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Abstract

Addition and validation of an oxygen cycle to the ocean component of the FAMOUS cli-
mate model are described. Surface validation is carried out with respect to HadGEM2-
ES where good agreement is found and where discrepancies are mainly attributed to
disagreement in surface temperature structure between the models. The agreement5

between the models at depth (where observations are also used in the comparison) in
the Southern Hemisphere is less encouraging than in the Northern Hemisphere. This
is attributed to a combination of excessive surface productivity in FAMOUS’ equatorial
waters (and its concomitant effect on remineralisation at depth) and its reduced over-
turning circulation compared to HadGEM2-ES. For the entire Atlantic basin FAMOUS10

has a circulation strength of 12.7±0.4 Sv compared to 15.0±0.9 for HadGEM2-ES.
The HadGEM2-ES data used in this paper were obtained from the online database of
the fifth Coupled Model Intercomparison Project, CMIP5 (Taylor et al., 2012).

1 Introduction

The ongoing model development of the FAMOUS climate model (Jones et al., 2005;15

Smith et al., 2008; Smith, 2012; Williams et al., 2013) in contrast to its higher resolu-
tion parent model HadCM3 (Gordon et al., 2000; Pope et al., 2000) is a testament to
its utility as a fast (Fast Met Office UK Universities Simulator; FAMOUS) model which
is capable of running at least 10 times faster than HadCM3. Model development with
the latest Met Office Hadley Centre models continues apace however. Indeed huge20

improvements in model physics too numerous to detail here have been achieved via
HadCM4 (Webb et al., 2001), HadGEM1 (e.g. Martin et al., 2006), HadGEM2 (e.g.
Collins et al., 2011) and HadGEM3 (Hewitt et al., 2011); arguably the most notable
of which are the introduction of a new semi-Lagrangian dynamical core in HadGEM1,
and new ocean and cloud schemes in HadGEM3. It is not just the physical model25

components which have undergone model development however. HadCM3LC was
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the first coupled climate model to include a fully interactive carbon cycle (Cox et al.,
2000). HadGEM2-ES has extended the Earth System complexity represented within
HadCM3LC by evolving the ocean carbon cycle sub-model, as well as the addition of
a non-sulphate aerosols, aerosol indirect effects, interactive dust emission, and inter-
active tropospheric chemistry (Collins et al., 2011; Bellouin et al., 2011).5

The continued use of the HadCM3 family of models is justified however since it has
been shown to continue to perform well compared to other, more “up to date” models
(Reichler and Kim, 2008; Nishii et al., 2012) and is capable of running for sufficiently
long to allow slower components of the Earth system to be investigated.

There are many potential applications of the new model functionality presented here,10

for example the study of changes in oceanic oxygen content under climate change
(Matear et al., 2000) and Cretaceous oceanic anoxic events, OAEs (e.g. Monteiro et al.,
2012). These were episodes where potentially the entire global ocean was significantly
depleted in oxygen, clearly with huge ramifications for global biogeochemical cycles.
This paper however will focus solely on the model development undertaken to include15

cycling of oxygen in the FAMOUS model.

2 Theory

This work describes the inclusion of oxygen cycling into FAMOUS’ ocean GCM code.
The method followed is that of the second phase of the Ocean Carbon-Cycle Model
Intercomparison Project, OCMIP2, as specifically implemented into the HadGEM2-ES20

code. The formalism used is that of Garcia and Gordon (1992) and full details of the
biogeochemical cycling system present in FAMOUS (without oxygen) can be found in
Palmer and Totterdell (2001). In the present work, the rate of biological production of
oxygen is simply proportional to the rate of consumption of DIC (dissolved inorganic
carbon),25

dO
dt

= −αdC
dt

(1)
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where O and C are the concentrations of oxygen and carbon (represented by dissolved
inorganic carbon, DIC, in the model) and α is the constant of proportionality (equal
to 138

106 ). Although the continuity equations of oxygen and carbon dioxide are trivially
similar, the form of the air–sea flux equations is quite different for oxygen. The form of
the flux is as follows,5

FO = ρk (1−A) (Osat −O) . (2)

In this equation, the flux, FO is a function of the water density, ρ, the fractional coverage
of sea ice (in each gridbox), A, the “piston velocity”, k and the oxygen concentration at
saturation point, Osat. The functional forms of k and Osat are now given,

k = 0.31v2

√
660
S

(3)10

Osat =
1000eA

22.9316
(4)

where v is the wind speed and S is the Schmidt number,

S = 1638+ Tc (−81.83+ Tc (1.483−0.008004Tc)) , (5)

and A is given by15

A = 2.00907+3.22014Ts +4.05010T 2
s +4.94457T 3

s −0.256847T 4
s +3.88767T 5

s (6)

+H
(
−6.24523×10−3 −7.37614×10−3Ts +1.03410×10−2Ts −8.17083×10−3T 3

s

)
−4.88682×10−7H2.

In these equations, Tc and Ts are given by20

Tc = max(−2,MIN(40,T +273.15)) (7)
1456
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and

Ts = ln
((

5.713
MAX(2.71,0.01(273.15+ T ))

)
−1
)

. (8)

and H is the salinity (strictly the halinity) in practical salinity units (PSU). Finally, the
air–sea boundary condition is given by

dO
dt

=
FO
∆z1

, (9)5

where ∆z1 is the depth of the first level in the ocean GCM vertical grid.

3 Validation

In the first documentation paper describing FAMOUS (Jones et al., 2005) the climatol-
ogy was optimised such that it reproduced that of HadCM3 as accurately as possible.
More recent incarnations of FAMOUS (e.g. Williams et al., 2013) have begun using10

observations and reanalyses as their targets however due to the model having largely
outgrown its “simulator” label and becoming a fast-running Earth System Model in its
own right.

Since the addition of an oxygen cycle to the ocean component of FAMOUS repre-
sents a completely new addition to the FAMOUS model (and HadCM3 family) it was15

deemed appropriate to compare the newly obtained climate model output to equiva-
lent data from HadGEM2-ES, the main climate model used by the Met Office Hadley
Centre in their submission to the Intergovernmental Panel Climate Change’s fifth as-
sessment report. This data is freely available online from the Programme for Climate
Model Diagnosis and Intercomparison at http://pcmdi9.llnl.gov/esgf-web-fe/.20

The horizontal resolution of the ocean GCM in HadGEM2-ES is 1◦ in the east–west
plane. The same is true in the north–south plane but only between the poles and 30◦

from where the resolution increases to 0.33◦ on the equator. FAMOUS has a global
1457
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grid spacing of 2.5◦ ×3.75◦ and therefore has almost an order of magnitude reduction
in areal resolution. HadGEM2-ES also has twice as many levels in the vertical (40)
compared to FAMOUS (20). Figure 1 shows the predicted surface oxygen concentra-
tions for FAMOUS and HadGEM2-ES as well as that observed by Helm et al. (2011).
This observational dataset is used due to its recent use in validating the oxygen dy-5

namics of HadGEM2-ES under climate change (Andrews et al., 2013).
In Fig. 1, the main areas of non-negligible disagreement occurring on the Antarctic

coast, to the west of equatorial South America and northern mid-latitudes. In spite of
these differences, the agreement between the two models is very encouraging, espe-
cially when the large disparity in overall model complexity and resolution is taken into10

account. The bottom right panel in Fig. 1 illustrates the scarcity of surface observations
in the Helm et al. (2011) dataset and hence why the observations are not a useful
benchmark for this latitude-longitude comparison.

Oxygen solubility is a strong negative function of temperature as it evident from Fig. 1
which shows (almost zonally symmetric) high values at the poles and lower values at15

the equator. It is therefore instructive to consider the sea surface temperature (SST)
structure of the models and observations. This is shown in Fig. 2. The observational
dataset is the 1870–1880 decadal mean from Rayner et al. (2003). This is the earli-
est decadal mean available and due to the age of this observational data, the spatial
coverage is poor and is therefore heavily interpolated.20

The most striking aspect of the temperature difference between FAMOUS and
HadGEM2-ES in Fig. 2 is the consistent underestimation of Northern Hemisphere
SSTs. This is in agreement with the previously noted (e.g. Williams et al., 2013) North-
ern Hemisphere cold bias in FAMOUS. Due to the negative correlation between tem-
perature and oxygen solubility, it is expected that the surface oxygen concentration in25

this region in FAMOUS will be generally be higher than HadGEM2-ES and this is in-
deed seen in Fig. 1. Clearly there are other effects on surface oxygen concentration
such as advection and diffusion of water masses and consumption and generation of
oxygen through biogeochemical processes in the surface waters and these processes

1458

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/7/1453/2014/gmdd-7-1453-2014-print.pdf
http://www.geosci-model-dev-discuss.net/7/1453/2014/gmdd-7-1453-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
7, 1453–1476, 2014

Oceanic oxygen
cycling in FAMOUS

J. H. T. Williams et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

are considered below. However the general pattern seen here is in line with first order
thermodynamic expectations.

The statistical relationship between simulated and observed surface oxygen concen-
trations is studied by sampling only the data points in Fig. 1 where observational data
are present. These plots are shown in Fig. 3.5

From Fig. 3 it is clear that FAMOUS generally overestimates the observed values.
The average value of this difference is 14.5±25.5 µmolL−1 where the error estimate
is 1 standard deviation (σ). The equivalent value for HadGEM2-ES vs. observations
is 8.3±17.7 µmolL−1 and therefore HadGEM2-ES not only gives a closer fit to the
observed values but a more consistently varying one (i.e. lower standard deviation).10

The comparison of FAMOUS and HadGEM2-ES gives a value of 6.2±28.1 µmolL−1

(FAMOUS greater than HadGEM2-ES).
Figure 2 shows that there are some regions where the models’ representation of SST

differ significantly and so it is of interest to consider only areas where the models are
in relative agreement. To this end the data have been further sub-sampled to include15

only areas where the models disagree by 2 ◦C or less. The value for the comparison
between FAMOUS and observations is now 9.9±24.7 µmolL−1, i.e. a decrease of 32 %
in the average difference but only a marginal decrease in the variability. The results for
HadGEM2-ES compared to observations are now 8.2±17.4 µmolL−1 which are virtually
unchanged with respect to previous results.20

The improved agreement between FAMOUS and observations in these sub-sampled
data simply shows that when FAMOUS agrees with HadGEM2-ES, it also agrees better
with observations. This is simply a reflection of the better agreement of HadGEM2-ES
with observations in the first place. The essentially unchanged results in the HadGEM2-
ES comparison with observations are further proof of this fact, i.e., the points which are25

discarded in this secondary analysis represent points which are indicative of FAMOUS’
lack of agreement with observations. Whilst this analysis does give results which are
intuitively correct, the highly sparse nature of oxygen observations (Fig. 1) makes this
analysis of model agreement with observations virtually impossible “by eye”. The same
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point holds for the SST data (which is also sparse for this time period, as mentioned
above) although it is presented in an interpolated format in the Rayner at al. (2003)
dataset.

Figure 4 shows the comparison in a zonal mean-depth sense where the observations
can provide a useful target for validation. The observed oxygen data in Fig. 4 has5

a vertical resolution of 50 m throughout the water column.
Firstly considering the agreement between the models, it is clear that, qualitatively,

the oxygen structure of FAMOUS is in good agreement with HadGEM2-ES although the
oxygen maxima at high northern latitudes are somewhat underestimated in FAMOUS.

The main area of disagreement in Fig. 4 – both between the models and between10

the respective models and the observations – is at depth in the Southern Hemisphere
where FAMOUS significantly underestimates the oxygen concentration.

To examine this issue further, it is necessary to consider both the continuity (i.e. oxy-
gen “amount”) of sinking organic matter in the model as well as the ocean overturning
because this will ultimately affect whether or not surface oxygen will be transported to15

depth. Both of these effects are now considered in turn. Equation (10) is from Palmer
and Totterdell (2001) and gives the concentration of detritus as a function of time.

∂D
∂t

∣∣∣∣
biology

=mDP
2 +

1
3

(
µ1Z +µ2Z

2
)
+ED − λD−Gd, (10)

where

mD =m ·min

(
1,

Cp

Cd

)
(11)20

and

ED = min

((
Gp +Gd −Gz

)
,

(
CpGp +CdGd −CzGz

)
Cd

)
. (12)
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In these preceding three equations, D, P and Z are the detritus, phytoplankton and
zooplankton concentrations, mD is the phytoplankton mortality rate constant, µ1,2 are
the constant and zooplankton-dependent mortality coefficients, ED is the rate of detri-
tus formation due to egestion, λ is the (depth dependent) remineralisation rate, Gz is
the zooplankton grazing rate, Cp,z,d are the carbon : nitrogen ratios in phytoplankton,5

zooplankton and detritus and Gd ,p are the grazing rates of zooplankton on detritus and
phytoplankton respectively. Finally,

m =

{
0, P ≤ 0.01µmolL−1,

m0, otherwise,
(13)

where m0 is the mortality rate of phytoplankton.
Figure 5 shows the surface net primary productivity (NPP) for FAMOUS and10

HadGEM2-ES compared to available observations (Behrenfeld and Falkowski, 1997).
Figure 5 clearly shows that both models overestimate equatorial NPP. This overes-

timation is largest in the Pacific and is significantly larger in FAMOUS. This behaviour
has been noted previously in Williams et al. (2013) where the current setup of FA-
MOUS was compared to previous incarnations. This spike in productivity will lead to an15

increased amount of detritus sinking out of the photic zone (top few hundred metres) of
the ocean which will then undergo remineralisation. This is qualitatively the reverse of
photosynthesis and therefore consumes oxygen, hence reducing the oxygen content.

As stated above, the amount of oxygen produced and consumed is one factor in
a dynamic system’s behaviour, but for a full understanding, the transport must also be20

considered. Equation 14 shows the three dimensional continuity equation for a generic
density ρ and velocity vector field u.

∂ρ
∂t

+∇ · (ρu)+G+
O
−G−

O
= 0, (14)

where G+
O and G−

O represent generation and consumption of oxygen due to, for ex-
ample, photosynthesis and remineralisation. Figures 6 and 7 show the meridional25
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overturning circulation (MOC) in Sverdrups (millions of cubic metres per second) for
FAMOUS and HadGEM2-ES in the global and Atlantic oceans respectively (note the
different latitude limits in the two figures). The ocean basins themselves are shown in
Fig. 8.

Qualitatively, the agreement between the circulation patterns in Fig. 6 is encourag-5

ing although it is clear that FAMOUS significantly underestimates the circulation seen
in HadGEM2-ES. Assuming that this circulation has an important effect on the oxygen
concentration through reduced ventilation, the significantly reduced Southern Hemi-
sphere circulation in FAMOUS compared to HadGEM2-ES should result in a large
decrease in the oxygen concentration in this region, which is indeed seen in Fig. 4.10

From a more quantitative angle, the overturning on the basin scale is now inter-
rogated. Kanzow et al. (2010) have given an observed value of 18.7±2.7 Sv for the
maximum absolute value of the Atlantic basin overturning at 26.5◦ N. For the four
HadGEM2-ES realisations studied here (the results presented above are the ensemble
mean) a value of 12.7±0.6 Sv is found and for FAMOUS, 12.7±0.4 Sv. The uncertainty15

estimate in FAMOUS is obtained by calculating the overturning for last four 30 yr pe-
riods of a 3500 yr run. These figures are in agreement with previously published data
on HadGEM2-ES from Martin et al., 2011, (13.3±1.0 Sv at 26◦ N for a pre-industrial
simulation) but are weaker than the 2004–2008 estimate of Kanzow et al. (2010) given
above and the HadGEM2-ES figures for the period 1990–2000 (16.0±1.0 Sv at 30◦ N)20

from Martin et al. (2011).
Figure 7 shows that HadGEM2-ES has well developed upper and lower circula-

tory cells which are analogous to the (upper) North Atlantic Deep Water (NADW) and
(lower) Antarctic Bottom Water (AABW) systems observed in Talley et al. (2003). This
AABW water cell in the Atlantic basin is not present in FAMOUS. This shows that25

Southern Hemisphere water is not being circulated into northern latitudes and hence
that the general circulation in this region is more sluggish than HadGEM2-ES and adds
further evidence that the circulation in FAMOUS is being underestimated compared to
HadGEM2-ES.
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Now taking the Atlantic basin as a whole, the study of Talley et al. (2003) is used
and the numerical information is given in Table 1 along with the data for 26.5◦ N given
above (note that Fig. 7 gives the maximum Atlantic overturning value for FAMOUS at
approximately 26◦ N). The lower value for FAMOUS compared to HadGEM2-ES is in
agreement with the results noted above, i.e. that the circulation in FAMOUS is generally5

more sluggish than HadGEM2-ES. The fact that both models underestimate the value
of 18 Sv given by Talley et al. however should be tempered by the fact that the the
authors give an error estimate of between 3 and 5 Sv on their circulation magnitudes.

4 Conclusions

This paper describes an update to the latest version of FAMOUS (Williams et al., 2013)10

in which a numerically calculated oxygen cycle is included for the first time. This follows
the scheme of the latest Hadley Centre GCM, HadGEM2-ES, under the auspices of the
second phase of the Ocean Carbon-Cycle Model Intercomparison Project, OCMIP2.
The surface oxygen concentration is in good agreement with that of HadGEM2-ES.
FAMOUS’ general overestimation of the Northern Hemisphere surface oxygen con-15

centration is attributed to its underestimation of SST. When the model output is com-
pared against available surface observations on a point-by-point basis, both models
generally overestimate the observed values although this overestimation is reduced in
HadGEM2-ES.

The agreement between the simulated oxygen concentrations at depth in the North-20

ern Hemisphere is also encouraging. The deep Southern Hemisphere agreement is
less good however. This is partially ascribed to FAMOUS’ overestimation of equatorial
net primary productivity which causes increased remineralisation of sinking detritus at
depth and hence increased oxygen consumption. This is further exacerbated by re-
duced ocean circulation in FAMOUS compared to HadGEM2-ES which acts to reduce25

Southern Hemisphere ventilation. This reduction in circulatory strength is evident in
both the global and Atlantic oceans.
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Finally, the authors feel that with recent developments in the terrestrial and oceanic
carbon cycles and now with the introduction of oceanic oxygen, the FAMOUS model
is leaving the traditional “climate model” definition and moving into the realm of an
“Earth-System model”, hence the title of this paper.

5 Code availability5

The main repository for the Met Office Unified Model (UM) at the version corresponding
to the model presented here can be found at http://cms.ncas.ac.uk/code_browsers/
UM4.5/UMbrowser/index.html.

6 Supplement

The code detailing the advances described in this paper is completely contained within10

one text file (known as a code modification file or “mod”) and this is available as sup-
plementary material to this paper. This is protected under Crown Copyright, as is the
base code linked above.

Supplementary material related to this article is available online at
http://www.geosci-model-dev-discuss.net/7/1453/2014/15

gmdd-7-1453-2014-supplement.zip.
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Table 1. Atlantic meridional overturning circulation (MOC) in Sv. Note the lack of an error esti-
mate for the Talley et al. figures. The authors of this paper note “Uncertainty in the diagnosed
streamfunction is large, on the order of 3–5 Sv”.

FAMOUS HadGEM2-ES Kanzow et al. (2010) Talley et al. (2003)

Atlantic (26.5◦ N) 12.7±0.4 12.7±0.6 18.7±2.7 –
Atlantic 12.7±0.4 15.0±0.9 – 18
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Fig. 1. Surface oxygen concentrations (µmolkg−1) for FAMOUS (top left) and HadGEM2-ES
(top right). The percentage difference between the two is shown in the bottom left panel and
the paucity of observations (Helm et al., 2011) is illustrated in the bottom right panel.
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Fig. 2. SSTs for FAMOUS (top left), HadGEM2-ES (top middle) and observations (top right).
Difference plots between the models and observations are shown in the bottom left and middle
left panels and the difference between the models themselves is shown in the bottom right.
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Fig. 3. Scatter plots showing the relationships between simulated and observed surface oxygen
concentrations. Data have been sampled so that only data points where observational data are
available are shown (Fig. 1, bottom right). The three lines show the 1 : 1 line and ±1 standard
deviation (1σ) of the difference between the two quantities.
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Fig. 4. Zonal mean-depth oxygen concentrations (µmolL−1) for FAMOUS (top left), HadGEM2-
ES (top middle) and observations (top right). Percentage difference plots between the models
and observations are shown in the bottom left and middle left panels and the difference between
the models themselves is shown in the bottom right.
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Fig. 5. Net primary productivity (NPP) (gCm−2 day−1) for FAMOUS (top left), HadGEM2-ES
(top middle) and observations (top right). Absolute difference plots between the models and
observations are shown in the bottom left and middle left panels and the difference between
the models themselves is shown in the bottom right.
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Fig. 6. Global meridional overturning circulation (MOC) in FAMOUS (left) and HadGEM2-ES
(right). The zero contour is dashed.
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Fig. 7. Atlantic meridional overturning circulation (MOC) in FAMOUS (left) and HadGEM2-ES
(right). The zero contour is dashed.
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Fig. 8. The breakdown of ocean basins in meridional overturning circulation calculations. Note
that enclosed basins such as the Mediterranean Sea are excluded from these calculations and
are coloured black. The Atlantic is red, the Pacific green and the Indian Ocean blue.
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