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ABSTRACT
Two tracer advection schemes have been compared using an atmospheric chemical transport model based on the U.K. Met
Office’s Unified Model (UM). Two experiments were carried out. The first used an inert calibration tracer (SF6) whilst
the second experiment modelled two methane (CH4) carbon isotopic species. In both experiments, tracer emissions
were prescribed at the Earth’s surface. Results from both experiments suggest that the global distribution of long lived
trace species in the troposphere is not strongly dependent on the choice of the advection scheme. This is attributed
to the fact that turbulent boundary layer mixing and vertical transport by convection, in addition to advection play
a role in determining the large-scale tracer distribution in the troposphere. For the SF6 experiment, results from the
UM were comparable to results from other transport models using the same experimental protocol. The UM’s default,
total variation diminishing (TVD) advection scheme produced low values of marine boundary layer mixing ratios
compared with other models and measurements. This was attributed to the TVD scheme being too diffusive resulting
in unrealistically fast vertical transport. Comparisons between measured and modelled CH4 profiles in the stratosphere
clearly shows that the vertical transport in the TVD scheme is too fast.

1. Introduction

When comparing Chemistry Transport Model (CTM) results
with measured data, it is important to understand how the de-
tails of the numerical scheme used to advect trace species af-
fect the results from the model in question. The Atmospheric
Tracer Transport Model Intercomparison Project (TransCom,
http://www.purdue.edu/transcom/) experiments were designed
to address the question of uncertainty in the simulated atmo-
spheric transport of trace species within a number of CTMs.
The TransCom 1 experiment (Rayner and Law, 1995; Law et al.,
1996) involved the intercomparison of results from 12 differ-
ent three-dimensional atmospheric transport models each trans-
porting two CO2 tracer fields (fossil-fuel and annually balanced
biotic component). The surface emission fields and initial CO2
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concentrations were prescribed and fixed to be the same for all
models. The modelled CO2 distributions showed broadly simi-
lar concentration distributions but a large range in the transport
efficiency. Surface interhemispheric exchange times in the fossil-
fuel experiment varied by a factor of 2. Results indicate that the
vertical transport in the models is an important factor influencing
the hemispheric CO2 gradient at the surface.

For the biosphere experiment, surface annual mean and sea-
sonal cycles from the models were compared with surface CO2

measurements from the National Oceanic and Atmospheric Ad-
ministration/Global Monitoring Division (NOAA/GMD). As
with the fossil-fuel experiment, a range of model responses was
found. This study demonstrated that hemispheric carbon bud-
gets derived from model inversions carry an extra uncertainty
associated with uncertainties in model transport.

The TransCom 2 experiment (Denning et al., 1999) used SF6

as the calibration tracer and more comprehensive flux diagnostics
were retained for comparison. Eleven models were included in
this study and model results were compared with a number of
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observational data sets. The observed meridional SF6 gradient
was reasonably well simulated by the models. Results reinforce
the conclusion from Law et al. (1996) that vertical transport
rather than meridional transport is the dominant control on the
modelled meridional gradient at the surface.

A tracer transport general circulation model based on the U.K.
Met Office’s Unified Model (UM) was not included in either of
the TransCom experiments. Tracer transport in the UM was stud-
ied by Gregory and West (2002). They compared the transport of
water vapour by the Heun advection scheme, based on finite dif-
ferences as described by Cullen and Davis (1991), with a second
advection formulation based on the flux-limited total variation
diminishing (TVD) scheme of Roe (1985). They found the ver-
tical transport of water vapour in the stratosphere using TVD
was too fast compared to the satellite based, Halogen Occulta-
tion Experiment (HALOE) measurements. This was attributed to
the scheme, as implemented in the UM, being too diffusive. The
Heun scheme gave a better comparison with measurements. They
also introduced a new tracer advection formulation based on
an extended Non-Oscillatory Integrally Reconstructed Volume-
Averaged Numerical Advection (eNIRVANA) scheme (Leonard
et al., 1995). Preliminary results from the eNIRVANA scheme
suggested that it produced more realistic stratospheric vertical
transport than the TVD scheme. This was attributed to the eNIR-
VANA scheme being less diffusive than the TVD scheme.

In this paper, we compare the atmospheric transport of long-
lived tracers using the eNIRVANA and the TVD advection for-
mulations in the UM. A modification of the UM has been devel-
oped and used for the study of surface emission and transport
of methane (CH4) carbon isotopic species and to assist in the
interpretation of methane measurements made at remote marine
boundary layer sites in the southern hemisphere (Lowe et al.,
2004; Allan et al., 2005, 2007). In this work, we examine how
the model advection schemes influence the model results, as it
is important to understand this before drawing conclusions from
model/measurement comparisons.

Two model experiments were completed. The first follows the
TransCom 2 protocol of Denning et al. (1999) using SF6 as the
calibration tracer. This allows us to compare UM results using
two different tracer advection schemes (TVD and eNIRVANA)
with results from the 11 models that took part in the TransCom2
study. In the second experiment, we compare the CH4 fields
generated by the UM using eNIRVANA and TVD. The CH4

in the model is chemically active being destroyed in situ via
oxidation by OH radicals. This process is modelled in the UM
using a fixed climatology of OH radicals derived from results of
a full atmospheric chemistry model.

2. Description of the dynamical model and the
eNIRVANA and TVD advection schemes

The results described in this paper are based on integrations of
the Met Office UM (Cullen, 1993), a general circulation model

widely used for both short range weather forecasting and long
range climate prediction studies. The UM was configured with a
horizontal resolution of 2.5◦ (latitude), 3.75◦ (longitude) and 19
vertical levels, with the top level of the model at approximately 4
hPa. The HadAM3 set of physical parametrizations (Pole et al.,
2000) developed by the Met Office Hadley Centre (METO-HC)
was used to represent physical processes not described by the
dynamical core of the model. The HadAM3 configuration in-
cludes a full suite of physical parametrizations describing sub-
grid scale mixing, large-scale and convective clouds and precip-
itation, boundary layer and surface processes and gravity wave
propagation and breaking.

2.1. The total variation diminishing advection scheme

The UM includes a positive definite tracer advection scheme
based on the TVD formulation described by Cullen and Barnes
(1997). The TVD advection algorithm is based on the formu-
lation of Roe (1985) and uses operator splitting to reduce the
full three-dimensional operation to a sequence of three one-
dimensional steps. Details of the TVD algorithm can be found
in Gregory and West (2002). The scheme provides a choice of
two monotonic limiters, the so-called SUPERBEE and VAN
LEER limiters. The TVD scheme is used as the default advec-
tion scheme for tracers in the UM. Water vapour in the model
is advected using the Heun scheme (Cullen and Davis, 1991).
The Heun advection scheme as implemented in the UM is not
positive definite, which is a requirement for the advection of
tracers.

2.2. The extended Non-Oscillatory Integrally
Reconstructed Volume-Averaged Numerical
Advection (eNIRVANA) scheme

A version of the eNIRVANA advection algorithm was coded for
inclusion in the UM by Gregory and West (2002) as an alter-
native to the TVD tracer advection scheme. The eNIRVANA
scheme also uses operator splitting to reduce the full three-
dimensional problem to a sequence of one-dimensional steps.
The one-dimensional methods used for calculating the advec-
tion increments are closely related to van Leer’s extension of
Godunov’s method (Godunov, 1959; van Leer, 1977). The
scheme as implemented by Gregory and West (2002) is equiva-
lent to a scheme that uses a piecewise quartic subcell distribution
of the tracer field. Monotonicity is enforced by limiting the inter-
polation so that it does not introduce any new extrema in the cell
average tracer distribution (Leonard et al., 1995). For Courant
numbers less than one, the method is closely related to the uni-
versal limiter described by Leonard (1991). As with the TVD
model setup, the modelled water vapour is advected using the
Heun scheme.
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2.3. Turbulent boundary layer mixing and vertical
transport of tracers by convection

Mixing in the boundary layer of trace species emitted at the
Earth’s surface is important for determining the large-scale dis-
tribution of those species in the atmosphere (Law et al., 1996).
In addition to advection, two further processes affecting tracer
concentrations are modelled in the UM: (i) rapid turbulent mix-
ing of tracers in the atmospheric boundary (near surface) layer
and (ii) vertical transport due to convection. Both processes can
have a significant effect on the structure of the global tracer dis-
tributions for tracers with a surface source.

Turbulent tracer fluxes for levels above the bottom model layer
are parametrized using a ‘local mixing’ type first-order turbulent
closure approximation:

FX

ρ
= −K X

∂ X

∂z
, (1)

where FX is the mean turbulent flux of the conserved quantity
X, ρ is the atmospheric density, and KX is the turbulent mixing
coefficient for the quantity X. KX is in general a function of the
mixing length, the local wind shear and atmospheric stability.
The functional dependence of KX is specified empirically within
the model (Smith, 1993):

K X = LXLM fX (Ri )

∣∣∣∣
∂v

∂z

∣∣∣∣ . (2)

LX andLM are the tracer and momentum neutral mixing lengths,
respectively, and are estimated using the Blackader formula
(Blackader, 1962). The stability function fX is specified in terms
of the Richardson number (Ri) (Smith, 1993) and |∂v/∂z| is the
wind shear.

The boundary layer depth in the model generally lies between
the third and fifth model level (∼600–2000 m altitude). The tur-
bulent mixing falls to near zero above the boundary layer and is
switched off in the model above the fifth model level.

The UM convection scheme represents the transport of heat,
moisture, momentum and tracers associated with cumulus con-
vection occurring in a model gridbox. The same scheme is used
to represent both precipitating and non-precipitating convec-
tion. The convection scheme models an ensemble of cumulus
clouds within a gridbox as a single entraining–detraining plume.
Cloud base closure is parametrized using the convective available
potential energy (CAPE) closure approximation (Fritsch and
Chappell, 1980). The initial value of the tracer mixing ratio
in the ascending parcel is set to the tracer mixing ratio at the
level at which convection is initiated. The tracer in the updraft
is modified as it ascends through entrainment of surrounding air
whilst the tracer amounts in the air surrounding the convective
parcel are modified through detrainment (forced and mixing)
and subsidence. Entrainment and detrainment coefficients used
to parametrize the exchange of tracers are the same as used for
entrainment and detrainment of water vapour and potential tem-
perature. No treatment of tracer removal by convective precipi-

tation is included. Terminal detrainment of the tracer at the top
of the convective plume is modelled by allowing a portion of
the tracer in the convective parcel to be detrained into the model
layer above which the convection terminates.

3. SF6 experiment

3.1. Model setup

The model setup for the SF6 experiment follows the protocol of
the TransCom 2 experiment detailed by Denning et al. (1999):

(1) The surface emissions of SF6 are prescribed at each grid-
point of the model. Values were interpolated from data supplied
through the TransCom 2 experiment. These were derived from
the global emission estimates of Levin and Hesshaimer (1996)
and distributed geographically according to power usage and
population density. Total emissions vary as a function of time
with a repeating annual cycle.

(2) The initial model SF6 field was set to a uniform global
molar mixing ratio of 2.06 parts per trillion (ppt). The model was
initialized on January 1, 1989 and run for 5 yr. Results from the
last year of the run were used in the analysis.

(3) No sink of SF6 was included. This is a fair assumption
over the 5 yr of the model integration given the estimated mean
lifetime of SF6 in the atmosphere is over 3000 yr.

(4) The global sea-ice and surface temperature (GISST) data
set was used as the surface boundary forcing in the UM. The data
set contains monthly normals of SST and sea ice, with the same
annual cycle being repeated for the 5 yr of the model run.

3.2. Results and discussion

Figure 1 compares measurements of SF6 made at 24 remote
marine boundary layer (MBL) sites (see Table 1) with the SF6

mixing ratio in the lowest layer of the model interpolated to the

Fig. 1. Simulated and measured 1993 annual mean SF6 surface mixing
ratio (ppt) at the 24 marine boundary layer sites listed in table 1. The
grey shaded region shows the range of model values for the same
locations from Denning et al. (1999).
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Table 1. Simulated and measured SF6 mole fractions (ppt). Measured values from Denning et al. (1999). Model values have been
adjusted according to the revised emissions estimates as described in the text. * indicates these locations are not considered marine
boundary locations and are therefore not used in Fig. 1

Station Latitude Longitude Observation (ppt) UM (TVD) (ppt) UM (eNIRVANA) (ppt)

Neumayer −71.0 −8.0 2.78 2.75 2.79
Atlantic transect 12 −56.6 9.1 2.82 2.75 2.79
Tierra del Fuego −54.9 −68.5 2.78 2.75 2.79
Atlantic transect 11 −48.1 9.1 2.81 2.75 2.79
Cape Grim, Tasmania −40.7 144.7 2.79 2.77 2.80
Atlantic transect 10 −39.5 7.9 2.81 2.76 2.80
Atlantic transect 9 −32.7 8.6 2.83 2.76 2.80
Atlantic transect 8 −25.9 10.1 2.84 2.77 2.81
Atlantic transect 7 −18.8 8.0 2.86 2.78 2.83
Atlantic transect 6 −11.7 −7.3 2.82 2.78 2.83
Atlantic transect 5 −0.2 −18.5 2.91 2.80 2.85
Atlantic transect 4 9.4 −23.7 2.97 2.91 2.91
Barbados 13.2 −59.4 3.14 2.98 3.02
Guam 13.4 144.8 3.03 2.91 2.97
Kumukahi, Hawaii 19.5 −154.8 3.12 2.98 3.01
Atlantic transect 3 20.1 −21.2 3.15 3.04 3.06
Izana 28.0 −16.0 3.10 3.06 3.07
Atlantic transect 2 29.2 −17.1 3.17 3.05 3.07
Bermuda 32.4 −64.7 3.20 2.99 3.03
Azores 38.8 −27.1 3.21 3.03 3.08
Atlantic transect 1 39.5 −14.3 3.18 3.07 3.11
Mace Head, Ireland 53.3 −9.9 3.25 3.23 3.23
Cold Bay, Alaska 55.2 −162.7 3.20 3.01 3.03
Alert 82.5 −62.5 3.17 3.04 3.07

North Carolina Tower* 35.4 −77.4 3.41 3.18 3.21
Tae Ahn Peninsula* 36.7 126.1 3.25 3.38 3.32
Utah* 39.9 −113.7 3.21 3.02 3.03
Wisconsin Tower* 45.9 −90.3 3.31 3.28 3.35
Hungary* 47.0 16.4 3.42 3.42 3.42
Fraserdale* 50.0 −82.0 3.25 3.09 3.15

same locations. The model values are annual means from the
last year of the model integration (1993). The measured values
were extrapolated to the intercomparison year (1993) assuming
a linear trend of 0.202 ppt yr−1. The modelled values are scaled
using the prescription of Denning et al. (1999) to correct for the
overestimate of the initial mole fraction of SF6 in the model:

χadj = 2.06 + 0.936 × (χ − 2.06) (ppt). (3)

The grey shaded region of figure 1 indicates the range of model
values for the 11 different models included in the intercompar-
ison of Denning et al. (1999). Results from the TVD advection
run (solid line) lie below the observations and all the other model
values in the southern hemisphere. The eNIRVANA results lie
above the TVD results for all MBL stations considered here.
The lower SF6 mixing ratios from the TVD scheme suggest
faster transport of SF6 out of the boundary layer in this model
compared to the eNIRVANA scheme. The amount of turbulent

boundary layer mixing and convective transport of tracers is not
expected to significantly differ between the two runs. This indi-
cates that the different advection schemes are responsible for the
differing MBL SF6 concentrations seen in Fig. 1. Slower verti-
cal transport by the eNIRVANA scheme compared with the TVD
scheme observed in this experiment is consistent with the slower
vertical advection observed by Gregory and West (2002) in their
stratospheric model experiments. The eNIRVANA surface con-
centrations are in general higher than those for the TVD scheme
over the whole globe (not shown). Isolated exceptions occur near
high emission sources (North America and Europe). The global
surface concentration patterns from the TVD and eNIRVANA
runs are similar to the results from the ANU and GISS-UVic
models in Denning et al. (1999).

The northern hemispheric MBL sites are underestimated by
both advection schemes. Denning et al. (1999) found two clusters
of model results in the surface mixing ratio comparisons. One
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group of models reproduced the meridional gradient in the re-
mote MBL but overestimated surface mixing ratios particularly
in the vicinity of emission maxima. The second group tended
to underestimate the MBL meridional gradient but gave a better
match at continental locations. Our results here indicate that the
UM based models fall into the second category of models, under-
estimating the MBL meridional gradient but giving a reasonably
good match to observations at continental locations.

Comparison with other TransCom 2 model results and surface
SF6 measurements suggest that the model using the eNIRVANA
scheme is producing more realistic surface concentrations.

Figure 2 shows the zonal mean SF6 mixing ratio interpolated
to six pressure levels (1000, 700, 500, 300, 200 and 50 hPa) from
the TVD and eNIRVANA runs. The 1000 hPa curve shows sim-
ilar results to the MBL results from Fig. 1 with the eNIRVANA
scheme consistently producing slightly higher (∼0.05 ppt) mix-
ing ratios over the whole latitude range. This is true also of the
700, 500 and 300 hPa curves. The peak in the SF6 mixing ratio
around 45◦N at the 1000 hPa level associated with peak northern
mid-latitude emissions is smoothed out in higher levels reflecting
the horizontal mixing of air as the emitted tracer ascends. Above
200 hPa the SF6 concentration in the eNIRVANA run starts to
drop significantly compared to that of the TVD simulation. The
eNIRVANA concentration drops below the TVD results at 200
and 50 hPa indicating less of the SF6 emitted at the surface has
been transported to the upper troposphere and stratosphere by
the eNIRVANA scheme at the end of the 5 yr model integration.
The corollary to this is that the higher mixing ratios of SF6 in
the lower and middle troposphere from the eNIRVANA scheme
relative to the TVD scheme are also a result of slower vertical
advection of the tracer from the surface. Results in Fig. 2 suggest
that it is the difference in the speed of the vertical advection that
causes the differences in tracer distributions. In the lower and
middle troposphere, the differences between the two schemes
are relatively uniform in latitude. If the parametrization of the
convective transport was causing significant differences in the
tracer distributions between the two runs, we would expect
the zonal mean differences to be greater in the tropics where
convection is strongest.

The parametrization of boundary layer turbulence can be ruled
out as the major cause of the differences between the TVD and
eNIRVANA results seen in Fig. 2. This parametrization is only
applied to the lowest five layers of the model. If the turbulent
mixing in the boundary layer was the greatest difference between
the two runs, we would then expect any concentration differences
to be greatest in the lowest levels of the model, which is not the
case.

One point to note is that both the TVD and eNIRVANA
schemes are designed to conserve tracer mass and indeed the
global SF6 masses at the end of the two runs differ by less
than 0.1% from the theoretical atmospheric burden of SF6 based
on the initial conditions and prescribed emission rates inte-
grated over the length of the simulation. This confirms that the

Fig. 2. Modelled 1993 annual and zonal mean SF6 mixing ratio (ppt)
on a selection of pressure surfaces from the TVD and eNIRVANA UM
models. Note the change in scale on the y-axis of the top panel.
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differences seen in Figs. 1 and 2 are differences in the distribution
of the SF6 tracer as opposed to an artefact arising from some
numerical loss of tracer in one of the advection schemes.

Long-lived tracers with steadily increasing tropospheric con-
centrations produce characteristic stratospheric distributions, re-
lated to the large-scale Brewer–Dobson circulation present in
the stratosphere (Finlayson-Pitts and Pitts, 2000; Brasseur and
Solomon, 2005). Typically on a given pressure surface in the
stratosphere, tracers of this type have a peak in concentration in
the tropics where the tropical upwelling occurs and lower con-
centrations in the high latitudes associated with descent of air in
the winter polar vortices. The eNIRVANA results at 50 hPa show
the qualitative behaviour one would expect from a tracer of this
type, whereas the TVD curve has no tropical peak. This indicates
that the TVD scheme is not producing a realistic simulation of the
stratospheric distribution of the SF6 tracer. The UM configura-
tion used here has a low vertical resolution in the stratosphere so
cannot be expected to capture the stratospheric circulation very
well, but the model using the eNIRVANA scheme still produces
a reasonably realistic stratospheric distribution.

We calculated the interhemispheric exchange time-scale (τ ex)
using the four methods described in Denning et al. (1999) who
assume a two-box (northern and southern hemisphere) model of
the atmosphere. Results are given in Table 2 along with the range
of model results found in the TransCom 2 experiments and the
exchange time-scale derived from the Atlantic transect measure-
ments. The exchange time-scales for the TVD and eNIRVANA
models lie near the middle of the range of model time-scales
for all four of the time-scale calculations, and both results also
compare well with the time-scale derived from measurements.
The differences between the TVD and eNIRVANA time-scales
are relatively small compared to the intermodel differences seen
in the TransCom2 results of Denning et al. (1999).

Surface mixing ratios and transport efficiencies from the UM
models (TVD and eNIRVANA) are relatively similar. The largest
differences between the TVD and eNIRVANA results are in the
upper troposphere and stratosphere where the inversion of the
temperature gradient means there is little or no convection or
turbulent mixing and the vertical transport of tracers is dom-
inated by vertical advection, which highlights the differences
between the two schemes. As seen by Gregory and West (2002),

Table 2. Interhemispheric exchange times (in yr). S-S (steady state)
values inferred from transect measurements (see Table 1)

Oct/Nov Annual
S-S τ ex τ ex (1-D) τ ex (2-D) τ ex (3-D)

UM (TVD) 1.25 1.38 1.30 0.75
UM (eNIRVANA) 1.22 1.23 1.33 0.72
TransCom2 minimum 0.76 0.77 0.94 0.55
TransCom2 maximum 1.97 2.03 2.05 1.26
Observations 1.34

the TVD scheme’s vertical transport is too fast due to the numer-
ical diffusiveness of the scheme.

4. Methane experiment

4.1. Model setup

The same dynamical model used for the SF6 experiment de-
scribed in the previous sections was applied to examine the
emission, transport and in situ removal of two methane carbon
isotopic species (12CH4 and 13CH4). Preliminary results from
this setup of the model have been described in papers comparing
measurements of methane mixing ratio and isotopic fraction at
remote southern hemisphere MBL sites with model estimates
(Lowe et al., 2004; Allan et al., 2005).

The model setup for the CH4 experiment follows the protocol
of the International Geosphere-Biosphere Program Global At-
mospheric Methane Synthesis (GAMeS) scenario (S. Houwel-
ing, personal communication, 2001).

(1) CH4 emissions are specified at each surface gridpoint of
the model. The emission values at each point are the sum of 10
emission terms (biomass burning, rice cultivation, termites, bogs,
swamps, coal, oil, gas, animals and landfills) and one sink (re-
moval by soil microbes). The biomass burning, rice cultivation,
bogs, swamps and soil sink terms vary on a monthly basis. The
other terms do not vary temporally. The total source within the
model strength is 580 Tg yr−1. The δ13C values for the methane
sources were assigned according to the GAMeS protocol (see
Table 3. The δ13C ratio is defined as:

δ13C ≡ ([
13CH4

] / [
12CH4

] − R0

) /
R0, (4)

where R0 = (13C/12C)PDB has an accepted value of 0.0112372
for the isotope standard, peedee belemnite (PDB) (Craig, 1957).

(2) To speed up the convergence of the modelled methane
fields to steady state, the TVD model was initialized using
zonally and vertically uniform methane fields with the latitu-
dinal gradient of the 12CH4 field fitted to surface data of the
NOAA/GMD network (ftp://ftp.cmdl.noaa.gov/ccg/ch4/). The
δ13C value was initially set to a globally uniform value of −47‰.
The final state of the TVD run was used as the initial condition
for the eNIRVANA run of the model (see Fig. 3).

(3) The major process for removal of methane from the at-
mosphere is reaction with OH radicals: (CH4 + OH → CH3 +
H2O). This reaction was modelled in the UM using an OH dis-
tribution derived independently from results of the MATCH at-
mospheric chemical model (Rasch et al., 1997). The OH kinetic
isotope effect (KIE) was assumed to be fixed at −3.9‰ (Sauer-
essig et al., 2001). The rate constant for the reaction of OH with
CH4 was calculated using the expression given by Sander et al.
(2003): k12 = 2.45 × 10−12 exp (−1775/T).

(4) Stratospheric removal rates of methane are supplied as
part of the GAMeS protocol. In this case, the removal rates rather
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Table 3. Methane source strengths and δ13C values from the GAMeS scenario. Note that the
soil sink is a negative source with δ13C in the removal flux given by the atmospheric value
(−47‰) adjusted for fractionation by −22‰

Source Source strength (Tg yr−1) δ13 C (‰) Monthly varying

Animals 98.0 −62.0 No
Biomass burning 49.4 −25.0 Yes
Bogs 40.3 −64.3 Yes
Coal 41.7 −35.2 No
Gas 48.0 −40.2 No
Landfills 47.7 −51.1 No
Oil 34.5 −40.1 No
Rice cultivation 80.0 −62.7 Yes
Swamps 121.7 −54.8 Yes
Termites 19.3 −57.0 No
Soil sink −37.9 −69.0 Yes

Total emissions excluding soil sink 580.6

Fig. 3. Time-series of total atmospheric burden of methane (12CH4

+13CH4) from the TVD and eNIRVANA UM model runs.

than the reaction rate constants are provided. Three stratospheric
loss processes are modelled: reaction with OH, reaction with
O(1D), and reaction with Cl radicals. The KIE for the reaction
with Cl is particularly high (1.066) which has a strong effect on
the methane fractionation.

(5) The tropopause boundary between tropospheric and
stratospheric removal rates is set at 100 hPa in the tropics (30◦S–
30◦N), and at 200 hPa elsewhere.

(6) We used a composite 4-yr El Niño and La Niña sea sur-
face temperature (SST) and sea ice cycle developed by Spencer
et al. (2004) which was repeated over the whole period of the
integration.

(7) Both the TVD and eNIRVANA simulations were run for
60 model years to allow an equilibrium to be established within
the model between the surface emissions and in situ removal of
methane.

4.2. Results and discussion

Time-series of the total atmospheric mass of methane (12CH4 +
13CH4) for both runs are shown in Fig. 3. The seasonal cycle

in global CH4 mass is evident in Fig. 3. This results from the
interaction between seasonal cycles of the surface emission and
in situ removal. A smaller 4 yr cycle related to the imposed 4 yr
ENSO SST cycle is also present.

The equilibrium global masses from the model (TVD =
4950 Tg, eNIRVANA = 4850 Tg) compare well with the Inter-
governmental Panel on Climate Change (IPCC) estimate of the
total atmospheric burden of CH4 of 4850 Tg for 1998 (Prather
et al., 2001), but this comparison should be treated with some
caution as the GAMeS scenario has not been designed to simu-
late the real transient behaviour of the atmosphere through the
1990s. For a system in steady state, the lifetime of a species is
given by the total burden divided by the total emissions (equal to
the total loss at steady state). The TVD (8.53 yr) and eNIRVANA
(8.36 yr) values compare well with the IPCC estimate for 1998
of 8.4 yr, but again this comparison should be treated with some
caution given the limitations of the GAMeS scenario and the fact
that the model was run to steady state, unlike the real atmosphere.

The steady state global CH4 burden is 100 Tg less in the
eNIRVANA case than in the TVD case. This difference arises
because of the slower cross-tropopause transport of CH4 in the
eNIRVANA scheme, particularly at extra-tropical latitudes. De-
tails are discussed later in this section. The rates of destruction of
CH4 by OH, O(1D) and Cl in the stratosphere are prescribed in
the GAMeS protocol. These rates are identical for both the TVD
and eNIRVANA runs, but the eNIRVANA scheme transports
CH4 more slowly upwards into and through the stratosphere.
Consequently, the total stratospheric burden of CH4 is some-
what less in the eNIRVANA case. This can be seen in Fig. 4 (top
two left-hand panels), which compare the zonal mean 200 and
50 hPa mixing ratio profiles for the two runs.

Figure 4 compares the TVD and eNIRVANA meridional pro-
files of CH4 mixing ratio and δ13C over the same pressure levels
as shown in Fig. 2 for the SF6 experiment. We initially consider
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Fig. 4. Zonal mean CH4 (12CH4 + 13CH4)
mixing ratio (ppb) and δ13C (‰) on a
selection of pressure surfaces. Values are
averaged over the last 4 yr of the model runs.
Note the change in scale on the y-axis of the
top panels.

only the mixing ratio results, and will discuss the δ13C results
later in this section. The mixing ratio profiles for the lower and
middle troposphere are very similar for the TVD and eNIRVANA
runs, unlike the SF6 experiment, which showed a difference be-
tween the two schemes. The simple methane oxidation chemistry
in the model is the cause of the different behaviour for the CH4

experiment compared to the SF6 experiment, as it tends to rectify
CH4 perturbations. Figure 5 shows the time-series of CH4 mixing
ratio and δ13C on the same set of pressure surfaces as previous
figures. The values are averages (area weighted) over the region
30◦S–60◦S and 0–360◦E, which was chosen to be well away
from the major surface source regions. The time-series show the
mean mixing ratio and δ13C from the time of switching from the
TVD to the eNIRVANA advection scheme (year 60 in Fig. 3).

Concentrating on the mixing ratio time-series (left-hand pan-
els), we see that over the first 2 yr there is an increase in the mixing
ratios in the lower and middle troposphere followed by a slower
reduction to near the starting values. The initial increase in con-
centration is associated with the change in advection scheme. As

shown in the SF6 experiment, the eNIRVANA scheme manifests
slower transport from the boundary layer, so we expect lower and
mid tropospheric mixing ratios of CH4 to increase when switch-
ing from the TVD to the eNIRVANA scheme. The slow decrease
back to near the starting values seen in Fig. 5 can be attributed
to the OH oxidation chemistry. The amount of CH4 oxidised is
proportional to the CH4 concentration, so as the concentration
initially increases due to the change in advection scheme, the rate
of CH4 loss also increases and eventually restores the mixing ra-
tios to values near where they started. The distribution of CH4

mixing ratios in the mid and lower troposphere when the model
has been run to equilibrium are, therefore, under some chemical
control. This effect explains why the global average CH4 burden
is 100 Tg less in the eNIRVANA case than in the TVD case.
The initial tropospheric mixing ratio increase in Fig. 5 implies
trapping of CH4 in the troposphere that would have gone into
the stratosphere in the TVD run. The subsequent decay denotes
extra CH4 destruction, leading to a slightly decreased global CH4

burden in the eNIRVANA case.
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Fig. 5. Time-series of the average CH4

(12CH4 + 13CH4) mixing ratio (ppb) and
δ13C (‰) on fixed pressure surfaces.
Averages (latitudinally weighted) are taken
over the region 30◦S–60◦S and 0–360◦E.
Model years are from the start of the
eNIRVANA run (year 60 in Fig. 3).

The situation in the stratosphere is different because the ac-
tual rate of CH4 destruction is specified rather than using the
rate equation. Therefore, there is no rectifying effect present
and no recovery of the CH4 from the initial perturbation due to
the change in advection scheme (top left-hand panel of Fig. 5).
The CH4 values at 50 hPa fall when changing from the TVD to
the eNIRVANA scheme because of the reduction in the cross-
tropopause transport as seen in the SF6 experiment and the slower
transport up through the stratosphere.

The δ13C values derived from the model results behave rather
differently to the CH4 mixing ratios. There is a clear difference
between the TVD and eNIRVANA equilibrium values at all levels
(right-hand panels of Fig. 4). From the transient behaviour in
southern mid-latitudes (right-hand panels of Fig. 5) we see that
there is no slow recovery after the initial perturbation due to the
change in advection scheme, as was seen in the CH4 mixing ratio
time-series.

The area weighted mean δ13C of all sources in the GAMeS
scenario is −51.5‰. As the CH4 is released from the surface and
ages, the δ13C increases due to the action of the OH sink and,
to a lesser extent, the soil sink. The actual δ13C values for the
sources vary with location and therefore surface δ13C values will
be dependent on location and will vary with time as the surface
meteorology changes. This has been used to identify episodic
events of transport of air masses across tropical convergence
zones (Lowe et al., 2004) but for the purposes of this discussion
we can reasonably use the global average because of the large
spatial and temporal scales considered here.

The chemical rectification effect seen in the CH4 mixing ratio
time-series of Fig. 5 would not be expected to influence the δ13C
significantly because the δ13C value is essentially the ratio of
two CH4 concentrations, and therefore the rectification effect
of the chemistry is cancelled out. The δ13C results shown in
Fig. 4 are consistent with the results from the SF6 experiment.
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The TVD advection scheme is significantly more diffusive than
the eNIRVANA scheme resulting in less vertical structure in the
resulting model fields. This is discussed below when comparing
measured and modelled profiles of CH4 and δ13C.

4.3. Comparison with measurements

Currently, there are large uncertainties in the estimates of sur-
face methane emissions used for global modelling studies (IPCC,
2001). These large uncertainties in turn create significant uncer-
tainties in the modelled surface values of CH4 and δ13C when
these emission estimates are applied to models. For example,
Mikaloff Fletcher et al. (2004) use an inverse modelling ap-
proach based on GLOBALVIEW-CH4 (National Oceanic and
Atmospheric Administration (NOAA), 2001) data product and
13C/12C isotopic ratios measured at six NOAA/Climate Monitor-
ing and Diagnostics Laboratory (CMDL) stations in 1998 and
1999 to constrain estimates of surface emissions of methane.
They show differences in the modelled CH4 latitudinal gradient
of approximately 50 ppb between the forward simulation based
on the a priori emissions and the forward simulation based on
the a posterori emissions. Similarly the difference between the
δ13C in the forward simulation based on the a priori emissions
and the forward simulation based on the a posterori emissions
is greater than 0.5‰ over the whole latitude range.

The latitudinal gradients in the surface CH4 mixing ratio and
δ13C from our model simulations (see bottom panels of Fig. 4)
are similar to the model results of Mikaloff Fletcher et al. (2004)
when they use their a priori emissions estimates. Our model
surface gradients are also consistent with the measured gradi-
ents shown in Mikaloff Fletcher et al. (2004). The differences in
the modelled latitudinal gradients of CH4 and δ13C associated
with the change from a priori to a posterori surface emissions
shown in Mikaloff Fletcher et al. (2004) are significantly greater
than the differences we see when changing from the TVD to the
eNIRVANA advection schemes. This would suggest that com-
parisons between measured and modelled gradients in CH4

Fig. 6. Comparison of simulated and
measured CH4 (12CH4 + 13CH4) mixing
ratio (ppb) and δ13C (‰) over Japan
(approximately 40◦N, 140◦E). Simulated
profiles are averages over the last 4 yr of the
model integrations (TVD and eNIRVANA)
for the closest gridbox to the measurement
location.

and δ13C at the surface can not help to discriminate be-
tween the TVD or eNIRVANA advection schemes because of
the large uncertainties in the surface emissions used in the
model.

Comparison of model results with upper air measurements
is a robust test of the fidelity of the modelled transport (Den-
ning et al., 1999). Unfortunately, there are few measurements of
δ13C outside the surface boundary layer. Sugawara et al. (1997)
measured the vertical profile of CH4 mixing ratio and δ13C from
air samples collected by balloon flights over Japan in July and
August of 1994. Figure 6 compares the measured profiles from
Sugawara et al. (1997) with our model results from the grid-
point closest to the measurement location. The model profiles
are August means averaged over the last 4 yr of the TVD and
eNIRVANA runs. As seen in Fig. 4, the CH4 mixing ratios in
the lower and middle troposphere (below ∼10 km) are very sim-
ilar for the two advection schemes. They also compare very well
with observations. The modelled CH4 profiles in the stratosphere
significantly diverge, with the eNIRVANA profile following the
observed decrease in mixing ratio with height very well. The
TVD profile, on the other hand, shows little decrease in mixing
ratio with height, as seen in previous figures. This results from
the excessive numerical diffusion inherent in the scheme.

The same picture holds for the δ13C profiles shown in the
right-hand panel of Fig. 6. Both sets of model results are offset
to slightly more positive δ13C values than the observations. This
could easily be corrected by using a slightly more positive mean
source δ13C. However, it is clear that the TVD profile shows
an unrealistic vertical structure with very little increase in δ13C
with height in the stratosphere compared with observations. The
model using the eNIRVANA advection scheme gives a more
realistic profile.

The comparison with observed profiles in Fig. 6 lends weight
to the conclusion that the TVD scheme exhibits excessive nu-
merical diffusion leading to an overly smooth vertical structure
for tracer fields with a surface source. This is particularly ev-
ident in the stratosphere where vertical transport is dominated
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by advection with little or no contribution from convection or
turbulent mixing.

Further evidence supporting this comes from the two-
dimensional modelling studies of Bergamaschi et al. (1996) and
McCarthy et al. (2003). Both models have a vertically well re-
solved stratosphere and use the same KIE estimates for the ox-
idation of methane by OH, Cl and O(1D) as used in this study.
The results from both models show a significant reduction in
the methane mixing ratio and a concomitant increase in the δ13C
above the tropopause. The vertical structure of the methane fields
in both model studies are consistent with our results when the
eNIRVANA advection scheme is employed. The average mass
weighted difference between the stratospheric and tropospheric
δ13C in the eNIRVANA configuration of our model is 1.9‰
which is qualitatively consistent with Bergamaschi et al. (1996)
and McCarthy et al. (2003). This is not true of the model us-
ing the TVD advection scheme which shows a mass weighted
average difference in δ13C of less than 0.35‰.

Finally Brenninkmeijer et al. (1995) derive an overall KIE in
the lower stratosphere of 12‰ based on measurements from air
samples made in the lower stratosphere which again is consistent
with our model results when the eNIRVANA advection scheme
is used. The eNIRVANA model produces a KIE ranging between
9 and 16‰ within the same latitude range.

The stratospheric measurement and model comparisons dis-
cussed above strongly suggest that the model using the eNIR-
VANA advection scheme produces more realistic results than
the model using the TVD scheme. This conclusion should be
treated with some caution because the model configuration used
here has few (∼6) levels in the stratosphere and therefore is not
expected to model the stratospheric circulation particularly well
and thus the improvements seen in changing from the TVD to the
eNIRVANA schemes may be masking deficiencies in the dynam-
ical model of stratosphere. Gregory and West (2002) and Eyring
et al. (2006) show results from the stratospheric configuration of
the UM and demonstrate that the stratospheric tape recorder and
the mean age of air, respectively, are reasonably well modelled
using the UM with the eNIRVANA advection scheme.

5. Conclusions

Two advection schemes have been tested within the UM gen-
eral circulation model. The results suggest that the differences
in the large-scale tracer distributions seen in the model results are
strongly related to the different vertical transport speeds of the
two schemes. Previous work (Gregory and West, 2002) showed
that the TVD scheme is more diffusive than eNIRVANA, re-
sulting in faster vertical transport of H2O in the stratosphere.
For long-lived tracers with a surface source such as the SF6

experiment carried out here, this results in the TVD scheme pro-
ducing lower mixing ratios in the lower and mid troposphere
and higher mixing ratios in the stratosphere relative to the eNIR-

VANA scheme. Comparison with measurements and other model
results suggest the model using the eNIRVANA scheme is pro-
ducing more realistic results.

For chemically active species, the differences in the atmo-
spheric distributions due to different advection schemes can be
reduced by the atmospheric chemistry which can wield some
control on the mixing ratios. In the CH4 experiment, the effect
of the OH chemistry almost completely removed any differences
in mixing ratio in the middle and lower troposphere caused by
changing from the TVD to the eNIRVANA advection scheme.
In the stratosphere, where the advection dominates transport and
the CH4 loss rates themselves were parametrized, the equilib-
rium CH4 mixing ratios were significantly different for the two
advection schemes.

The equilibrium δ13C values for the two advection schemes
are different at all pressure levels considered here. The fact that
the δ13C values are different between the two advection schemes
but the CH4 mixing ratios themselves are not, reflects the fact
that the δ13C is a ratio metric of two chemically active species
that are both influenced similarly (though not identically) by the
OH chemistry in the model. The δ13C is sensitive to the mean age
of the CH4, which in turn is influenced by the particular choice
of the advection scheme.

The comparisons between the TVD and eNIRVANA results
discussed here and the conclusions drawn apply to large spatial
scales and temporal averages of the order of years and therefore
apply to the large-scale structure of the tracer distributions. The
results suggest that the differences in modelled surface mixing
ratios and δ13C for methane associated with the change in ad-
vection scheme at the Earth’s surface are relatively small com-
pared with differences introduced through uncertainties in the
prescribed emissions.

A stringent test of a model’s tracer advection scheme is com-
parison with measurements in the upper troposphere and strato-
sphere because in this region advection dominates the transport
of long-lived species. The comparison of the modelled CH4 mix-
ing ratio and δ13C profiles with the measurements of Sugawara
et al. (1997) clearly demonstrates that the model using the eNIR-
VANA scheme produces more realistic CH4 profiles than the
same model using the TVD advection scheme. As discussed in
Gregory and West (2002), this can be explained by the excessive
numerical diffusion inherent in the TVD scheme. In this study,
conclusions based on model results from the stratosphere must
be treated with some caution because of the limited number of
model levels in the stratosphere.

Smaller spatial scales and short time-scale variability have
not been considered here but it is anticipated that conclu-
sions about the differences between the two advection schemes
would change when considering these smaller spatio-temporal
scales. Previous comparisons of southern hemisphere MBL mea-
surements with the model results (both the TVD and eNIR-
VANA) (Lowe et al., 2004; Allan et al., 2007) show that the sea-
sonal cycles are well reproduced by both schemes. No detailed
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measurement/model comparison of the daily variability at these
sites has yet been carried out.
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