone. 

The dependence of the selected number on the 
zone setting indicates a balance of two factors . One 
is the time required for a parcel to transverse the 
transition zone. The migration velocity from north 
to south and that in the opposite direction are prob
ably different because of the antisymmetric vertical 
path of these trajectories as will be seen later (Sec
tion 4). The other is the probability of a parcel to 
stay outside of the transition zone. If the edge of 
the zone is cutting an intensive eddy, such as the 
Tibetan High pressure system, then the probabil
ity for a tracer sitting on either side of the edge is 
greatly reduced . The probability is also a function of 
the initial tracer distribution. In the present study, 

this number is affected by the net flux of tracer from 
high to low latitudes resulting from the latitude de
pendent initial distribution. 

In the southward shift case (left column), the 
number of north-to-south migrations is smaller than 
south-to-north. This indicates the north-to-south 
transport velocity is much less than the south-to
north motion if the probability of residence on each 
side of the transition zone is the same. If the veloci
ties are the same for both directions, then the differ
ence in probability might explain this contrast. An 
opposite relation is observed in the northward shift 
case (right column). 

In July (Table lb), the number selected for north
to-south migrations does not increase with north
ward shift of the zone, while it decreases for south
to-north migrations. 

3. 3 Entry point 
Longitude and pressure of the entry point of the 

trajectories are plotted in Fig. 4. The entry point 
was defined as the position of a trajectory which 
crossed l0°S for January and 20°N for July. Only 
the first-time crossing was plotted for each trajec
tory. 

In January, clusters of the entry points of tra
jectories from the north-to-south case (Fig. 4a) are 
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Fig. 5. 1\lonthly average and standard deviation of the meridional component of the wind at 1Q0 S for 
January and at 20°N for July of 1989: (a) mean in January, {b) standard deviation in January, {c) 
mean in July, and (d) standard deviation in July. 



I 

observed in four regions in the lower troposphere. 
A cluster is observed in the middle troposphere at 
70°\V. Two clusters (130°E, and 1S0°\V-90°\V) are 
observed in the upper troposphere. For the south
to-north cases (Fig. 4b), two clusters are observed 
in the lower troposphere and two clusters (0-90°E, 
60°W) and scattered feature (90°&-90°\V) are ob
served at upper troposphere. 

For the north-to-south case in July (Fig. 4c), two 
clusters in the lower troposphere and two clusters in 
the upper troposphere were observed. For the south
to-north cases (Fig. 4d), one cluster in the lower 
troposphere and a scattered feature in the upper 
troposphere are observed. 

These clusters are indicating that there are pre
ferred areas for atmospheric motion rele\·ant to 
inter-hemispheric exchange. Let us compare these 
preferred areas with monthly-averaged meridional 
winds and the standard deviation of the winds. Fig
ure 5 shows the monthly average of the northward 
winds (a, c) and its standard deviation (b, d). In 
January, the average and standard deviation are 
shown at 10°8. In July, they are shown at 20°N. 

The distribution of the entry points has a cor
respondence with the average of the northward 
winds rather than the standard deviation, such that 
north-to-south entry points correspond to south
ward winds and south-tcrnorth entry points corre
spond to northward winds. Therefore, in general 
entry points could be expressed in monthly aver
age of the northward winds. At some points, how
ever, monthly-averaged wind has no correspondence 
with the entry points. At 170°W, 850 hPa, in Jan
uary, a large southward wind (3.6 m/sec) was ob
served (Fig. Sa) but there is only one north-to-south 
entry point (Fig. 4a), while at 70°\V, 850 hPa, a 
large number of north-to-south entry points were 
accompanied with similar-size (4.4 m/sec) south
ward winds. At 70°W, SOO hPa, a number of north
to-south entry points are observed but only weak 
southward wind is there. In July, at 90°E, 150 hPa, 
the southward wind region is extending from the 
East, but there are only a few north-to-south en
try points. These differences are demonstrating that 
there is a limitation to defining the distribution of 
entry points using a monthly average of the winds. 

3.4 Tying together the trajectories 
To display the conveyor belt, it is not necessary to 

show all of the trajectories in each belt. In fact , if all 
of the trajectories are drawn on a horizontal map or 
a lat itude vertical projection, one cannot observe the 
conveyor belt because all trajectories are combined. 
Instead, it might be helpful to bundle them in order 
to perceive the conveyor belt clearly. One way to 
tie them together is to show a representative path 
by making the conditions more strict. Table 1 is 
used as a basis for the tightening of the criteria. For 
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January, the transition zone of 30°S to l0°N is used, 
and 10°8 to 40°N for July. 

4. Characteristics of the Lagrangian motion 

4.1 Hysteresis of the trajectory 
The reliability of the trajectory calculation was 

tested using water vapor amount. The potential 
temperature should change with the change of the 
water vapor amount if the trajectory follows the real 
atmospheric motion. For a saturated atmosphere, 
the energy conservation law results in 

DlogB Lc Dq, 
J5t =- epTDt' (1) 

where B is the potential temperature, Lc the latent 
heat of evaporation or condensation, Cp the heat ca
pacity of dry air, q., the saturation mixing ratio, 
and t is time. This relation is satisfied if the tra
jectory traces air motion precisely and condensation 
and evaporation take place without exchange of en
er!!Y with the air outside of the parcel. Time vari
ation over an increment of 12-hours is used instead 
of didding the variation by the seconds in 12 hours. 
Note that the change of about 3 K in potential tem
perature corresponds to about 0.01 change in the 
vertical a.xis. If the atmosphere is not saturated, 
mixing ratio q is used instead of q,. 

There are three limitations for this method. One 
is the spatial resolution of the atmosphere that we 
can use. Even if the grid-scale atmosphere is not 
saturated, it may contain a fraction of cloud which 
can reduce the grid-scale temperature by the evap
oration of cloud droplets. The second is that if the 
whole atmosphere is saturated, a trajectory con
necting any two points in the atmosphere satisfies 
the relation (I), because both potential temperature 
and saturation mixing ratio are a unique function of 
pressure and temperature. The third is the poor 
obsen·ation of water vapor, especially at high alti
tudes. Dispite these limitations, a departure from 
Eq. {1) is still useful to evaluate the departure of 
the trajectory from the real motion of the air, be
cause a wrong tracing of air motion can easily make 
a large difference in water \'apor amount since the 
water vapor mixing ratio has a fine horizontal struc
ture. 

Figure 6 shows an example of the time sequence 
of a trajectory selected as north-to-south migration 
in January. The latitude (a), pressure (b) , potential 
temperature (c) , mixing ratio of water vapor and 
relative humidity (d), time derivative of the loga
rithm of potential temperature, and time change of 
the mixing ratio with a factor in rhs of Eq. (1) (e) 
are shown for 30 days. The first day is not shown. 
The transition zone is indicated in (a) by a dotted 
line. 

.-\n air parcel was initiated at S0°N and stayed 
north of 40°N for the first four days. Then it turned 

... 
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Fig. 6. An example of the time chart of the parcel which was selected in January as north to south 
migration. Latitude (a), pressure (b), potential temperature (c), mixing ratio (solid), and relative 
humidity (dash) (d), time derivative of the logarithm of potential temperature (solid) and the time 
derivative of the mixing ratio with a factor in Eq. (1) (dash) (e). The transition zone in this month 
is shown in (a). 

southward until Day 28. It was initiated at 400 hPa 
and stayed abo~e 500 hPa for the first four days, 
then went down to the lower troposphere in the trop
ics as it turned southward and upward around Day 
19 (b). Potential temperature (c) was almost con
stant before it moved upward on Day 19. The water 
vapor mixing ratio (d) is inversely correlated with 
the time variation of pressure. It decreased at Day 
19 along with the uplift accompanied by increasing 
potential temperature (c). 

The time change of potential temperature and the 
mixing ratio of water vapor is compared in Fig. 6e. 
The solid line is for the twelve-hour difference of the 
natural logarithm of potential temperature, and the 

dotted line for that of the water vapor mixing ratio. 
The variations almost parallel each other, indicat
ing that the change in potential temperature is due 
to condensation of water vapor and evaporation of 
liquid water. 

The correlation between potential temperature 
and water vapor is analyzed for the trajectories 
selected for inter-hemispheric migration. Figure 7 
shows a scatter diagram for both terms in Eq. (!), 
when the tracers are located between 800 and 
300 hPa in the transition zone. The diagram is 
shown for each set of motions, January north-to
south (a), south-to-north (b), July north-to-south 
(c), and south-to-north (d). Open marks indicate 
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Fig. 7. Time change of potential temperature versus the mixing ratio with the factor indicated in Eq. (1). 
The di-rections of triangles indicate the motion of the air, and circles indicate that the pressure change 
is less than 50 hPa. Open marks indicate the relative humidity is larger than 80 %. Data were plotted 
only when the mean position was inside the transition zone and between 300 and 800 hPa. The line 
indicates the regression relationship. The relative coefficient was shown in the right bottom position. 
(a) January, north to south, (b) south to north, (c) July, north to south and (d) south to north. 

that the relative humidity is above 80 %. The 
shape indicates the direction of the motion of the 
tracer; upward triangles indicate that the pressure 
decreased more than 50 hPa, downward triangles 
that the pressure increased more than 50 hPa, and 
circles that the pressure changed less than 50 hPa. A 
regression line and relative coefficient are also drawn 

in the diagram. 
In all of the migrations, an increase of poten

tial temperature is associated with upward motion 
and the condensation of water vapor amount (up
per right side of the diagram). Decrease of poten
tial temperature is not necessarily accompanied by 
downward motion or evaporation of water vapor. In 

spite of the asymmetry in the distribution of the 
time variation in potential temperature, the regres
sion line cuts almost through the original point, in
dicating that there is no systematic drift in the trac
ing . 

Although the dots are clustered around the orig
inal point, indicating that the trajectories almost 
follow isentropic surfaces, this diagram also demon
strates that tracing atmospheric motion on isen
tropic surfaces in the tropics is useless. 

If this analysis is extended to the upper tropo
sphere (not shown), the correlation is distorted ow
ing to insufficient water vapor observations. If it is 
extended below 800 hPa, the correlation is also dis
torted because the trajectories sometimes enter the 
planetary boundary layer and surface of the ground. 
In those situations, the conservation of energy can
not be expected. 

4.2 3-D structure of conveyor belt in January 
The conveyor belt which connects the Northern 

and Southern Hemisphere can be displayed in a hor
izontal map and a latitude height projection. Fig
ure 8 shows the horizontal (a) and vertical (b) dis
tributions of trajectories which migrated from north 
to south in January. In the horizontal plane (a) , the 
color indicates the instantaneous pressure level of 
the particle. Along the Equator, there are three re
gions ,...-here trajectories are clustered: east Indian 
Ocean, the East-Pacific, and Amazon. The trajec
tories at the Indian Ocean and the Amazon are col
ored in red , indicating that they are moving in the 
lower part of the troposphere. The particles in the 
East-Pacific region are colored in yellow to blue, in
dicating that the trajectories pass through the upper 
part of the troposphere. Those regions are consis
tent with Fig. 4a. 

In the vertical plane (b), color indicates the pres
sure level of the origin. ~lost of the trajectories ini
tiated from the middle latitudes while the altitude 
diverged in the troposphere. Some trajectories col
ored in yellow and green descended as they moved 
to the tropics and ascended gradually after invading 
the Southern Hemisphere. Some trajectories colored 
in blue in the upper part of the troposphere directly 
invaded the Southern Hemisphere. They correspond 
to the paths in the East-Pacific in Fig. Sa. 

Figure 9 is the same as Fig. 8 except for the tra
jectories from south to north. If the trajectories are 
classified according to the position at the Equator 1 

we can recognize three groups: (1) Atlantic, (2) In
donesia, and (3) Africa. They are shown in Fig. 4b, 
while entry points at the East Pacific in Fig. 4b are 
missing in Fig. 9. \Ve can observe the change of 
color from red to yellow around the Equator. The 
change of color indicates that the trajectories are 
lifted in convection since the color change is more 
rapid than in the case in Fig. Sa. This situation 
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can be confirmed in Fig. 9b where the trajectory 
is lifted almost vertically from 20°S to the Equa
tor. There is a set of trajectories which passes only 
around 100 hPa and is observed at the east coast of 
south America. This group has the largest contri
bution in Fig. 4b. 

Note that the vertical distribution of the trajec
tories for north to south (Fig. 8b) and for south to 
north (Fig. 9b) are not symmetric. This asymmetry 
might be important to the hemispheric inventory of 
materials and momentum. 

There are three convective centers in the trop
ics: Africa, Indonesia, and the Amazon. The role of 
the exchange of material is different for each convec
tion center. Con\·ection in Africa acts as a barrier 1 

that in Indonesia transports material from south to 
north. Convection at the Amazon exchanges mate
rials between north and south by the baroclinic flow 
structure: southward transport in the lmver part 
and northward transport in the upper part. 

4.3 3-D st1-ucture in July 
Figure 10 is the same as Fig. 8 except for July. 

i\Iost of the trajectories are confined in a narrow 
region over the \\'est Pacific in the upper tropo
sphere. There are some trajectories in Africa and 
Central America, which changed their color from red 
to green. These three groups are consistent with the 
entry point in Fig. 4c. In the vertical plane (b) , two 
typical flows are ob,·ious: one is the path in the up
per troposphere only and the other is moving in the 
lower troposphere and lifted in the tropics. 

Figure 11 is the same as Fig. 9 except for July. 
~lost of the trajectories are confined oYer the Indian 
Ocean (a). ~lost of the upper tropospheric trajec
tory associated with the entry points in Fig. 4d was 
eliminated in this case. 

Again, the vertical distributions of the trajectory 
are not symmetric with respect to the migration di
rection (Figs. lOb and llb). For the trajectory from 
the winter to the summer hemisphere, the typical 
paths are observed near the ground . For the case 
from the summer to the winter hemisphere 1 trajecto
ries descend to the lower troposphere in the original 
hemisphere and are lifted in the ITCZ and trans
ported to the other hemisphere. 

The basic features in this analysis for January and 
July were obtained using meteorological data of a 
different year (not shown). 

5. Trajectories in frozen winds 

5.1 January 
In order to see the effect of time variation of the 

wind contributing to the exchange of the trajectory 
between hemispheres 1 the same statistics are per
formed on the trajectories calculated for the wind 
at OOUTC January 16. This date is selected be
cause the wind fields in the middle of January are 
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Fig. 8. Selected trajectories in January from norl.h. to south for the transition zone between 30°S and 

l0°N: (a) horizontal plot, (b) vertical plot. For details, see text. 
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Table 2. Same as Table 1, except for tra-
jectories calculated for fixed wind of (a) 
OOUTC 16 January and (b) OOUTC 15 
July. 

(a) January 
205-EQ !OS-ION EQ-20N 

:'\orth to South 499 616 617 
South to North 729 885 549 

305-EQ 205-ION IOS-20:\ 
\"orth to South 146 196 !59 
South to North !42 312 210 

405-EQ 305-ION 205-20:\ 
1\orth to South 25 66 48 
South to North 15 26 59 

505-EQ 405-ION 305-20:\ 
:'\orth to South 15 21 15 
South to North 0 2 4 

(b) July 
ION-30N 20N-40N 30N-50:\ 

~orth to South 902 373 183 
South to North 590 337 322 

EQ-30N !ON-40N 20N-50:-l 
:'\orth to South 398 !55 27 
South to North 277 108 107 

IOS-30N EQ-40N ION-50:\ 
::\orth to South 156 55 II 
South to North !52 18 37 

20S-30N IOS-40N EQ-50:\ 
::\orth to South 23 15 4 
South to North 54 8 

most responsible for the trajectory presented in the 
previous section. 

Table 2a lists the numbers selected for the crite
rion used in Table I, but for trajectories calculated 
for the wind at OOUTC January 16. Compared to 
Table Ia, for 20 ·and 30° zone widths, the numbers 
selected for south-to-north migration are increased 
while all other numbers are decreased. The results 
cannot be generalized because only one case was an
alyzed. 

Figure 12 shows trajectories calculated for the 
wind at OOUTC January 16. For the transition zone 
of 30°S and l0°N, 66 trajectories are selected for 
north-to-south motion (Fig. !2a) and 26 for south
to-north motion (Fig. 12b). 

For the north-to-south case (a), paths over the 
Indian Ocean are obserYed as in Fig. 8 while other 
path, over the East Pacific and the Amazon, can
not be seen. Some trajectories are observed in the 
\\"est-Pacific where a few trajectories are obsen·ed in 
Fig. 8a. For the south-to-north case (b) , three con
,·ection centers-South Africa, Indonesia, and South 
America-are responsible for the transport. 
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5.2 July 
Table 2b is the same as Table 2a except for July 

15 OOUTC. If the transition zone is the same as 
Figs. 10 or 11, the number selected was greatly re
duced . Thus, the southern boundary was relaxed 
10° to get reliable statistics. Figure 13 is the same as 
Fig. 12 except for July 15th OOUTC with the bound
ary latitudes set at the equator and 40°N. In the 
north-to-south case (Fig. 13a) the relative amount 
in the lower and upper paths is changed compared 
to Fig. lOa. The reduction of the upper path in 
the fixed-wind mode indicates that the upper path 
depends on the time change of the wind. In the 
south-to-north case {Fig. 13b), the major path in 
the Indian Ocean as shown in Fig. lla was detected 
but another path 0\·er South America was also ol>
sen·ed. This indicates that tbe path in the Indian 
Ocean is stationary and that the exchange path with 
helicoid shape over south America appeared for a 
short period. 

Figures. 12 and 13 demonstrate that there are a 
large number of exchange paths in an instantaneous 
wind field. And also, these exchange paths partly 
explain those obsen·ed in Figs. 9, 10, II, and 12. 

6. Trajectories in monthly-mean winds 

6.1 January 
In order to assess the possibility of using monthly

mean wind for the global transport, an analysis of 
the trajectories using monthly-a,·eraged winds was 
performed. 

Table 3 lists numbers selected using the monthly
averaged wind for the criteria of Tables 1 and 2. 
The numbers selected were reduced dramatically. 
No trajectory was selected for the transition zone in 
the time-dependent mode, so the condition is greatly 
rela."<ed. 

Figure 14 shows the trajectories selected for the 
transition zone set at 20°S and l0°N from those cal
culated in the monthly-averaged wind fields for Jan
uary. Trajectories are confined in narrow longitude 
bands. For the north-to-south case (Fig. 14a), tra
jectories are obtained 0\·er the Indian Ocean and 
the Amazon. For the south-to-north case, trajecto
ries are obtained in the upper troposphere oYer the 
Amazon (Fig. 14b). 

6.2 July 
Table 3b is the same as 3a except for July. The 

numbers selected for south-to-north paths are larger 
than Table I b in the southward shift case but, in 
general, the numbers selected are smaller than Ta
ble lb. 

Figure 15 is the same as Fig. 14 except for July. 
The transition zone is the same with Figs. 10 and 11. 
In the north-to-south case (a) , only one set of tra
jectories is obtained over Africa. The particles are 
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Fig. 12. Selected trajectories from north to south for fixed or frozen winds at January 16 OOUTC, for the 

transition zone between 30°S and l0°N: (a) north to south, (b) south to north. 
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Fig. 14. Selected trajectories from north to south for monthly-averaged winds in January, for the transi-

tion zone of 20°S and 10°N: (a) north to south, (b) south to north. 
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Table 3. Same as Table I , except for monthly-averaged wind at (a) January and (b) July 1989. 

(a) January (b) July 
20S-EQ lOS-ION EQ-20N ION-30N 20N-40N 30N-50N 

North to South 71 272 609 North to South 737 378 238 
South to North 138 357 218 South to North 570 168 180 

30S-EQ 20S-ION IOS-20N EQ-30N ION-40N 20N-50N 
North to South I 33 101 North to South 360 211 69 
South to North 37 25 48 South to North 251 40 21 

40S-EQ 30S-ION 20S-20N IOS-30N EQ-40N ION-50N 
North to South 0 0 12 North to South 227 64 34 
South to North I 12 South to North 97 13 4 

50S-EQ 40S-ION 30S-20N 20S-30N IOS-40N EQ-50N 
North to South 0 0 0 North to South 4 28 14 
South to North 5 3 South to North 60 11 3 

(a) 
Streamline plot at 850hPa 

oo. 

LONGITUDE 

(b) 
Streamline plot at 850hPe 

LONGITUDE 

Fig. 16. Streamline of monthly-averaged winds at 850 hPa: (a) January 1989, (b) July 1989. 



In July (Fig. 16b), although the south-to-north 
conveyor belt O\-er the Indian Ocean is apparent 
(Fig. lOa), at 20'N one cannot see any north-to
south conveyor belt over Africa, nor over the Central 
America (Fig. lla). 

Although it is interesting to note that the con
veyor belt over the Indian Ocean in July is found 
in the monthly-averaged wind fields, it must be 
stressed that there is a limitation to defining con
veyor belts using monthly-averaged winds. This lim
itation is caused by both time variation of the wind 
and cross isentropic motion of the air masses. There
fore, isentropic analysis has nothing to do with this 
difficulty. In some global atmospheric tracer models, 
monthly-averaged wind is used with an artificial dif
fusion parameter. In those models, the north-south 
exchange rate might depend on the realization of 
the conveyor belt in the monthly-averaged wind. It 
is highly possible that a large artificial diffusion in 
the model is compensating for the lack of conveyor 
belt in the monthly-averaged wind. 

7. Conclusions 

Conclusions obtained in this study are as follows: 

(1) There are preferred paths, conveyor belt or pipe 
lines, which cross the barrier between the air 
masses belonging to the Northern and Southern 
Hemispheres. 

(2) The conveyor belt has a different vertical path , 
depending on whether it goes from north to 
south or south to north. When it goes from 
the winter to the summer hemisphere, it passes 
through the lower troposphere in the tropics 
and is lifted gradually as it descends in the high 
latitudes. When it goes from the summer to the 
winter hemisphere, it descends in the original 
hemisphere , is lifted in the ITCZ, and is then 
transported into the other hemisphere through 
the upper troposphere. 

(3) In January, there are three major paths from 
north to south: low-altitude paths over the In
dian Ocean and the Amazon and the upper
tropospheric path over the East Pacific. 

(4) In January, the major paths from south to 
north are in the upper troposphere east of the 
Amazon, and three convection areas over the 
Atlantic Ocean, Madagascar Island, and In
donesia. 

(5) In July, the major paths from north to south are 
in the upper-tropospheric flow connecting the 
North Pacific to the Indian Ocean, and in the 
convection regions in Africa and Central Amer
ica. 
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(6) In July, the major paths from south to north are 
in the lower troposphere over the Indian Ocean. 
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Chapter 4: Application of a chemical transport model (1): 
Carbon Dioxide 

Abstract 

A three-dimensional tracer transport model is used to investigate the temporal trend and 
the annual cycle of atmospheric C02• The model transport was driven by a semi
Lagrangian scheme, using winds of 1992, analyzed at the European Centre for Medium
Range Weather Forecasts {ECMWF). A simple planetary boundary layer formulations was 
used to investigate the sensitivity of the model results. 

Two sources/sinks distributions were used independently: fixed emission of 5.3GtC/year, 
estimated from fossil fuel consumption (fossil run), and a monthly distribution of the 
emission/absorption, estimated from a land ecosystem of the size of 14.5GtC, in terms of 
the Growing Season Net flux (GSNF) (vegetation run). 

The simulated inter-hemispheric contrast of the mean surface concentration, in terms of 
North Pole minus South Pole, is about 4 ppmv for the fossil run, and 2ppmv for the vegeta
tion run. These results suggest that the so-called missing sink sbould be found in the 
Northern Hemisphere. On the other hand, the contrast in the vegetation run was changed 
by 40% while the fossil run changed by only 4% when the instantaneous planetary boun
dary layer (PBL) height was replaced by monthly average of PBL height. This result sug
gests that the monthly average PBL height can be used in place of the instantaneous PBL 
height only in limited cases, if it is scaled with an appropriate factor. 

1. Introduction 

The concentration of carbon dioxide in the 
atmosphere has been increasing since the indus
trial revolution . Global warming is predicted in 
the next century due to this increase. The pri
mary reason for this increase is attributed to the 
emissions released from the combustion of fossil 
fuels. The amount of atmospheric C02 is increas
ing by only 3GtC/year, in contrast to the emission 
rate of 5GtC/year. The fate of the remaining 
2GtC is unknown. If the emission from defores
tation is taken into account, the unknown sink 
must be much larger. Unfortunately, the sizes of 
the sinks of fertilization and net oceanic absorp
tion are not well determined. Moreover, in the 
1990's, the increase in the rate of the concentra
tion of atmospheric C02 has decreased; simul
taneously, the increase in the rate of atmospheric 
methane has also decreased. The cause for these 
decreases cannot be determined due to the lack of 
the knowledge about the sources and sinks for 
both these gases. Undoubtedly, further investiga
tions of the sources and sinks are required for the 

prediction of future amount of atmospheric C02• 

The annual mean surface concentration of 
atmospheric C02 at the North Pole is higher than 
that at the South Pole, by about 4ppm. The peak 
to peak amplitude of the surface concentration in 
the Northern Hemisphere is about 15ppm, and 
lppm in the Southern Hemisphere. Longitudinal 
variation of the mean concentration and the 
amplitude of seasonal variation may contain 
information related to the surface exchange of 
atmospheric C02. To estimate sources and sinks 
of C02, an accurate three dimensional atmos
pheric transport model is required. 

The estimation of sources and sinks has 
been attempted using global three dimensional 
atmospheric chemical transport (ACT) models. 
The most widely used ACT is the one developed 
at the Goddard Institute of Space Studies (GISS) 
of the National Aeronautics and Space Agency 
(NASA). Fung et a/. (1983, 1987) estimated 
sources and sinks of atmospheric C02 by using a 
land ecosystem model and A VHRR data, and 
tried to reproduce surface concentration using the 
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Source (b) Sink 

Armual Mean 

Fig.l Schematic interpretation of the annual average in the vegetation run. 
Supposing a region where C02 is emitted in the winter and absorbed 
in the summer, and a prevaling wind is northwest in t he winter( a) and 
southwest in the summer(b). The area where the source makes an in
fluence extends in the southwest and the area where the sink makes an 
influence extends in the northeast. Therefore, the annual average con
centration has a horizontal distribution as shown in (c) . 

' . -
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GISS model. The GISS transport model uses 
wind generated by a climate model (GCM), also 
developed at the GISS. Since the interhem
ispheric exchange time in the GISS transport 
model was too slow, Fung adjusted the exchange 
time by using the horizontal diffusion associated 
with cumulus convection in the tropics. Although 
the modified GISS transport model, in conjunc
tion with Fung's land ecosystem model, could 
reproduce the basic features of the global distri
bution of minor constituents, the difference of the 
wind in the GCM from the observed values could 
easily create the difference in the distribution of 
the minor constituents. Furthermore, the inter
annual variation of the wind system, for example 
the El Nino Southern Oscillation, cannot be pro
duced in the wind fields of GISS climate model. 
Therefore, the range of application of the GISS 
transport model is limited to the mean state of the 
atmosphere. 

Heimann et at. (1989) further modified the 
GISS transport model to adopt meteorological 
data analyzed at the ECMWF. Since the 
interhemispheric exchange time was too fast 
using the First GARP Global Experiment (FGGE) 
data of ECMWF, they reduced the vertical 
diffusion parameter used by Fung .ul et al. 
(1983, 1987). They also investigated the vertical 
transport of the model using 222Rn, however, the 
observation of 2:'.Rn was not sufficient to nar
row down the uncertainty of the vertical 
diffusion. The horizontal diffusion was also 
adjusted in the GISS model by Tans et a/. 
(1990). They changed the inter-hemispheric 
exchange time to one year. They have concluded 
that the sink in the Northern Hemisphere is larger 
than that in the Southern Hemisphere which is 
consistent with the observed inter-hemispheric 
contrast of the C02 concentration. Enting et a/. 
(1992) estimated the strength and the uncertainty 
of the sources and sinks of atmospheric C02 with 
their inversion technique, using the results of the 
GISS model. 

Although there are some variations in each 
application of the GISS model, all the users men
tioned above appreciated the convection statistics 
in the GISS climate model for the vertical 
diffusion of the constituents. These statistics con
tain two types of convection: dry and moist. Dry 
convection takes place near the surface of the 
ground when the atmosphere adjacent to the 
ground is heated. On the other hand, moist con
vection takes place where moisture is abundant, 
i.e. in the tropics. The inter-annual variation of 

tropical convection may alter the global circula
tion of the atmosphere and may be a major 
source of the inter-annual variation of trace gas 
amounts. In this respect, there is a limited possi
bility of studying the inter annual variation of 
minor constituents using the GISS model. 

Horizontal diffusions are also introduced in 
those GISS models that assumed that moist con
vection has a significant role in the horizontal 
diffusion due to vertical lifting, through convec
tion and mixing by the vertical transport. The 
results look quite reasonable for minor consti
tuents without surface sinks, such as CFC-11 ( 
Prather et a/. , 1987). 

The surface concentrations of the minor 
constituents at the down wind region of their sur
face sources and sinks are subjected to the pre
vailing winds at each season if the region is a 
source in a particular season and is a sink in 
another season. Figure I illustrates the situation 
where prevailing winds at the source season, say 
winter, are north-west and in the sink season, say 
summer, are south-west. The observed surface 
concentrations are larger than the background in 
the south-east area in the winter(a), whereas they 
are smaller than the background in the north-east 
area in the summer(b) . The annual mean concen
trations are the summation of these distributions, 
thus they are sensitive to the prevailing winds in 
the transport model and the diffusion strength, for 
both horizontal and vertical directions. 

The pole to pole difference of the surface 
concentration of C02 has interannual fluctuations 
which can be detected in the monthly average 
data (Trends'91). These oscillations may be 
interpreted from both the fluctuations in the 
source strength and those in the prevailing winds. 
Tans .ul et a!. (1990) reported that the pole to 
pole difference in the surface concentration is 
0.25ppm, if only the land ecosystem sources and 
sinks are applied to the GISS model. 

Taylor (1989) developed a Lagrangian tran
sport model and simulated a global distribution of 
C02. His model uses assimilated meteorological 
data both for transport and scattering. A bi
monthly average is used to calculate the position 
of the particles and the standard deviation of 
winds are used to calibrate a random number to 
scatter particles. The advantages of this model 
are that the observed winds were used and that 
the adjustment for interhemispheric exchange was 
not necessary, although the interhemispheric 
exchange time is 1.2 years which is 20% longer 

-
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than that of Tans .uleta!. (1990). Although PBL 
is not specified explicitly, his model takes into 
account the effect of PBL automatically through 
the use of standard deviation of vertical motions 
near the surface. The disadvantage of this model 
is that the fluctuations of concentration with a 
time scale of less than two months cannot be 
resolved. If the pole to pole difference of surface 
concentration is adjusted using oceanic sinks, the 
difference in the concentration of the Northern 
Hemisphere and the middle latitudes of the 
Southern Hemisphere is larger than observed 
value, by about 2ppm. 

The objectives of this paper are to describe 
the model developed at the National Institute for 
Resources and Environment and the results of the 
simulation of atmospheric C02 for a project of 
intercomparison of atmospheric transport models 
(TRANSCOM). Among the results of the simu
lation, this paper intends to demonstrate the sensi
tivity of PBL formulation in the ACT models, 
especially for sources and sinks with seasonal 
variation, using a global three-dimensional tran
sport model. This model is described in section 
2. The results for fossil fuel and vegetation runs 
are described in section 3. Conclusions are 
described in section 4. 

2. NIRE-CTM-93 

2.1. Model Formulation 

The global three-dimensional model used in 
this study was developed at the National Institute 
for Resources and Environment (NIRE) in 1993 
(NIRE-CTM-93). Some concepts in the second 
version of the Community Climate Model of the 
National Center for Atmospheric Research 
(CCM2/NCAR) (Hack eta/. 1993) were referred 
to the design stage of this model, although our 
model is completely different from CCM2. The 
flow of the data is shown in Figure 2. The 
meteorological data analyzed at the ECMWF 
(TOGA/Advanced) was used to model the tran
sport and convection of minor constituents. The 
vertical resolution of the concentration is 15 
sigma levels extending from 0.99 to 0.01, the 
horizontal resolution is 2.5x 2.5° and the time 
interval is 6 hours. A semi-Lagrangian scheme 
was adopted to calculate the transport process 
with a mass fixer to conserve the total mass of 
the constituents. A non-local planetary boundary 
layer was used to diffuse minor constituents near 
the surface. 

Vertical coordinates are displayed in Figure 
3. Meteorological data are provided by the pres
sure levels (left, solid) and the concentrations of 
the minor constituent are estimated by the sigma 
coordinates (right, dotted) . The trajectory data and 
the height of the PBL are produced using the 
meteorological data before calculating the tracer 
transport. Trajectory calculation takes 6 hours 
per month on a double CPU SPARC work sta
tion, whereas the PBL height is calculated in 10 
minutes, monthly. The transport calculation 
needs 2 hours per year, using the pre-calculated 
trajectory data. Back trajectory data takes 470 
Mega bytes per month, and the concentration data 
take 80Mega bytes per month. The major limita
tion of this model is not computing time but 
available disk space. 

A five year simulation was performed from 
an initial condition of a globally homogeneous 
concentration of atmospheric C02 (350ppm). 

We have noticed a problem in the current 
model. The turn around time of the stratospheric 
air mass is six months in the NIRE-CTM-93, if 
the stratospheric air mass is divided by flux 
through tropopause, although it should be two 
years, based on 14C observations. The results at 
lower troposphere are probably insensitive to this 
shortcoming, so the revision of this deficiency is 
out of the scope of the present study. 

2.2. Meteorological Data 

Since the NIRE-CTM-93 is directly linked 
with the meteorological data, the description starts 
from the meteorological data. The meteorological 
data analyzed at the ECMWF were used for the 
setting of vertical coordinates, the departure point 
calculation and the planetary boundary layer 
height as shown in Figure 2. The ECMWF dis
tributed the products of the assimilated meteoro
logical data prepared for the initial condition of 
the operational numerical weather forecasts sys
tem. We adopted the data called the 
ECMWF{fOGA/Advanced data set. We used 
low resolution data interpolated from the original 
archive in the T213/L3! hybrid coordinate sys
tem. The data are given on 2.5 horizontal resolu
tion and 15 vertical pressure levels, as shown in 
Figure 3. 

The procedure to assimilate the data is 
partly described in ECMWF (1993). To summar
ize, radiosonde soundings, reports from aircraft, 
wind vectors from geo-stationary satellites and 
vertical temperature sounding from polar orbit 

. 47-

NIRE-CTM-93 

Meteorological Data 

ECMWFtrOGA/Advacned 

1992,Jan-Dec, 
00,06,12,18UTC 

~----------~~---4~ 
I Surface Pressure 

1 
L ____ _J 

~-----------

Sources/Sinks Estimate 

Marland/ORNL Fung/GISS 

Fung/GISS I I 
I I 
I I Observation y 1 

CMDLINOAA AES/CanadaH Monthly mean 23 site I ! 
----------------~·~ 

Total Mass 

LC_MD __ LIN __ o_AA _____ ---'H Daily Variation at 4 site I 
----------------~L-----------, 

Tohoku Univ. Vertical Distribution at the route of Japan-Australia 

Fig.2 Model flow and experimental design of NIRE-CTM-93 for TRANS COM . 
The TIRE-CTM-93 uses meteorological data analyzed at the European 
Centre for Medium-Range Weather Forecasts for the calculation of pres
sure of the sigma coordinate, 6 hours back trajectory and planetary 
boundary layer height. Global homogeneous distribution of 350ppmv 
is set for the initial conditions. Two experiments for fossil fuel consump
tion and land ecosystem experiment were performed. The results are 
compared with CMDL and U. of Tohoku data. 
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satellites were collected in appropriate time inter
vals and assimilated into data sets of a particular 
time. One of the most important features of the 
assimilated meteorological data set is that the 
predicted meteorological values are used in an 
area where the observation does not exist 
(Bengtsson et a/. , 1982). The quality of the 
data are affected by the physical parameterization 
in the numerical weather prediction model. The 
quality of the data are studied by Trenberth 
(1992). He showed a significant change in the 
zonal mean omega field when a mass flux form 
of convective parameterization was included in 
the forecast model. The divergent component 
included by Unden (1989) may also have 
significant effects in omega fields. 

When the twice daily data were used to esti
mate the height of PBL in the preliminary experi
ments, a large irregularity was observed in the 
surface concentrations that may be created due to 
local time differences. To avoid this problem, 
meteorological data are used four times per day, 
however, this did double the disk space needed. 
The aim to study the sensitivity of PBL height is 
to find a limitation in the usage of monthly or 
constant PBL height. It was found that inter
hemispheric exchange time was not altered with 
the change in the frequency of usage of meteoro
logical data. In the preliminary test using an 
artificial material similar to Taguchi (1993), the 
inter-hemispheric exchange time is 1.0, year with 
respect to moving boundary, and 0.9 years, with 
respect to the Equator. 

2.3. Interpola tion and Departure Point Calcu
lation 

The interpolation method in this model is a 
simple linear with respect to three-dimensional 
space, similar to Taguchi (1993). A schematic 
view is displayed in Figure 4. Meteorological 
data are given on pressure coordinates (lower 
case, solid) and the concentration are given on the 
sigma coordinate system (upper case, dashed). In 
a semi-Lagrangian transport calculation, a depar
ture point is estimated by successive linear inter
polation of the three dimensional wind. The 
difference in the departure point makes different 
diffu sion features. The departure point is stable 
if the wind is calculated in intervals of Jess than 
30 minutes. 

The departure point is obtained by the fol
lowing procedures. 

(1) Estimating a wind vector at t-15 minutes at 
an arrival point, using two wind vectors at t 
and t-6hours. 

{2) Obtaining a position at t-30 minutes, by 
using the wind vector at t-15 minute. 

(3 ) Calculating two wind vectors at the t-30 
minutes position, by using linear interpola
tion in space at t and t-6 hours . 

(4) Determining the wind vector at t-45 
minutes, by using two wind vectors at t and 
t-6hours, both at the positions of t-30. 

(5) Repeating steps 2 through 4 ten times, an 
estimate for the departure point is obtained. 

Horizontal motion is calculated on three 
dimensional Cartesian coordinates to ensure a 
stable calculation at both poles. 

2.4. Mass Fixer 

A total mass fixer is incorporated since con
servation of the total mass is not guaranteed dur
ing tracer transport calculation. There are at least 
two sources for the failure of mass conservation: 
convergence and divergence in the objective 
analysis data, and error generated by linear inter
polation. 

Figure 5 illustrates an example of the linear 
interpolation in a one dimensional framework. 
Supposing an initial trapezoidal distribution, as 
shown in (a), a homogeneous wind U transports 
this distribution to the right side (b). Using linear 
interpolation, all shapes between grid points are 
lost in the model. The model recognizes the dis
tribution as (c). A simple geometric considera
tion may show that the shaded area in(a) and (c) 
are exactly the same if the grid intervals are 
homogeneous in the domain . In the current 
model, the interval of the grid is changing with 
pressure and latitude directions. Also, conver
gence and divergence in the three dimensional 
wind field are generated in the conversion process 
from the original archive (Trenberth, 1991) . 

A mass fixer is designed to compete with 
these failures in the following guide lines; {I) no 
adjustment on the grid (B), (2) if the total amount 
of C02 is increased in the model, the adjustment 
is applied on the concentration at the grid point 
of (A) only, and vice versa. With these condi
tions, the rate of change of time after the adjust
ment is always smaller than the rate of change 
estimated by the transport calculation . 

The procedure to implement the above con
ditions is as follows. Let us assume M(t) and 
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M(t+6) as the total amount of the constituents at t 
and t+6hours. After the transport calculation, 
M(t) is not necessarily equal to M(t+6). 

M(t+6)- E,(c(t+6)1J,t-c(t)1.j.t)w1J.l 
(A) 

+ E,(c(t+6)1Jrc(t)1J.k)w1J.l 
(C) 

+M(t) (!) 

where c is the mixing ratio and w is the weight 
represented by a grid point. Time variations of 
the weight represented by each grid are ignored. 

If M(t+6) > M(t), that means that the abso
lute value of the first tenn of r.h.s. of Eq.(l) is 
larger than that of the second term. A coefficient 
a is introduced to the first term of the r.h.s. of 
Eq.l., that is, 

0- E,(c(t+6)1,1rc(t)1.1.1 )w;J.f'Ct 
(A) 

+ E,(c(t+6)1.jrC(I);.j))IV;J.f (2) 
(C) 

Therefore, the concentration after the adjustment 
is 

c'(t+6) -a·c(t+6) + (1-a)·c(t) (3) 

When M(t+6)< M(t), a is applied to the 
second term of the r.h.s. of Eq.l. 

The adjustment is applied at the grid point 
where a large variation is calculated through the 
transport calculation. This adjustment worked as 
a small diffusion. Using this mass fixer, 
modification is applied on 0.1% of the mixing 
ratio and the three digits are conserved 
throughout the integration for one model year (= 
1464 steps). 

2.5. Planetary boundary layer 

The interaction between the free atmosphere 
and the bottom boundary is modeled using a 
non-local planetary boundary layer. One of the 
aims in including the planetary boundary layer is 
to represent the rapid vertical mixing of the 
atmospheric concentration released from the sur
face. The other aim is to represent the trapping 
of the constituents below the inversion layer. 
The constituents released from the boundary are 
added with a homogeneous mixing ratio 
throughout the PBL. When the boundary absorbs 
a constituent, a homogeneous mixing ratio is sub
tracted form the concentration of the constituents 
in the PBL. When the departure point for the 

free atmosphere is estimated in the layer assigned 
as PBL, the concentration of the constituents is 
redistributed in the free atmosphere . 

The height of the PBL is estimated by a 
bulk Richardson number (Troen et a/. , 1986) 
defined as, 

Ri- g·OfJ(z)/T(z) (4) 
v(z )2/z 

where g gravitational acceleration, z height, OS(z) 
the difference of potential temperature between z 
and ground, T(z) temperature and v (z) horizontal 
wind speed. Ri is a ratio between the stabilizing 
effect due to density stratification and the unsta
bilizing effect due to vertical wind shear. The 
layer with Ri value less than 0.25 is assigned to 
the PBL. Typical vertical profiles of the potential 
temperature and the height of the PBL for the 
convective and stable case are shown in Figure 6. 

Monthly averages of PBL thickness at four 
selected months are displayed in Figure 7, where 
the shaded areas indicate that the PBL thickness 
is larger than 100 hPa. In January(a), thick PBL 
was obtained in the northern Pacific Ocean and 
the northern Atlantic Ocean, where horizontal 
winds are strong in that season. In April(b), 
thick PBL was observed in India and 
northwestern Africa, where the land is heated by 
the migration of the sun. In July(c), thick PBL 
was obtained over the continents in the Northern 
Hemisphere and over the oceans, in the Southern 
Hemispheres. In October(d), thick PBL was 
observed over the ocean, both in the Northern 
and the Southern Hemispheres. 

2.6. C02 data 

The monthly average of surface concentra
tion of C02 was obtained from the National Oce
anic Atmospheric Administration's Climate Moni
toring and Diagnostics Laboratory 
(NOAA/CMDL) and from the Atmospheric 
Environment Service of Canada. Hourly averages 
of the surface concentration at the four stations 
were obtained by the CMDL. Monthly averages 
of the upper troposphere compiled by Tohoku 
University were used to evaluate the results of the 
simulation. 

The location of the surface observation of 
C02 are shown in Figure 8. The altitude of most 
sites is lower than lOOm, however, MLO is 
located at 3397m above sea level. Daily values 
were derived from hourly values at PBR, MLO, 
SMO and SPO. 
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F ig. 7 The thickness of the monthly mean planetary boundary layer for four 
month, (a) January, (b) March, (c) July and (d) October. The contour 
interval is 20 hPa and areas larger than 100 hPa are shaded. 
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(d) 

F ig. 7 (continued) 
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CMDUAES Observation site used in this stud 

1 ALT alert 82N 62W 13 GMI mariana 13N 
2BMC mouldbay 76N 119W 14 BRB ragged 13N 
3BRW barrow 71N 1S6W 1SCHR christma 2N 
4CBA cold bay SSN 162W 16 SEY mahe 4S 
SCMO me ares 4SN 120W 17 ASC ascensio 7S 
6 SIC sable 43N 60W 18SMO matatula 14S 
?AZR azores 38N 27W 19AMS amsterda 37S 
8MID sand 28N 177W 20CGO capegrim 40S 
9 KEY biscayne 24N BOW 21 PSA palmer 64S 
10 MLO maunaloa 19N 1SSW 22 HBA halley 7SS 
11 KUM kumukahi 19N 1S4W 23SPO amundsen 89S 
12AVI stcroix 17N 64W 

Fig.8 Location of the sites for which atmospheric C02 records were used in 
this study. 
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0.00 1.14 

1.0000% 

0 3594% 

0.1292% 

0.0464% 

0.0167% 

0.0060% 

0.0022% 

0.0008% 

0.0003% 

Fig.9 Distribution of the emission of C02 produced by fossil fuel consump
tion in 2.5 degrees resolution . The distribution was created from the 
distribution given by TRA SCOM in lxl degree. The original value 
was estimated by Marland and modified by Fung et al .. 
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trial biosphere in 2.5 degrees resolution. The distribu tion is created from 
the distribution given by TRANSCOM in 4x5 degrees, the unit used is 
GtC/month. The sources and sinks changed step-wise at the fi rst day of 
each month. 
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2.7. Fossil Run 

The fossil fuel experiment uses a source dis
tribution (Fig.9) of carbon dioxide estimated from 
fossil fuel consumption. The original data were 
produced for each country by Marland (1982). 
The sources were distributed into the grid points 
at one by one degree resolution by I. Fung et a/. 
(1987), using a population database. A distribu
tion at 2.5x2.5° resolution was created and used in 
this study. 

The source adds C02 to the atmosphere at 
the rate ot 5.3GtC per year, without seasonal and 
interannual variations . 

2.8. Vegetation Run 

Monthly 2.5x 2.5° sources/sinks are created 
from the estimation at 4x 5° resolution by I. Fung 
et a/. (1987). The C02 sinks were estimated by 
the "Normalized Difference Vegetation Index" 
(NDVI), derived from the Advanced Very High 
Resolution Radiometer (A VHRR), and the source 
is estimated by land type use, precipitation and 
the atmospheric temperature of the GISS climate 
model. 

Nevertheless, when the distribution is con
verted to a 2.5x2.5° resolution, the total sources 
and sinks are conserved. The annual integration 
of the source or sink is sometimes referred as the 
Growing Season Net Flux (GSNF). It is impor
tant to note that the GSNF depends on the spatial 
resolution of the distribution. If the sources/sinks 
are estimated for 2.5x2.5°, as is done by Fung et 
al. (1987), the GSNF may have increased 
because less C02 is canceled within a grid area. 

Zonally integrated sources/sinks are shown 
for each month in Figure I 0. The height of the 
bar indicates the strength of the source and depth 
of the bar, the strength of the sink. If one com
pares the height of the bars in the vertical direc
tion, one may observe double peaks in the source 
in the northern middle latitudes in May and 
October. These double peaks are created due to 
the combination of a long emission periods 
(spring to autumn) and a short absorption period 
(summer). In the low latitudes, a simple seasonal 
cycle is obtained, corresponding to rainy and dry 
seasons. 

Horizontal distributions of the sources/sinks 
are shown in Figure 11. The values show 
sources/sinks at each grid per six hours. 

Siberia and Canada are assigned as a source 
region in May and sink region in June; from 

August to September, opposite changes are 
observed there. India is a source region in May 
and June, probably due to dry periods there. 

3. Results 

3.1. Fossil Run 

Latitude distributions of the annual average 
of the surface concentration are displayed in Fig
ure 12, at 23 CMDL observation sites. The 
nearby grid values of the model output for second 
and third years of the fossil run are shown in 
solid lines in the upper part of the figure. Each 
of the three years' observations are shown in dot
ted lines. 

The temporal trend is larger in the model 
than the observed one, because there is no sink in 
the fossil run. The results of the second year will 
be discussed, mainly because the horizontal pat
tern is stable after the second year. 

The inter-hemispheric gradient estimated 
from the averages at ALT and SPO is about 
4ppm, for both the second and third years. 

Between 20°N and 40°N, the mean concen
tration varies with latitude both in the observation 
and the model results. The concentrations at two 
stations, SIC and KEY, are higher than those of 
nearby stations. They are located at the 
downwind region of the C02 source in North 
America. The concentrations at AZR, located in 
the Atlantic Ocean, is lower than others . 
Although high concentrations at SIC and KEY 
are obtained in the model, low concentrations at 
AZR, are not obtained. This may be explained 
by the omission of an oceanic sink in the fossil 
run. Although MID is located in the middle of 
the Pacific Ocean, the mean concentrations are 
larger there than at KEY in 1988. The emission 
of C02 from the tropical ocean may explain this 
feature. At MLO, the observed concentration is 
lower than that calculated one. This difference 
can be explained by the use of surface concentra
tion in the model. While MLO is located at a 
high altitude, the model level appropriate for 
comparison of the concentration of the model 
with the observed value is not clear. We can 
conclude that the horizontal gradient of the con
centration at the down wind positions of America 
is reproduced in the model, because the difference 
between down wind regions and the other sites in 
nearby latitude is not inconsistent with the 
observed values, if AZR, MID and MLO are 
excluded. 
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Annual Average at CMDUAES Observation Site 
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shown. 
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Daily concentrations are compared with 
observations, in Figure 13, at four sites, (a) 
BRW, (b) MLO, (c) SMO (d) SPO. In each 
case, the observation site and the grid point of the 
model are indicated in latitude and longitude. 
Note that the scale of the vertical axis is different 
for each site. 

Observed concentrations at BRW are stable 
during the spring and summer, but decrease in 
May and recover from September. This feature is 
observed at most of the northern hemispheric 
sites (not shown), however, calculated concentra
tion show no seasonal variation. The difference 
in the base amount is due to the initial condition 
of the calculation. Since the atmospheric concen
tration of C02 is increasing by 1.4ppm per year, 
the average concentration in 1992 is higher than 
350ppm ( 350ppm corresponds to 1987 global 
average). 

The observed concentration at MLO shows 
a slow increase from spring to summer, which is 
consistent with the observation in the upper tro
posphere compiled by Tanaka eta/. (1987). 

The observed and calculated concentrations 
at SMO resemble each other in February and 
March where there is a peak in C02 concentra
tion, however, this particular pattern in February 
and March was not observed in other years. 
Halter et a/. (1987) found that the observed C02 
concentration at SMO depends on the wind direc
tion. Watterman et a/. (1989) found that the 
fluctuations during first half year are always much 
larger than the rest of the year. There is a sharp 
north-south gradient in the concentration at this 
area, and this compositional gradient fluctuates 
north and south with time and seasons ( Taguchi, 
1993). 

Monthly mean surface concentrations in 
March are shown in Figure 14. The regions of 
high concentration extend from the source regions 
to the down wind locations. The north-south gra
dient of the concentration at Indonesia or New 
Guinia is steep, while that at the date line is fla t. 

Zonally averaged concentrations in March 
are shown in Figure 15. The concentration 
decreases with altitude in the Northern Hemi
sphere, while high concentration is observed in 
the middle of the troposphere. In the middle tro
posphere, concentration in the tropics is higher 
than in the sub-tropical regions, which may be 
explained by the convective activity in this area. 

3.2. Vegetation run 

Annual average and peak to peak amplitude 
of the vegetation run are shown in Figure 16. A 
simple explanation for the cause of this residual 
as an annual mean concentration has been already 
given in the Figure I. Positive residuals are 
observed in China and northern Europe (a). 
Negative residuals are observed in South Africa 
and southern Europe. Peak to peak amplitude (b) 
reached almost I 00 ppm in China. Over the oce· 
ans, seasonal variation is almost homogeneous 
along longitudes. 

The residual is a key component in the glo· 
bal carbon dioxide burden. The residuals at 
CMDUAES sites are shown in Figure 12. The 
ALE to SPO difference in the surface concentra
tion is about 2ppm. The difference in the resi
dual for different PBL formulations will be dis
cussed in the next section. 

Seasonal variations, in terms of the standard 
deviation of monthly averages at surface observa
tions, for both observed and model results are 
shown in Fig. l7. Temporal trends are subtracted 
from each observed data before the calculation of 
the standard deviation. 

The standard deviation of the Northern 
Hemisphere (5ppm) is larger then that of the 
Southern Hemisphere (0.5ppm) by a factor of ten, 
both for the observed and the model results. In 
the middle latitudes of the Northern Hemisphere, 
the standard deviation changes with the latitudes. 
At CMO, the observed standard deviation is 
3ppm but the calculated one is 4ppmv. At AZR, 
the standard deviations for each year vary. The 
standard deviation in the model results at AZR 
fell between the minimum and the maximum of 
the observed standard deviation. Between KEY 
and CMO, the standard deviation of the model 
results are larger than the observed ones. 
Because the recent isotopic observation (Naka
zawa et a/. , 1993) indicates that the seasonal 
variation in the surface concentration over the 
north Pacific Ocean can be interpreted using only 
biological activity, the sources/sinks effective for 
sites between KEY to CMO may be larger than 
those of the land ecosystems. 

Daily concentrations are compared in Fig. 
18. At BRW, the calculated concentration is 
about !Oppmv lower than observed values, except 
from May to July, which may be due to the sea
sonal variation of the sources and sinks, as shown 
in Fig.IO and II. Calculated concentration from 
May and July are also higher than that in April in 
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Fig.13 Daily variations of C02 at CMDL sites in 1992 and the second model 
year. (a) Point Barrow, (b) Mauna Loa, (c) Matatula, (d) Amundsen 
Scott. 
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Fig.14 Horizontal distribution of C02 calculated at the lowest sigma level 
averaged over March of the second model year. Concentrations larger 
than 355ppmv are shaded and the contour interval is 0.5ppmv. 
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Fig.15 Monthly meru1 concentration in latitude vertical cross section averaged 
at each sigma level in March of the second model year. The contour 
interval is 0.5ppmv. 
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Annual Average of Vegetation Run PBL=STD 
0.990sigma 343 .70 355.55 CI= 1.0 SAHDE > 355.00 

Peak-peak Amplitude of Vegetation Run PBL=STD 
0.990sigma 1.05 93.99 CI= 5.0 SAHDE > 50.00 

Fig.16 Surface concentration of vegetation run. (a) Annual average and (b) 
peak-peak amplitudes of monthly average for the fifth year of the veg
etation run. For rumual average (a), Contour interval is one ppm and 
concentration higher than 355 ppm are shaded. For peak-peak ampli
tude(b) , contour interval is 5 ppm and amplitude larger than 50ppm are 
shaded. 
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Standard Deviation at CMDUAES Observation site 
NIRE-CTM-93 Land Ecosystem 
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Fig.17 Standard deviation of C02 at observation sites . The temporal trend 
is subtracted from the observation before the calculation of the standard 
deviation. 
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Fig.18 Daily variation of C02 produced by terrestrial biosphere at CMDL 
sites. (a) Point Barrow, (b) Mauna Loa, (c) Matatula, (d) Amundsen 
Scott. 
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other sites listed in Fig.8 in the Northern Hemi
sphere (not shown). 

Daily variations at BRW in July and 
October resemble some feature of the observed 
fluctuations. These fluctuations can be explained 
by the horizontal and temporal variations associ
ated with the land ecosystem. 

At MLO, the calculated concentration is 
higher than the observed value by 5ppm, except 
in June and July. Concentrations are sampled at 
the lowest sigma level, while the observation site 
is located at 3397m above sea level. The concen
tration in the upper layer of the model is almost 
the same as the concentration in the lowest sigma 
level, except that there is small reduction in sea
sonal variation. The vertical distribution of the 
seasonal variations is discussed later. 

At SMO, fluctuations in February and 
March are reproduced in the model, as is the case 
of the fossil run (Fig.l3). The reason is that the 
north-south gradient around SMO is similar in 
both experiments at this season; high in the 
Northern Hemisphere and low in the Southern 
Hemisphere. Seasonal variations in terms of 
amplitude are well reproduced in the model, but 
the phase is shifted about one month; maximum 
at July in the observed case may be shifted to 
August in the model, minimum at November in 
the observed case may be shifted to December in 
the model. In the observed value, several short 
term fluctuations may be associated with ocean 
interaction, which are not reproduced in the 
model. 

At SPO, seasonal variations, the minimum 
in March and the maximum in September, are 
reproduced in the model. In November, one may 
notice a sharp dip in the concentration of the 
model. In the time series of 6 hourly horizontal 
distributions, a low concentration air mass is 
tracked from the Amazon to the South Pole, but 
this dip is not observed in the measurements. 
The reason for this may be the problem in the 
wind analysis there, however, it is out of the 
scope of this study. 

The calculated surface distributions of C02 
are shown in Fig.l9 for (a) May and (b) Sep
tember. In May, the concentration is high over 
Siberia and Canada, where the source of C02 
extends. In the Southern Hemisphere, the mean 
concentration is only 0.5ppmv lower than the ini
tial value, except in the Amazon, where a large 
sink is located. In September, the concentration 
in the Northern Hemisphere is lower than that in 

the Southern Hemisphere, while the concentration 
in the Southern Hemisphere is still higher than 
the initial condition, but only by 0.7 ppm. 

The zonal average of the concentration is 
shown in Fig.20 for May(a) and September (b). 
The north-south gradient of the concentration is 
reversed during these two months throughout the 
troposphere. Concentration decreases with height 
in May and increases with height in September, 
because the concentration in the stratosphere is 
almost constant in this experiment. In the South
em Hemisphere, concentration variations are 
transmitted through the upper troposphere. 

Seasonal variations of the vertical distribu
tion are shown for six sites in Fig.2l ; (a) 
Anchorage, (b) Japan, (c)Mariana, (d) Rabaul, (e) 
Sydney and (f) Syowa. These sites were selected 
to be compared with the observation made by 
Tohoku University ( Tanaka et a/. 1987, Naka
zawa et a/. 1991). Concentrations lower than 
350ppm are shaded, while the latitude and longi
tude of each site are indicated in the upper left 
corner, and those of the model grid are written in 
the second parentheses of each figure. The sites 
of (c) Mariana and (d) Rabaul, are located on the 
course of commercial air line between Japan and 
Australia. 

At Anchorage(a), the amplitude of the sea
sonal variation decreases with height. Measure
ment by Tanaka eta/. (1987) showed !Oppm(p-p) 
at 7.5 km while the model showed 8ppm at 0.35 
sigma level (about 8km above sea level). The 
observed maximum is in May, but it is June in 
the model. 

At the Japan site(b), observed amplitude at 
the tropopause is lOppm while the calculated 
amplitude is about 7ppm. Minimum and max
imum occur at the month consistent with the 
observation. 

At Mariana (c) , a sharp dip at 0.275 sigma ( 
about IO,OOOm ) in April is remarkable. This 
sharp depression is observed in the measurement 
of 1985 at 5°N and !0°N. The minimum is 
observed either in September or October, while 
the concentration in October is smaller than Sep
tember in the model. 

At Rabaul (d), the maximum and minimum 
are observed in the upper troposphere. The max
imum in July and minimum in October 
correspond with the maximum and minimum in 
the Northern Hemisphere. The concentration in 
the lower troposphere is low in March. At least 
two factors are related to this low concentration; 
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(a) ! 

Fig.19 Horizontal dist ribution at the lowest sigma level in May (a) and Septem
ber (b) of C02 concentrations (ppm), as Simulated m the model. T he 
contour interval is 5ppm. ConcentratiOns higher than 350ppmv are 
shaded. 
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05 05 31 18 345.72 363.87 Cl= 1 .00 

Fig.20 Monthly mean concentration in latitude-vertical cross section averaged 
at each sigma level in May (a) and September (b). The contour interval 
is 0.5ppm. 
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Fig.21 Seasonal variation of the vertical concentration distribution. (a) An
chorage, (b) Japan, (c) Mariana, (d) Rabaul, (e) Sydney and (f) Syowa. 
Areas less than 350ppmv are shaded. Contour interval is l.Oppmv for 
(a) and (b), 0.5ppmv for (c), 0.2ppmv for (d) and (e), O.lppmv for (f), 
respectively. 
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one is the convergence associated with the winter 
monsoon in this period and the second is the 
enhanced sink, related to the precipitation associ
ated with the winter monsoon. The first point 
can be observed even in the fossil fuel experi
ment. A steep compositional gradient zone at 
150°E is associated with the horizontal conver
gence there. (Fig.l4 ). The second factor can be 
seen from Fig.! 0 and II. The horizontal pattern 
of the sink in March (not shown) is similar to 
that in May (Fig. I Ia), but the absorption strength 
is larger than in May. The observed minima are 
in February and in June, but the calculated 
minima are in January and in June. 

At Sydney (e), the maxima occurred in 
February and August at 0.35 sigma and these 
maxima are considered to be associated with the 
observed maxima, in March and September 
(1984) or in January and September (1985). The 
phase delay between the lowest level and the 
lower troposphere is about four months. 

At Syowa (f), the lowest tropospheric con
centration lags the upper level concentration in 
the model by one month. 

3.3. Effects of PBL 

The simulated pole to pole difference in the 
vegetation run was eight times larger than that 
obtained by Tans et a/. (1990). We have tested 
four additional formulations: Monthly averaged 
PBL heights (Month) and doubled heights of the 
monthly value (2xMonth) were studied to address 
the effect of daily and seasonal variation of PBL. 
Constant PBL height of 100 hPa (IOOhPa) and 
lowest sigma level only (Lowest) were also tested 
to investigate regional variation of PBL. 

Table 1 lists the differences in the concen
tration at ALT and SPO for these formulations 
for both the fossil and vegetation runs. The 
differences are normalized against the case using 
instantaneous PBL height (Standard). In the case 
of monthly average PBL height, a slightly larger 
contrasts is observed in the fossil run, while a 
40% increase is observed in vegetation run. In 
the doubled height of monthly PBL values, the 
contrast is decreased by 10% in fossil run and 
22% in the vegetation run. These results are con
sistent with the increase in the vertical diffusion 
rate in the doubled PBL heights. 

If only the lowest sigma level is used for 
PBL, the contrast becomes larger than that 
obtained for the monthly averaged PBL case. If 
IOOhPa thickness is used for PBL, the contrast 

becomes smaller than standard case, especially for 
the vegetation run. 

These differences suggest that the traditional 
calibration method using CFC or _ 85Kr is not 
sufficient for seasonally changing sources and 
sinks, 1ike those found in vegetation runs. 

4. Conclusions 

A global 3-D transport model model was 
used to study the sensitivity of the planetary 
boundary layer formulation on the global atmos
pheric C02 burden. Two sources and sinks used 
by Tans et a/. (1990) were adopted: a source 
only run (fossil run) and a sources and sinks run 
(vegetation run). The main results of this study 
are that the North Pole to South Pole difference 
in the surface concentration is about 6 ppm, when 
the source from fossil fuel and sources and sinks 
of land ecosystem are used in the NIRE-CTM-93. 
Because the observed contrast is 4ppm in the 
annual average, this result indicates that the so
called missing sink should be found in the North
em Hemisphere. 

Although, further evaluation of the source 
strength and distribution is out of the scope of the 
present study, some conjectures were obtained 
from the comparison of the observed concentra
tion of atmospheric C02• 

The annual mean surface concentration in 
fossil fuel run reproduced the interhemispheric 
gradient of atmospheric C02, nevertheless there 
are some discrepancies. 

I. The annual mean surface concentration at 
Azores in the model is higher than the 
observed value, by about 50%, which indi
cates significant oceanic sinks in the north 
Atlantic Ocean. 

2. The annual mean surface concentrations at 
tropical sites in the model are lower than 
the observed values by about !ppm, which 
indicates surface emission of C02 from 
tropical oceans. 

Daily surface concentrations of atmospheric 
C02 in 1992 in the fossil run and vegetation run 
were compared at four observation sites of 
CMDL. 

I. Amplitudes and phase of fluctuations in the 
time scale of few days are reproduced in the 
model at BRW and MLO, which indicate 
that these short term fluctuations are pro
duced by synoptic scale disturbances pass
ing over a land ecosystem. 
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2. A short term high concentration at SMO 
from February to March was reproduced in 
both in the fossil and vegetation runs, which 
indicates that the fluctuation is produced by 
temporal fluctuation of the north to south 
gradient in the surface concentration. 

3. Fluctuations observed at SMO with a time 
scale of few days are not contained in the 
model concentration, which indicates that 
these fluctuations are produced by oceanic 
sources and sinks. 

4. The model produced a seasonal cycle at 
SMO that is not detected in the observation, 
which indicates the sources and sinks with 
seasonal variation are located over the tropi
cal ocean. 

The difference in the annual mean surface 
concentration between AL T to SPO was used to 
investigate the sensitivity of the PBL formulations 

I. The difference in the fossil run was about 
4ppm for the standard run. It was rather 
insensitive to the modifications of PBL for
mulation. 

2. The difference in the vegetation run was 
about 2ppm for standard run, and was 
altered with the change in PBL formula
tions. 

3. Monthly averaged PBL heights can be used 
instead of instantaneous PBL within a lim
ited purpose if they are scaled by an 
appropriate factor. 
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Capter 5: Application of a chemical transport model (2): 
Methyl chloroform and Methane 

Abstract 

A global tracer transport model was developed incorporating semi-Lagrangian transport 
with a mass fixer and non-local diffusion in the planetary boundary layer. The time evolu
tion of methyl chloroform (CH3CCI3) and methane (CH4) were calculated with 2.5° hor
izontal resolution at 15 vertical sigma levels four times per day. One year of meteorologi
cal data for 1992 provided four times per day from the European Center for Medium Range 
Weather Forecasts (ECMWF) was used to calculate the back trajectories and height of the 
planetary boundary layer. 

The inter-hemispheric exchange time was calculated as 0.86 years for the northern hem
isphere and 1.08 years for the southern hemisphere based on the time evolution of an 
artificia l material. 

Time evolution of methyl chloroform was calculated from an initial concentration value 
of II Opptv in the northern hemisphere and 70pptv in the southern hemisphere with source 
estimates based on elecuic power consumption and indusuial reports. Removal by 
hydroxyl radical was calculated explicitly. The global average hydroxyl radical concentra
tion deduced to get a 38Qx I09g sink of methyl chloroform was 4.7x I05(molecules/cm3). 
The seasonal variation of methyl chloroform is compatible with ALE/GAGE data . 

The time evolution of the methane source to the atmosphere was calculated using 
source estimates based on net primary productivity and fossil fuel consumption. Global 
removal of methane through reaction with the hydroxyl radical was 463Tg/yr for an initial 
homogeneous disuibution of methane of 1600 ppbv. The source of methane was 524 Tg 
per year. This combination resulted in a 40Tg (15 ppbv) increase in atmospheric methane 
per year, which is compatible with CMDL data in the 1980's. 

1. Introduction 

Methane plays an important role in the 
earth's radiation budget and the chemistry of the 
atmosphere. Both the estimates of the source of 
methane to the atmosphere and the rate of remo
val have large uncertainties. 

The hydroxyl radical (OH) is the most 
important factor for the removal of methane in 
the troposphere. The estimate of the global 
hydroxyl radical concentration has been changing 
with the accumulation of observations and with 
each change in the atmospheric transport model 
used for the evaluation. Volz et a/. (1981) 
estimated the global average OH concentration 
as 6.5x 105molecules/cm 3 based on the analysis of 
atmospheric carbon monoxide. Prinn et a/. 
(1983) obtained an estimate of 
5.Qr I05molecu/es/cm 3 based on the three year 
methyl chloroform data obtained by the Atmos-

pheric Life Time Experiment (ALE) in combina
tion with a nine box atmospheric model. Prinn et 
a/. (1987) recalculated the hydroxyl radical con
centration as 7.7x I05molecu/es/cm3 based on 7 
years of ALE and Global Gases Experiment 
(GAGE) data. Prinn et a/. (1992) obtained 
8.7x 105molecu/es /cm 3 based on 12 years of 
ALE/GAGE data. Spivakovsky et a/. (1990) 
obtained an estimate of 7.7x I05mo/ecules/cm 3 

using a three dimensional global tracer transport 
model. Taylor eta/. (1991) obtained a value of 
6.37x I05molecules /em 3 based on ALE/GAGE data 
using a 2.5° resolution three dimensional Lagran
gian transport model. In the above studies, exept 
Spivakovsky et a/. (1990), it is assumed that OH 
is homogeneous with longitude. The diurnal vari
ation of OH was also ignored. Thus, the estimate 
of OH represents the amount needed to reproduce 
the observed concentration of methyl chloroform 
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in the atmosphere. In the present study we have 
made the same assumptions. 

The amount of methane has been observed 
and archived by CMDL. Taylor et a/. (1991) 
simulated the three dimensional distribution of 
methane using an OH concentration adjusted to 
match the required sink for methyl chloroform in 
a global Lagrangian tracer transport model. Fung 
et a/. (1991) simulated the methane distribution 
using the GISS tracer transport model using a 
three dimensional OH field. The objective of this 
paper is to estimate the OH concentration and to 
evaluate the source strength of methane for the 
global tracer transport model developed at the 
National Institute for Resources and Environment. 

2. NIRE-CTM-93 

The details of the model were written in the 
previous chapter. Figure I shows the flow of the 
data. The meteorological data analyzed at the 
ECMWF (TOGNAdvanced) was used to estimate 
the reaction rate in addition to the transport and 
convection of minor constituents. The vertical 
resolution of the concentration is 15 sigma levels 
extending from 0.975 to 0.02 which is different 
from the model used in the previous chapter. 
The results are insensitive to this difference. 

3. Artificial tracer transpor t and the 
inter hemispheric exchange time 

To demonstrate the mass fixer and to calcu
late the interhemispheric exchange time a one 
year simulation of the evolution of an artificial 
tracer was investigated. Tracer was initially dis
tributed across the globe with a linear gradient 
from the south pole to the north pole. The initial 
amount was homogeneous with respect to longi
tude and height. Figure 2 shows the latitudinal 
distribution of the monthly, vertically and zonally 
averaged mixing ratio of the artificial tracer. 

Figure 3 shows the boundary of the hem· 
ispheric air masses and the fluxes between hemi
spheres. The definitions and procedures used to 
estimate the flux are the same as Taguchi (1993) 
and this figure corresponds to Fig.7(a). Although 
the year and time interval of the meteorological 
data are different in this study ( 1992, 6 hours ) 
than that of Taguchi (1993) (1989, 12 hours), the 
position of the boundary and the magnitude of the 
flux are almost the same. The interhemispheric 
exchange time is estimated to be 0.86 years for 
the northern hemisphere and 1.08 years for the 
southern hemisphere. The difference is due to 

the mean location of the boundary separating both 
hemispheres. 

4. Methyl Chloroform 

Figure 4 shows the source distribution 
estimated by Hartley et al. (1993) . The amount 
was interpolated linearly onto a 2.5° horizontal 
grid from the original data by Mulquiney ( Per
sonal communication ). The interannual variation 
of the total emission is the same as listed in 
Table 4 of Prinn et a/. (1992;. The emission of 
methyl chloroform from 1979 to 1989 ; 546 544 
518 579 587 596 617 659 701 x!09g). Time 
variation of the source distribution was not 
included. 

The reaction coefficient for the 
OH+<:H3CCI3 reaction was obtained from DeMore 
et a/. (1992). This reaction rate was used in 
conjunction with the zonally homogeneous 
hydroxyl radical concentration provided by 
Spivakovsky (Fig.5) and the ECMWF tempera· 
ture data. A global average of OH of 4.7 
molecules/cm 3 was required to obtain a 380 x 
109g /yr removal rate for CH3CCI3 at an average 
CH3CCI3 concentration of 100 pptv. This value 
yields a 7.56 ppt/yr increase in the globally aver
aged CH3CCI3 concentration. 

Figure 6 shows a comparison between 
methyl chloroform concentrations observed at 
monitoring sites in the ALE/GAGE network and 
those simulated and sampled at a point near to 
the observation site. 

The seasonal varJallon in CH3CCI3 at 
Oregon(b) and Tasmania (c) is well reproduced in 
the model. The time variation at Ireland (a) is 
larger than is observed, probably because of the 
removal of "pollution" events from the observa
tional records. 

Inter-annual variation of concentrations 
almost coincide with observations in early the 
80's, but is larger than observed in the late 80's. 
If the emission amount is correct, the OH concen
tration may have increased in the late 80's as was 
suggested by Prinn et a/. (1992) . 

The base amount is smaller than observed 
only at Oregon (b). Figure 7 shows the horizon
tal distribution of CH3CCI3 at the lowest sigma 
level averaged over the second year in August. 
The horizontal gradient is largest at Oregon 
anwng ALE/GAGE sites . The base amount is 
sensitive to the selection of the grid point used 
for comparison at Oregon. 

Meteorological Data 

ECMWF!I'OGA/ Advacned 

1992,Jan-Dec, 
00,06,12,18UTC 

~----------1 
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~---------- 1 
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~- ----------1 
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Fig.l:Model flow and experimental design of NIRE-CTM-93 for Methane and Methyl Chloro
form. 
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Fig.2:Time evolution of mixing ratio. Initially uniform in the zonal and vertical directions with 

a linear distribution from one at the north pole to zero at the south pole. The unit is arbi-

trary. 
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Fig.4:A source distribution estimated by Hartly et a/. (1993) and interpolated by Mulquiney 
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Fig.7:The spatial distribution of me thyl ch!orofom1 simulated in the model. (a) 
Monthly average, (b) Standard deviation of the lowest sigma level in August of 
the second year. 
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5. Methane 

A globally homogeneous mixing ratio of 
1600 ppbv was assumed as an initial mixing 
ratio. The source distribution assigned as SF-I 
(Table 11) in Taylor el al. (1991) was employed 
in this study (Fig.8). The source strength is cali
brated to obtain the amount of 524Tg!yr in the 
atmosphere in the run without a sink. Inter
annual variation of the source strength was not 
included. The monthly ronal mean OH radical 
value, as scaled to CH3CCI3, was adopted. The 
reaction coefficients of Vaghjiani & Ravishankara 
(1991) were used for the CH4+0H reaction. 

Figure 9 shows a comparison between 
methane at some selected points of the CMDL 
network and model estimates. In the high lati
tudes of the northern hemisphere, ((a) alert), the 
seasonal variation is out of phase. At middle lati
tudes of the northern hemisphere, ((b) Oregon) 
and in the tropics ((c) Samoa), the seasonal varia
tion is fairly good. In the southern hemisphere 
((d) Tasmania, (e) Syowa), the seasonal variation 
is compatible with the observations but the base 
amount is larger than that observed at the CMDL 
monitoring sites. 

At high latitudes in winter the model 
estimated concentration one is lower than the 
observations as measured at Alert(a). Figure 10 
shows the horiwntal distribution of methane in 
January of seventh year. High latitudes have low 
concentrations and this is probably not the case in 
the real atmosphere. The simulated concentration 
does not exhibit bias at Oregon(b). This is a clear 
contrast to the CH3CCI3 case (Fig.7b). If the hor
izontal gradient around Oregon is smaller than for 
the CH3CCI3 case (Fig.8) this explains the bias. 

If an increase of OH as is suggested in the 
CH3CCI3 simulation were applied in the CH4 
simulation, then the global trend in CH4 is not 
going to be well reproduced as long as methane 
emission is kept constant. At this point, it is 
difficult to determine if the CH3CCI3 emissions 
should be reduced, OH levels increased or CH4 
emissions increased. 

6. Conclusion 

A global tracer transport model was 
developed using the semi-Lagrangian methodol
ogy in conjunction with the ECMWF advanced 
upper air data set. The calculated interhem
ispheric exchange time was about one year. 

A global distribution of the OH radical 
amount originally estimated by Spivakovsky el al. 

(1990) was modified to match the amount of 
methyl chloroform observed at ALE/GAGE sites. 
The The adjusted OH amount was 4.7 
moledule /cm 3 which is 36% lower than 
Spivakovsky's estimates. 

The methane distribution was simulated 
with the OH field derived from the study of 
methyl chloroform and the source estimation by 
Taylor et a/. (1991). The seasonal variation of 
all sites except at the highest northern hemisphere 
latitudes was modeled successfully. The 
interhemispheric contrast was not large enough 
and the base amount in the southern hemisphere 
was larger than observed. From these results we 
plan to investigate the source strength of methyl 
chloroform and the OH distribution further 
assuming that the model represents atmospheric 
transport precisely. 
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CH4/ Taylor Unit= 10 8 g[CH4] / grid/ 12H [524Tg/yr] 
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Fig.S:The spatial distribution of the sou rce of methane estimated by Taylor eta/. [199 1]. 
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Fig.9:Methane concentration recorded at five 
GMCC sites for the period 1983-1988 as 
reported in Trends '91 [1991] along with 
corresponding model predictions. (a) 
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Chapter 6: Conclusions 

An atmospheric transport model (A TM), a 
Lagrangian trajectory modei(LTM) and a chemi

-cal transport model(CTM) _were developed using 
analyzed meteorological data. Both the A TM and 
CTM were used to analyze the time evolution of 
the mixing ratio of chemical species in the atmo
sphere. The LTM was used to examine the tra
jectories of air parcels. The results obtained in 
this study may be summarized as follows: 

1. All models reproduced the atmospheric bar
rier in the tropics. The barrier shifted from 
north to south with the seasons. Longitudi
nal variations of the barrier were also 
observed. 

2. The A TM and CTM indicate that the inter
hemispheric exchange time is about one 
year, although the meteorological data were 
different in each model. The inter
hemispheric gradient of methyl chloroform 
in the CTM was about 25 pptv which is 
consistent with the ALE/GAGE observa
tions. This result indicates that the 
interhemispheric exchange time was well 
represented in both the A TM and CTM. 

3. Three dimensional trajectories for inter
hemispheric exchange processes in January 
and July were described using the LTM; 
upper tropospheric paths were found in 
most cases. An asymmetry was found for 
the trajectories in the lower troposphere. 
When one moves from the winter to the 
summer hemisphere, the Lagrangian trajec
tories only pass through the lower tropo
sphere. The trajectory from the summer to 
the winter hemisphere begins in the lower 
troposphere in the summer hemisphere, is 
lifted in the tropics and then is transported 
into the winter hemisphere in the upper tro
posphere. 

This study demonstrated that the 
ECMWF/TOGA data set represents real atmos
pheric motion, in terms of the transport of minor 
constituents using a semi-Lagrangian form for the 
transport model. Because the TOGA data were 
provided without normal mode initialization, they 
still contain gravity wave components. These 
components are important in the vertical transport 
in the troposphere, but may cause a problem with 
the troposphere/stratosphere exchange rate in the 
CTM. However, this potential problem is outside 

the scope of the present study. 

Based on the study in ATM and LTM, a 
CTM was developed incorporating a simple PBL 
and chemical reactions. A source distribution of 
C02 estimated from the combustion of fossil fuel 
was applied in the model. The distribution of the 
sources and sinks estimated from the land ecosys
tem model was also used to investigate the three 
dimensional distribution of the atmospheric C02. 

We found that the annual mean surface concen
tration in the vegetation run is much more sensi
tive than that in fossil run. This result indicates 
that the traditional calibration technique to check 
the inter-hemispheric exchange may not be 
enough. Assuming the sources and sinks used in 
this study are correct, we have found that the 
missing C02 sink is in the N orthem Hemisphere. 

The global average of hydroxyl radical con
centration was 64% that of the previous study ( 
Spivakovsky et al.), although the reason is not 
yet clear. We are expecting that a direct measure
ment of OH radical amount in the future will help 
to refine the CTM. 

The methane distribution was simulated 
with the OH field derived from the study of 
methyl chloroform and the source estimation by 
Taylor et al. (1991). The seasonal variations of 
all sites, except at the highest northern hemi
sphere latitudes, were modeled successfully. The 
inter-hemispheric contrast (IOOppbv) was not 
large enough when compared to CMDL observa
tion (120ppbv). The effect of the PBL represen
tation in the CTM, the seasonal variations of the 
OH radical amount and the source strengths of 
methane are possible reasons for this discrepancy. 
These studies are also outside the scope of the 
present study. 
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Appendix: List of_ Acronyms 

GFDL Geophysical Fluid Dynamics Laboratory 

MIT Massachusetts Institute of Technology 

GISS Goddard Institute of Space Studies 

SIO Scrips Institute of OceanogTaphy 

MPI Max Plank Institute 

ANU Australian National University 

LANL Los Alamos National Laboratory 

LLNL Lowrence Livermore National Laboratory 

CCMl Communjty Cljmate Model version one 

NCAR National Center for Atmospheric Research 

CCM2 Community Climate Model version two 

NIRE National Institute for Resources and Environment 
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