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Abstract

Prognostic simulations of ocean carbon distribution are largely dependent on an ade-
quate representation of physical dynamics. In this work we show that the assimilation
of temperature and salinity in a coupled ocean-biogeochemical model significantly im-
proves the reconstruction of the carbonate system variables over the last two decades.
For this purpose, we use the NEMO ocean global circulation model, coupled to the Bio-
geochemical Flux Model (BFM) in the global PELAGOS configuration. The assimilation
of temperature and salinity is included into the coupled ocean-biogeochemical model
by using a variational assimilation method. The use of ocean physics data assimilation
improves the simulation of alkalinity and dissolved organic carbon against the control
run as assessed by comparing with independent time series and gridded datasets. At
the global scale, the effects of the assimilation of physical variables in the simulation
of pCO, improves the seasonal cycle in all basins, getting closer to the SOCAT esti-
mates. Biases in the partial pressure of CO, with respect to data that are evident in
the control run are reduced once the physical data assimilation is used. The root mean
squared errors in the pCO, are reduced by up to 30 % depending on the ocean basin
considered. In addition, we quantify the relative contribution of biological carbon uptake
on surface pCO, by performing another simulation in which biology is neglected in the
assimilated run.

1 Introduction

Carbon dioxide has steadily increased in the atmosphere since the mid-nineteenth
century, with a mean global atmospheric concentration estimated in 395.2 ppm as of
August 2013 (Conway and Tans, 2013). This increase, which has resulted in more than
a 30 % growth in CO, from the pre-industrialized era to present time, has been mainly
imputed to the changes in human activities. Both land and the ocean act as sinks ca-
pable of absorbing fractions of atmospheric CO, (Le Quéré et al., 2013). For example,
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in 2012 the rate of global carbon emission from combustion was 9.7 +0.5 PgCyr‘1 and
about one fourth can be putatively absorbed by the ocean (Sarmiento et al., 2010)
with a currently estimated rate of 2.9+ 0.5 PgCyr‘1 (Le Quéré et al., 2013). Assess-
ing the oceanic storage of carbon is key to the closure of the global carbon budget
as one of the most uncertain terms like the residual terrestrial sink is usually derived
by difference from atmospheric growth rate and ocean uptake (Canadell et al., 2007;
Le Quéré et al., 2012). There is concern that in the future the capability of the ocean
to absorb atmospheric CO, from the atmosphere would diminish because of climate
change (Sarmiento and Le Quéré, 1996; Matear and Hirst, 1999; Joos et al., 1999;
Le Quéré et al., 2007, 2010; Ballantyne et al., 2012), therefore posing an even larger
focus on the adequate estimation of current ocean—atmosphere fluxes. Gruber et al.
(2009) provided an overview of the different methodologies to assess this flux that span
from inverse modeling techniques (Gloor et al., 2003; Mikaloff Fletcher et al., 2007) to
prognostic physical-biogeochemical OGCM (Watson and Orr, 2003; Matsumoto et al.,
2004), to global field reconstruction from sparse observations (Takahashi and Suther-
land, 2007).

The capability of the ocean to act as a sink for carbon dioxide is determined by
the surface partial pressure of CO, (pCO,), which is in turn regulated by the atmo-
spheric concentration, chemical solubility, transport processes, and biological activities.
All of these dynamical and biogeochemical terms are included in global Earth System
models (Crueger et al., 2008; Le Quéreé et al., 2010; Vichi et al., 2011) with respec-
tively growing degrees of uncertainties. Chemical equilibrium of CO, in the ocean is
described by reaction constants that are well-defined in laboratory experiments and
controlled by temperature, salinity and pressure conditions (Zeebe and Wolf-Gladrow,
2001). Ocean dynamics are simulated with discretized primitive equations whose ma-
jor uncertainties are mostly related to coarse spatial resolutions and sub grid scale
parameterizations. Different realizations of ocean dynamics have been demonstrated
to drive substantial differences in the resulting fields of carbon system variables even
when using a rather simplified biogeochemical model (Doney et al., 2004). The large
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number of biogeochemical models used in coupled OGCMs (Matsumoto et al., 2004)
is an indication that there are few evidence-based constraints on biological processes,
whose knowledge is derived heuristically from laboratory experiments and in situ mea-
surements from the world ocean at necessarily limited spatial and temporal resolutions.
Even if uncertain, the biogeochemical component is essential to the description of the
system and it has to be included. At the same time, it is reasonable to assume that
further reducing the uncertainties on the ocean physics may already bring consider-
able improvements. Additional sources of uncertainty are given by the parametrization
of the CO, flux that is usually based on empirical estimates of the exchange at the
interface, see Wanninkhof (1992). The reconstruction of the space and time evolution
of surface pCO, is thus the first step towards constraining ocean—atmosphere carbon
fluxes. In order to achieve this the major carbonate system variables such as dissolved
inorganic carbon (DIC), total alkalinity, or pH (see an overview in Sect. 2.4) have to be
prognostically simulated. Only recently, the scientific literature reported on the assimi-
lation of these carbonate variables or of the carbonate partial pressure into a coupled
OGCM with a biogeochemical model, to help improving the reanalysis of the pCOs,.
Ridgwell et al. (2007) used an ensemble Kalman filter method to assimilate alkalinity
and phosphates into the global Grid ENabled Integrated Earth oceanic model, coupled
to a model to resolve biogeochemistry. Valsala and Maksyutov (2010) modeled the
ocean carbon cycle by coupling a biogeochemical model to an offline transport model
for physical circulation, assimilating pCO, data with a variational method. However, the
authors do not focus on the benefits of the assimilation of physical data, which are
present in both their runs. While et al. (2012) modified the FOAM data assimilation
system to include global pCO, data into the reanalysis for temperature and salinity,
using the NEMO ocean model coupled to the HadOCC biogeochemical model. How-
ever, because at present there still is a lack of a global network for collecting pCO,,
as opposed to an established and well maintained monitoring observation network for
the physical state of the global ocean (see http://www.argo.ucsd.edu), a different ap-
proach based on the assimilation of physical quantities is worth exploring. In this work,
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we demonstrate how a reanalysis of the physical components of the ocean by means
of physical data assimilation leads to an improved description of the carbonate sys-
tem variables that is closer to the actual observed data. For this, we used a physical
biogeochemical OGCMs coupled online to an ocean data assimilation system (ODA)
for assimilating the physical components, and we run two basic simulations, one with
OceanVar assimilating physical data and another without. Carbon components or other
biogeochemical variables were not assimilated in this phase to highlight the benefits
that the model gains from the improved physics only. Independent carbon data from
publicly available global ocean databases and gridded fields are used to objectively
assess the role of a more realistic ocean physics. To the best of our knowledge, a work
on a surface pCO, reconstruction derived from an ocean physical reanalysis has never
been presented before. This paper is organized as follows. Section 2 describes the fea-
tures of the models used, the ODA system, and the dataset used for the assimilation of
temperature and salinity and for the validation of the biogeochemical model. In addition,
in Sect. 2.4 we provide a brief introduction to the relationship between the carbonate
variables on temperature and salinity. In Sect. 3, we describe the improvements in
the reconstruction of the temperature and salinity fields due to the data assimilation
method. Section 4 presents the effects of physical data assimilation on the carbonate
system variables, while Sect. 5 discusses the impact on pCO,.

2 Methods
2.1 Oceanic Global Circulation Model

The OGCM is the Nucleus for European Modeling of the Ocean (NEMO) version 3.4,
in the ORCA2 configuration (Madec and Imbard, 1996), coupled with the Louvain-
La-Neuve sea-ice model (Fichefet and Maqueda, 1997). The ORCAZ2 grid consists of
a mesh of horizontal resolution 2° x 2°cos ¢, except in the 20° N-20° S belt where the
meridional grid spacing reduces to 0.5°. The grid is irregular and features three poles,
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two of which are located over the land regions in the Northern Hemisphere and the
third over Antarctica. The number of ocean vertical levels is 30, 20 of which are located
in the top 500 m. In the model, the oceanic surface is forced through the CORE bulk for-
mulation (Large and Yeager, 2008), using atmospheric fields from the European Centre
for Medium-Range Weather Forecasts (ECMWF) ERA-INTERIM reanalysis (Dee et al.,
2011). The reanalysis data consist of 3 hourly forcing for wind velocity components, air
temperature and humidity at 2m, together with the daily rates of snowfall, total pre-
cipitation, and incoming shortwave and longwave radiations. The river runoff input is
a monthly climatology derived from the Dai and Trenberth (2002) dataset. The net
freshwater flux is corrected by means of the relaxation towards the World Ocean Atlas
2009 (http://www.nodc.noaa.gov/) monthly climatology of sea surface salinity, with a re-
laxation timescale corresponding to 300 days for a 50 m deep mixed layer. An additional
three-dimensional relaxation is applied northward of 60° N and southward of 60°S in
order to avoid high-latitude model drifts. A laplacian operator is used for the diffusion of
tracers and momentum. The advection of tracers is achieved with the MUSCL scheme
(Monotone Upstream-centered Schemes for Conservation Laws), while the Turbulent
Eddy Kinetic (TKE) dependent vertical diffusion scheme (Blanke and Delecluse, 1993)
is used to compute the vertical mixing coefficient.

Initial conditions for the temperature and salinity fields are derived from the Locarnini
et al. (2010) data set, whereas the zonal and the meridional components of the velocity
fields start from rest. Throughout this paper, we will always refer to the “control” run
(CTRL) as the simulation obtained by the PELAGOS model without assimilating the
observed data, while we refer to the “assimilation” run (TSREAN) as the reanalysis
result of the assimilation of temperature and salinity data in the PELAGOS-OceanVar
model (see Table 1). Both implementations use exactly the same parameterizations for
the oceanic and the biogeochemical models. Both CTRL and TSREAN start from the
rest ocean on 1 January 1988, ending on 31 December 2010.
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2.2 Biogeochemical model

The Biogeochemical Flux Model (BFM, Vichi et al., 2007a, b) describes the dynam-
ics of major biogeochemical processes occurring in the marine systems. The model is
based on a set of differential equations describing the interactions between the fluxes of
various nutrients and specific biological functional groups. The BFM describes a con-
tinuum biomass representation of the lower trophic levels of the marine ecosystem.
The model implements a set of biomass-based differential equations that solve the
fluxes of nutrients (carbon, nitrogen, phosphorus, silicate and iron) among selected bi-
ological functional groups (phytoplankton, zooplankton and bacteria) representing the
major components of the lower trophic levels. A scheme of the state variables and
resolved physiological and ecological processes is available on the model web page
(http://bfm-community.eu) where it is also possible to download the code and access
the full documentation. Although the model is capable of describing 52 pelagic state
variables with relative diagnostics, for the purpose of this work we will mainly focus on
the simulation of the carbonate system variables that are further described in Sect. 2.4.
The BFM is coupled to the global NEMO 3.4 hydrodynamics model in the so-called
PELAGOS configuration (Vichi and Masina, 2009). The adjustment period of the sur-
face biogeochemical component of PELAGOS is about five years, as we have tested by
observing the time required for the CO2 flux to reach a repeating cycle with perpetual
year forcings. For this reason, the statistics in the carbonate variables are computed by
considering the run over the period January 1993—-December 2010, thus removing the
first 5years of adjustment to the variability of the inter-annual forcing.

Initial conditions for DIC are derived from the GLODAP annual climatologies (Key
et al., 2004), interpolated on the ORCA2 grid. For the alkalinity, we have modified the
original GLODAP dataset by lowering the value of the alkalinity in the Pacific basin
by 50 pmolkg'1 over the whole water column. This choice for the alkalinity was nec-
essary because the value of the alkalinity at the Hawaii Ocean Time Series (HOT,
see Sect. 2.5) is lower than the climatological GLODAP in the 1980’s by around
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50 umolkg‘1, a quantity that cannot be removed by physical and chemical processes
which are alkalinity-conserving. The carbonate flux at the ocean surface is forced by
using the atmospheric pCO, provided in the CMIP5 climate model intercomparison
(http://cmip-pcmdi.linl.gov/cmip5/).

In the model, the net flux of CO, is proportional to the difference between the partial
pressure of CO, at the sea surface and in the atmosphere, using the parametrization
of Wanninkhof (1992).

2.3 Ocean Data Assimilation scheme

In order to better reconstruct the physical ocean fields, the PELAGOS model has been
coupled with the global implementation (Storto et al., 2011) of a three-dimensional vari-
ational ODA scheme, here OceanVar (Dobricic and Pinardi, 2008). The frequency of
the data assimilation step is of 10 days. In the OceanVar scheme, the background error
covariance of the model state is separated into a sequence of operators, accounting for
the statistical estimation of the horizontal and vertical error covariances of temperature
and salinity. Thanks to the structure of the background error covariance matrix, correc-
tions are spread over both temperature and salinity by bivariate Empirical Orthogonal
Functions (EOFs). This implies that, when only one of the two physical quantities is
assimilated, vertical corrections apply to the other as well.

The bivariate EOFs have been estimated by the dataset of monthly anomalies with
respect to the monthly climatology from an assimilation-free simulation. In order to
model horizontal correlations, a 4-iteration first-order recursive filter is used, with a uni-
form horizontal correlation length-scale equal to 300 km. The OceanVar system also
takes advantage of an extended domain with duplicated observations on the symmet-
ric extension zones, which serves the purpose of obtaining cyclic conditions during the
application of the recursive filter.

Observational errors are derived from the Ingleby and Huddleston (2007) profiles of
instrumental errors, which are subsequently inflated to account for large representa-
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tiveness errors in correspondence of areas of strong variability. The OceanVar system
also performs several data quality check, among which a check against the climatol-
ogy and a check against background fields that rejects observations with a too large
departure from the model fields.

2.4 Carbonate system variables

In the PELAGOS model, the set of carbonate system variables are evaluated at each
step by numerically computing the coupled advection—diffusion-reaction equation. Car-
bon equilibrium and dissociation constants are computed according to the OCMIP2
protocol and reaction constants described in Zeebe and Wolf-Gladrow (2001), with the
reaction coefficients in Mehrbach et al. (1973). In this work, we revise whether the
assimilation of physical data is beneficial to the estimate of the carbonate system vari-
ables, because of improvements in the transport field and because of direct effects
of temperature and salinity on the three main components of the carbonate system:
the dissolved inorganic carbon (DIC), the alkalinity (ALK), and the partial pressure of
gaseous CO, in water (pCO,).

Dissolved inorganic carbon in the ocean is the sum of three inorganic carbon forms:
effective carbonic acid HZCOQ, bicarbonate ion HCO;, and carbonate ion CO§_,

DIC = [H,C0;] + [HCO;] + [CO% . (1)

Alkalinity is formally defined as the equivalent sum of the bases that are titratable with
strong acids. In practice, alkalinity measures the capacity of water to neutralize an acid,
and it is obtained by keeping track of the charge balance in the sea by defining

ALK = [HCOj] +2 [Cog-] + [B(OH);] +[OH"] = [H*] + (minor anions). )

Here, [B(OH),] indicates the concentration of the borate ion. Alkalinity is conserved
during changes in temperature and pressure, and it is closely related to changes in
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salinity. Since variations in the salinity are due to precipitation, evaporation, fresh water
inflow, and formation or melting of sea ice, corresponding changes in the alkalinity are
lead by the same processes.

The partial pressure of the gaseous CO, is proportional to the concentration of
H,COj as
[HzCO;] = KO,DCOQ, (3)
where K, is a temperature-depending constant describing the solubility of pCO, (see
Weiss, 1974). Thus, pCO, is a function of T and S, besides DIC, and ALK. We can
appreciate the changes in pCO, in a closed system driven by temperature and salinity,
by using the empirical sensitivities in (Takahashi et al., 1993):
0InpCO, 0InpCO,
———— = %0 — = 4

aT e T )

where 6 = 0.0423°C™". Since we obtain that typical differences in the temperature

and salinity RMSEs between CTRL and TSREAN are respectively AT = 0.25°C and
AS = 0.05 (see Table 5 below), we expect from the expressions above that pCO, be

corrected by
ApCO ApCO
P2 L OAT ~1%, and =2 2 . BS 015%. (5)
pCO, pCO, S
As it will be shown in Sect. 3, the assimilation of temperature and salinity may change
pCO, by 0-30 %, depending on the ocean basin considered (see Table 5 below), be-

cause of indirect changes induced by the improvements in the transport terms.

2.5 Datasets

In this work, temperature and salinity datasets are used for the assimilation and for
the verification of the assimilative run TSREAN. Climatological reanalyses of sea sur-
face temperature and salinity and carbonate dataset are used for the validation of the
physical and biogeochemical component of the TSREAN model.
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Global data for temperature and salinity fields used for the assimilation are taken
from the EN3 (ENACT Quality Checked) dataset (Ingleby and Huddleston, 2007). Each
measurement has been quality controlled by using a set of objective tests, with data
available from 1950 to present day. This collection comprises several independent data
sources from various instrumentation like moored (MBT) and expendable bathyther-
mographs (XBT), conductivity-temperature-depth (CTD) profiles, moored buoys, and
floats like the instrumentations used in the ARGO project. More specifically, the moored
buoys considered are the PIRATA floats in the Atlantic basin, the TOGA-TAO floats in
the Pacific basin, and the RAMA floats in the Indian ocean (McPhaden et al., 1998).

For validating the model, we considered the sea surface temperature (SST) clima-
tology developed by Reynolds et al. (2007) from the National Climatic Data Center
(NCDC) and the Climate Prediction Center (CPC/NOAA), and the sea surface salinity
(SSS) climatology provided by Locarnini et al. (2010), which comprises monthly clima-
tological salinity maps using data from 1950 to 2008.

Additional local verifications on the physical variables are given by comparing results
with the time series collected at two different stations, the Bermuda Atlantic Time Series
(BATS) and the Hawaii Ocean Time series (HOT). At both stations, CTD data are taken
starting 1 October 1988, with profiles ranging over 0-4300 m depth at BATS, and over
0-5000 m depth at HOT. We have assessed the Mixed Layer Depth (MLD) at BATS
and HOT station, against data from the Joint Global Ocean Flux Study (JGOFS) for
the years 1989-2000. In addition, complete independent time series for the carbonate
system components (DIC and alkalinity) are available at BATS and HOT, with the same
profiles and time ranges as for temperature and salinity. Over the 23 years considered,
the number of data for the DIC and the ALK in BATS are only Npc ~ 3600 and N k ~
2500, clustered over specific days when detectors are deployed, while the number
of both DIC and alkalinity data at HOT is Npic ~ Nk ~4500. In order to asses the
surface pCO,, we used the Surface Ocean CO, Atlas (SOCAT) gridded dataset of
direct global pCO, measurements (Sabine et al., 2013), which reports measurements
of pCO, at surface water, obtained from 1968 to 2007.
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3 Assessment of temperature and salinity

To assess the overall quality of the OceanVar assimilation scheme, we computed the
bias of the global SSS and SST obtained from the two runs, CTRL and TSREAN, with
respect to the climatological reanalyses introduced in Sect. 2.5 (Fig. 1). In the CTRL,
the largest negative salinity deviations from the Levitus climatology are found in the
equatorial Atlantic and in the Indonesian ocean, while the largest positive deviations lie
in the northern Pacific and the Antarctic Circumpolar Current (ACC) region (Fig. 1a, b).

For the SST, the CTRL run shows a significant bias with values below —0.5°C in the
northern Pacific, the northwest Atlantic, and southern Australia, and a bias larger than
0.5°C at tropical latitudes and near most of the coasts (Fig. 1c). The assimilation of
temperature data has reduced both these overall biases, with values above 0.5°C only
in smaller regions of the western boundary currents, in the south eastern Atlantic, and
in the patchy spots south of 60° S (Fig. 1d). The large bias in the Gulf stream has not
been reduced by the assimilation because of the coarse resolution used. In conclusion,
the assimilation of temperature and salinity globally reduces the surface temperature
and salinity biases with respect to the climatology.

In order to test the efficiency of the assimilation process, we compute the root mean
squared error (RMSE) between data and model as follows. Assume we are given a set
of in situ observations for the variable a, {xf’}, where j € {1,...,N} and where N is the
number of samplings in both time and space for a. The RMSE is defined as

N (M - x9)2
a _ i i
RMSE, = \| > ————

i=1

(6)

where M7 is obtained by the model run (either control or assimilation) by a linear in-
terpolation in depth and time coordinates to fit the data point xf’. In horizontal dimen-
sions, we do not interpolate over the station latitude and longitude, but we consider the
ORCA2 grid point that is closest to each station. The difference M,." —x,‘.’ is called misfit.
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In Fig. 2, we compare the root-mean square value for the misfits of salinity (Fig. 2a)
and temperature (Fig. 2b), for both CTRL and TSREAN. The statistics for the global
ocean have been computed by using the complete set of in situ data used in the re-
analysis from different types of instruments, while all the other statistics presented in
specific ocean basins are computed using data from mooring buoys only. Salinity is
corrected by about 25 % at the global scale, by 30 % in the Atlantic and Pacific oceans,
and by 40 % in the Indian ocean. Both at the global scale and over the three basins, the
temperature RMSE of the assimilation run falls at around AT ~ 0.8°C, with an average
reduction of about 25 % for the global ocean and 35 % in the three basins, with respect
to the control run.

At HOT and BATS stations, the temperature RMSE for the control run respectively
results 1.0°C and 1.8°C, while assimilation reduces both RMSE to be 0.8°C and 0.6°C,
thus correcting temperature by about 20 % at HOT and 65 % at BATS. Similarly, salinity
is corrected by 30 % at HOT and by 70 % at BATS. This different behavior between HOT
and BATS has been further investigated by the comparison of time series at these two
locations.

In Table 2, we report the mean and standard deviation for the time series of TSREAN
and CTRL temperature and salinity at HOT and BATS stations. We have performed
this analysis considering either the surface ocean within the first ten meters depth
which corresponds to the first vertical level for the ORCA2 grid, or the whole water
columns that have been shown in Fig. 2. In addition, we have computed the RMSE
and the correlation of these time series with data collected at the two locations. The
RMSE has been reduced in TSREAN for all quantities, at both stations, and both at
surface and over the entire vertical profile, because of the direct assimilation of such
quantities in the ocean reanalysis. In particular, the SST improves by about 5% at
HOT and by 9 % at BATS, while SSS improves by 54 % at HOT and by 29 % at BATS.
At both locations, the mean value for the SSS for the TSREAN differs by more than one
standard deviation with respect to the mean SSS for CTRL, and lies closer to the mean
of the observed data. Finally, the Pearson correlation r computed between TSREAN
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and CTRL with respect to data is higher than 0.9 for temperature and for salinity over
the whole water column at BATS.

In Fig. 3, we have compared the time series of TSREAN and CTRL surface temper-
ature and salinity with data collected at HOT and BATS stations. As we inferred from
the statistics, the SSS is significantly improved by the data assimilation at HOT station,
with respect to the CTRL run, which simulates values that are off by up to 0.5 over
that region, and shows a much less pronounced inter-annual variability with respect to
the observations. At BATS station, the assimilation of salinity corrects both the average
value and the amplitude of the oscillation of the salinity cycle with respect to the con-
trol run. Also, sea surface temperature at both BATS and HOT is improved, since the
correction provides a better reconstruction of the inter-annual peaks.

We have also compared the value of the model MLD with the time series reported
from the JGOFS stations at HOT and BATS. Here, we have defined the MLD as the
depth at which temperature varies by more than 0.2°C with respect to the surface tem-
perature. Results are shown in Fig. 4. At HOT, the MLD from the TSREAN does not
show a significant improvement towards data with respect to CTRL, as can be quanti-
tatively concluded from the RMSE and the correlation reported in Table 3, which do not
change significantly between the two runs. At BATS, the inter-annual variability and the
depths of the MLD peaks are closer to observed data in TSREAN than in CTRL. Con-
sistently with observations, stratification occurs earlier in the year in TSREAN than in
CTRL. In facts, the correlation reported in Table 3 between JGOFS data and TSREAN
is r = 0.87, while we obtained r = 0.78 between JGOFS data and CTRL. These results
improve with respect to the assessment of an older version of the PELAGOS model
against BATS JGOFS data presented in (Vichi and Masina, 2009), where the value
r = 0.81 is reported. This improvement can be partially resulting from the different time
scale used for the comparison, since for each quantity in the run we saved a five-days
average while in (Vichi and Masina, 2009) a monthly average is used.
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4 Assessment of DIC and ALK at BATS and HOT stations

We now discuss how the reconstruction of the carbonate species has improved in
TSREAN with respect to the results in CTRL, by computing the RMSE in DIC and
ALK at BATS and HOT using Eq. (6) over the whole column data in Fig. 5. We remind
here that DIC and ALK are completely independent data since no biogeochemical data
have been assimilated. For both variables, the RMSE at BATS largely benefits from the
assimilation of the physical variables, with the error being reduced by 75 % for ALK and
by 49 % for DIC. In HOT, the relative improvement of the RMSE in the assimilation run
is not as large, since ALK improves by 5% and DIC improves by 13 %; however the
misfits for ALK for the CTRL in HOT are lower compared to those in BATS by around
64 %, meaning that the CTRL is already closer to the actual data in HOT. In Fig. 6,
we show the RMSE as a function of vertical depth. TSREAN improves the results over
the first 400 m depth, while at lower depth they are comparable, except for DIC in HOT
where TSREAN worsen. However, since most of the data are collected within the first
400m (92 % of data in BATS and 63 % in HOT) the assessment is less reliable at
deeper depths.

We have underlined these results by showing, in Fig. 7, the time series of the two
carbonate species, averaged over the first ten meters depth. Although data do show
an increase in the DIC at the surface in both HOT and BATS stations because of atmo-
spheric growth, the CTRL run shows a positive trend which is too steep with respect
to data, and with an oscillation amplitude which is smaller than observed, while the
assimilation of temperature and salinity in TSREAN reduces the trend and increases
the variability in closer agreement with the observations. The ALK in HOT shows an
increasing trend after 2005, which is visible also in the observations but starting from
a smaller value. As a consequence, significative mismatch with the observations in
the last part of the study period is responsible for the worst performance of the surface
ALK in TSREAN with respect to the CTRL (Fig. 5b). To better quantify the improvement
over both the first level and the whole water column of the simulation of carbonates,

5413

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
] >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/5399/2014/bgd-11-5399-2014-print.pdf
http://www.biogeosciences-discuss.net/11/5399/2014/bgd-11-5399-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

we have computed the mean and standard deviation of the times series in TSREAN,
CTRL, and for the datasets in Table 4, together with the RMSE and the Pearson corre-
lation of TSREAN and CTRL with respect to data. As discussed previously, the RMSE
over the whole water column decreases because of the assimilation of physical quan-
tities, while at surface it is only the ALK at HOT which shows a lower value of RMSE
for the CTRL run with respect to TSREAN, as shown in Fig. 6.

For the ALK in HOT, we remind here that the initial condition for the ALK in the Pacific
basin has been modified with respect to the original GLODAP dataset, see Sect. 2.2.
In fact, the use of the original climatological dataset led to a bias of about 50 umol kg‘1 ,
corresponding to values of the ALK that are found in the ’90s but not at earlier decades
when our runs start. Although this procedure of modifying the initial condition is arbi-
trary, it shows that the choice of the correct values largely impacts on the outcome of
the run, and a climatology may not be the most adequate choice, particularly in the
presence of trends. This procedure can be improved by adopting a data assimilation
scheme for the carbonate variables, which is the subject for future work. Alkalinity at
BATS shows an unrealistic trend in CTRL when compared to data (see Fig. 7), which
is completely removed in TSREAN. In fact, there is a considerable negative bias in sur-
face salinity and the mean annual SST in the region is about 0.5°C higher in CTRL than
in TSREAN, both facts leading to a higher evaporation and to a more stratified water
column at BATS for CTRL. This evaporation leads to a continuous increase in surface
alkalinity which is not compensated by changes in physical processes, as it occurs for
salinity. Indeed, the same trend is not visible for salinity because evaporation increases
density and enhances vertical exchange.

In conclusion, coherently with the results from the physics, where a higher improve-
ment occurs at BATS with respect to HOT, carbonate species also receive a higher
benefit with respect to the simulation at BATS.
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5 Assessment of the surface pCO field
5.1 Comparison with the SOCAT global pCO, dataset

The quality of TSREAN in terms of the surface pCO, has been assessed against the
Surface Ocean CO, Atlas (SOCAT, see Sect. 2.5). In Fig. 8a, we show the annual
climatological pCO, field obtained from averaging the monthly climatology provided by
this dataset. The Northern Hemisphere is vastly covered, while large regions with no
data exist in all southern basins. The gridded SOCAT dataset is compared with the
climatological values of pCO, obtained from CTRL and TSREAN in Fig. 8. The value
of pCO, in CTRL is lower than what reported by SOCAT in the Indian ocean and in
the Atlantic ocean south of the equator. The assimilation of physical quantities reduces
these biases. Comparing the results in TSREAN with the SOCAT dataset, the pCO, is
still lower in the Pacific Ocean closer to the North American coast, and in the Atlantic
Ocean within 30°S and 30°N latitude, while it remains higher in the North Atlantic
Ocean as in the control run. To better show the comparison between the two runs and
the dataset, we have added in Fig. 8 the Absolute Average Error (AAE) between the
climatological pCO, for SOCAT and for the simulated climatologies, using the formula

12
1 my - S/,
AAE = Z | PCO,™(i) - pCOL*(/)], (7

where s stands for SOCAT and m for either CTRL or TSREAN simulations. The
TSREAN pCO, AAE is higher than the CTRL AAE in the Western Equatorial Pacific
and in the Eastern Pacific north of 45° N, but sensibly improves in all other regions,
especially in the subtropical gyre regions in both the Atlantic and Pacific Oceans.

The improvements on the overall pCO, field due to assimilation is quantified in Ta-
ble 5, where in the first two columns we have shown the mean value of the pCO, over
various oceanic regions and the standard deviations for CTRL, TSREAN, and the SO-
CAT dataset. For the two runs, the statistics is computed using only the grid points
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where SOCAT data exist. The mean value of the pCO, obtained in TSREAN is always
larger than the value in CTRL, and closer to the values reported by the SOCAT col-
laboration, except in the South Atlantic region where the SOCAT dataset is limited to
coastal areas. Besides the fact that assimilating physical variables helps reconstruct-
ing the global pCO,, the values found in the tropical and northern Atlantic are still too
small compared to the actual data, meaning that our model still fails to reconstruct the
carbonate system over these regions.
In the last column of Table 5, we have presented the differences

- RMSEZ

TSREAN

with a either pCO,, SSS, or SST. For the physical variables, the computation of the
RMSE is performed using all of the data used in the assimilation. To compute the
RMSE between the SOCAT data and the runs, we have modified Eq. (6) to account for
the average over the 1° x 1° regular SOCAT grid G;, as

306G (M7 -x7)"

2i:Gi ’

where, once set @ = pCO,, we defined M, and x;, respectively as the values of the
pCO, at the climatological month ¢ for the model run (either TSREAN or CTRL), and
the SOCAT dataset. The summation over ¢ in Eq. (9) runs over the twelve climatological
months, while / runs over the grid points at which SOCAT data are present within the
given region. In the regions where the RMSE from TSREAN is lower than the RMSE
from CTRL, the assimilation of physical variables improves quantitatively the average
value of the surface pCO,. This is true for all oceanic regions considered, except for
the North Atlantic and South Pacific regions.

RMSE?, = (9)
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5.2 Impact of biological processes on the pCO,

One of the most difficult sources of errors to address in simulating the carbonate sys-
tem comes from the parametrization of the biological processes. In order to quantify
the magnitude of this term, we have performed an additional run in which we assimi-
lated temperature and salinity, but we did not include the effects of the biology in the
carbonate system dynamics, with the aim to estimate the impact of the biology on the
surface pCO,. In the following, we refer to this new run as “TSREAN_NB” (No Biology,
see Table 1). TSREAN_NB starts on 1 January 1988 from the same initial conditions
as TSREAN, without including any biological process.

In Fig. 9 we have shown the anomaly of the climatological seasonal cycle of pCO, for
the SOCAT data (black line), CTRL (blue line), TSREAN (red line), and TSREAN_NB
(green line), averaged over the Atlantic, Pacific, and Indian basins, the first two divided
in the northern and southern parts. For the computation of the climatological months,
we have used the period 2000—-2010, corresponding to the period when the carbonate
variables in TSREAN_NB have adjusted from the initial conditions, with no long-term
drift deriving from the lack of the biological uptake processes. In the legend, we have
reported the average value used for computing the anomalies. For each month ¢, the
spatial average is taken only over the SOCAT grid points / at which pCO, data are
present, using the formula

2,G;pCOL(/,1)
2,G ,

where G, is the 1° x 1° regular SOCAT grid.

Focusing on the CTRL and the TSREAN runs in Fig. 9, we note that the effects of
the assimilation of physical variables in the simulation of the pCO, also improves the
seasonal cycle in all basins, getting closer to the SOCAT estimates. When biological
processes are not included as in run TSREAN_NB, the seasonal cycle is consider-
ably overestimated during summer and underestimated during winter, especially in the
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northern parts of the analyzed basins. This mismatch occurs on top of the physical data
assimilation correction which indicates how, however uncertain, an active biological pa-
rameterization is a necessary term in the dynamical equation. The difference between
data and TSREAN_NB may be used as an estimate of the uncertainty in the biological
parameterization. Any biogeochemical model that is able to reduce this bias and stay
within this range as done by PELAGOS both in the CTRL and TSREAN simulations is
to be considered acceptable.

6 Discussion and conclusions

Results showed that assimilating temperature and salinity data into the PELAGOS sys-
tem leads to an evident improvement of the performance of the model in the simulation
of the carbonate system variables. Our methodology is based on taking advantage of
the large number of temperature and salinity data available to obtain a more realistic
representation of the physical state of the ocean which positively impacts the simulation
of the carbonate species in our model both at seasonal and inter-annual time scales.
We have assessed our results for the DIC and ALK against time series at HOT and
BATS stations, where the physical assimilation leads to a smaller RMSE with the data
collected at these stations. One remarkable outcome of our experiment is the improve-
ment in alkalinity, particularly visible at BATS. Alkalinity is fully prognostic in the model
and shares the same dynamical equation of salinity because we did not include any
parameterization of carbonate shell formation in this simulation. Both variables are af-
fected by transport and freshwater fluxes but salinity does feedback on water column
stability while alkalinity is passively affected. This is why the assimilation of more realis-
tic salinity data improves evaporation and the stability of the water column making ALK
in TSREAN much more in agreement with data than in CTRL (Sect. 4, Fig. 7). The
largest improvements in the carbonate variables appear within the first 400 m depth,
where most of data are concentrated. The ocean carbonate system strongly depends
on initial conditions, since, for instance, physical processes have little impact in modify-
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ing the alkalinity. We overcame this problem by modifying the initial conditions on ALK
as discussed in Sect. 4, although a more sophisticated solution might be given in terms
of assimilation of carbonate variables and will be investigated in a future work.

To assess the improvements of physical data assimilation at the global scale we
used the independent pCO, fields from the SOCAT dataset (Sect. 5.1 and Table 5).
We have shown that the assimilation of physics reduces the pCO, biases in the major
ocean regions both in terms of mean values and seasonal cycle, overall reducing the
RMSE against the SOCAT climatology. We may hypothesize that this large scale im-
provement is due to a reduction of RMSE in the physics of the TSREAN simulation. It is
probable that the RMSE reduction is also due to the better simulation of the carbonate
fields, although the number of data are not sufficient to quantify this second hypothesis.
Table 5 also reports the reduction of temperature and salinity RMSE against observa-
tions due to the assimilation and computed in the same oceanic regions as for pCO,.
The changes are always negative because data assimilation improves the physical
fields. In all the regions there is also a RMSE reduction for pCO,, with the only ex-
ceptions of the North Pacific and South Atlantic. In the South Atlantic, the comparison
with the SOCAT data is limited to the South American coastal area, where most of the
data are available, and this might limit the benefit of the assimilation of physical data.
Furthermore, it is to be noted that the climatological nature of SOCAT does not suffi-
ciently resolve the pCO, higher frequency variability likely induced by the assimilation
of the physical observations. It is also interesting to check if the relative improvement in
pCO, error (where found) may be explained by the direct effect of temperature accord-
ing to Eq. (5). The largest improvements are found in the Indian, tropical and northern
Atlantic, with a relative change of 4, 4 and 3 %, respectively. If this was to be attributed
to a direct effect of the corrected temperature, the corresponding change according to
Eq. (5) and using the difference in temperature RMSE would all be around 1%. The
residual improvement is therefore to be attributed to the indirect effect of the physical
transport processes due to the assimilation of physical data.
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The results presented here are comparable with other works where data assimilation
of carbonate variables was also used. The average absolute errors are comparable to
those obtained by (Valsala and Maksyutov, 2010) who used an offline reanalysis with
temperature and salinity assimilation, coupled offline with a biogeochemical model in
which pCO, data from Takahashi and Sutherland (2007) were assimilated. Overall,
our TSREAN run overestimates pCO, in the Equatorial Pacific and Indian oceans,
with an annual 40patm error mean, and underestimates the pCO, in the Equatorial
Atlantic with an annual 60 patm error mean. Here the error is lower than that obtained
by (Valsala and Maksyutov, 2010) with a direct assimilation of carbonate data.

The work by While et al. (2012) is more similar to our experiments: the authors an-
alyzed two runs over one single year, contrasting a control run with assimilation of
temperature and salinity (as in our TSREAN experiment) with a further reanalysis run
also including pCO, data assimilation. However, no evaluation of the role of physical
reanalysis was done in their case, opposed to our study where the emphasis is mainly
on the impact of a more realistic physics on the carbonate system. Although we are not
assimilating the pCO,, data into the system, the RMSE obtained from our TSREAN run
in the northern subtropical Atlantic basin is comparable to what obtained by While et al.
(2012) when assimilating pCO,. We have thus obtained a considerable improvement
over the quality of the reanalysis by assimilating temperature and salinity only. In the
northern Atlantic, the pCO, cycle reported by data significantly differ with respect to
both our model runs and with those by While et al. (2012), because of the effect of
biological consumptions which actively reduces the value of the pCO, over summer-
time. Regardless of the assimilation of physical or chemical data, the pCO, follows the
temperature cycle. The stability of the water column is related to its stratification, which
is strongly affected by the mechanism by which assimilation is performed. This fact has
been showed at both BATS and HOT stations, where evaporation is reduced by means
of the assimilated physics. Similarly, the largest reduction of the RMSE in the pCO, is
found in regions which show a corresponding decrease in the RMSE of salinity. This is
particularly true in the tropical regions, the indian ocean, and the North Atlantic ocean.
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Comparing with previous works, we may infer that a combined simulation of the
dynamical carbonate system with a physical reanalysis, either online or offline, leads
to results that do not differ significantly from the direct assimilation of carbonate data
for a system at low resolution (about 200 km). It has to be confirmed if this result would
still be valid at eddy-permitting or eddy-resolving resolution, being the biological very
sensitive to localized physical processes. As of now, global-scale network for collecting
carbonate data is not expected to be operating in the coming years, while large surveys
of physical data have been collected since the early 1990’s and the ARGO monitoring
observation network for the global physical ocean will likely be maintained in the next
future. Thus, the use of physical data coupled with a reliable biogeochemical model
can be a good solution for simulating the carbonate system variables, as we have
shown that the performance of such coupled model is comparable to when the fewer
carbon data are assimilated. However, the possibility to use the available carbon data
needs to be better exploited in the future, not only for validation purposes, but also in
assimilation mode to reduce some of the biases of the biogeochemical models and
improve the initial conditions.
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Table 1. Experiment list.

CTRL TSREAN TSREAN_NB

T&S Assimilation
Biology included

No
Yes

Yes
Yes

Yes
No
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Table 2. Mean value and standard deviation of temperature (TEM, top table) and salinity (SAL,
bottom table) at BATS and HOT locations, respectively for CTRL, TSREAN, and DATA time
series. Also reported are the RMSE and the correlation between CTRL and data, and between
TSREAN and data. For temperature and salinity, statistics are computed both over the first ten
meters (SURFACE) and over the whole vertical profile (COLUMN).

TEM MEAN (°C) STDEV (°C) RMSE (°C) r
STATION CTRL TSREAN DATA CTRL TSREAN DATA CTRL TSREAN CTRL TSREAN
SURFACE

HOT 25.1 250 249 13 1.3 12 037 035 099 098
BATS 238 233 240 27 3.0 30 065 059 099  0.99
COLUMN

HOT 15.0 148 170 907  9.11 852 1.0 0.8 099  0.99
BATS 15.7 15.1 180 7.9 75 67 18 0.6 095  0.96
SAL MEAN STDEV RMSE r
STATION CTRL TSREAN DATA CTRL TSREAN DATA CTRL TSREAN CTRL TSREAN
SURFACE

HOT 354 352 351 008 015 020 037 017 055 074
BATS 364 366 366 007 0.1 0.16  0.21 015 063 047
COLUMN

HOT 350 349 349 047 039 041 018 013 095 097
BATS 360  36.1 358 074 08 078 032 010 094 095
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Table 3. Mean value and standard deviation of the MLD at BATS and HOT locations, respec- %
tively for CTRL, TSREAN, and DATA time series. Also reported are the RMSE and the correla- &
tion between CTRL and data, and between TSREAN and data. w _
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Table 4. Same as Table 2, but for DIC (top table) and ALK (bottom table).

DIC MEAN (umolkg™") STDEV (umolkg™) RMSE (umolkg ™) r
STATION CTRL TSREAN DATA CTRL TSREAN DATA CTRL TSREAN CTRL TSREAN
SURFACE

HOT 1950 1970 1980 21 27 17 27 19 0.82 0.72
BATS 2060 2040 2050 39 27 19 33 16 0.71 0.86
COLUMN

HOT 2100 2110 2120 160 150 140 32 28 0.99 0.99
BATS 2110 2100 2070 44 47 26 33 17 0.85 0.88
ALK MEAN (umolkg™) STDEV (umolkg™) RMSE (umolkg™) r
STATION CTRL TSREAN DATA CTRL TSREAN DATA CTRL TSREAN CTRL TSREAN
SURFACE

HOT 2300 2320 2310 14 22 15 13 21 0.60 0.45
BATS 2470 2380 2390 42 9 11 9 15 0.20 0.22
COLUMN

HOT 2310 2320 2320 40 36 42 31 29 0.93 0.87
BATS 2410 2360 2390 70 21 13 84 20 0.60 0.58
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Table 5. Values of the mean (here MEAN) and the standard deviation (here STDEV), of the
climatological pCO, for the SOCAT dataset, the control run (CTRL) and the assimilation run
(TSREAN), together with the difference between the TSREAN and CTRL RMSE with the SO-
CAT dataset. For the RMSE differences, we have shown the results for the pCO,, the SSS, and
the SST. The “south” Atlantic (S ATL) and Pacific (S PAC) regions are defined as the 60° S to
20° S latitude strip in the respective basin, the “tropical” regions (T ATL and T PAC) lie in the
20° S to 20° N latitude strip, and the “north” regions (N ATL and N PAC) lie in the 20° N to 60° N
latitude strip. The Antarctic Circumpolar Current is defined here as the region lying below 60° S,
and the “Indian” region is defined as the Indian basin with latitude above 40° S.

pCO, MEAN (uatm) pCO, STDEV (uatm) RMSE spean — RMSEra.

REGION CTRL TSREAN DATA CTRL TSREAN DATA pCO, (uatm) SSS SST(°'C)

INDIAN 316 346 352 16 24 26 -11.9 -0.06 -0.34
SPAC 320 334 337 22 21 21 -3.4 -005 -0.18
TPAC 348 370 371 36 43 35 -4.1 -003 -022
NPAC 342 356 349 26 21 20 1.8 -005 -0.28
SATL 349 363 347 14 14 28 0.7 -003 -0.24
TATL 312 325 370 17 22 22 -10.8 -006 -0.27
NATL 322 337 354 22 23 22 -85 -005 -0.26
ACC 364 360 340 7 7 30 -0.9 -0.04 -0.28

5431

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

BGD
11, 5399-5441, 2014

Impacts of physical
data assimilation on
the Global Ocean
Carbonate System

L. Visinelli et al.



http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/5399/2014/bgd-11-5399-2014-print.pdf
http://www.biogeosciences-discuss.net/11/5399/2014/bgd-11-5399-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

Fig. 1. Top panel: difference between the climatological sea surface salinity (SSS) reported
in the climatological SSS from the Levitus reanalysis and CTRL (a) or TSREAN (b). Bottom
panel: as in the top panel but for the climatological SST reanalysis reported by Reynolds over
the period 1992-2009 (in °C).
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Fig. 2. The root-mean square value of the salinity misfits (a) and of the temperature misfits (b),
taken between the observed data and the simulation for CTRL (in blue) and TSREAN (in red),
for different oceanic basins (Global, Atlantic, Pacific, Indian) or stations (BATS, HOT). In the
three basins, the RMSE is computed considering data over the whole water column from the
PIRATA (Atlantic), TOGA-TAO (Pacific), or RAMA (Indian) floats, while in the two stations the

CTD floats have been considered.
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Fig. 3. Sea surface salinity (a, ¢) and temperature (b, d) at HOT (top) and BATS (bottom) from
the control simulation (blue line), the assimilation reanalysis (red line), and the data collected

on the site (black line).
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column at BATS and HOT stations and CTRL (Blue) or TSREAN (Red).
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Fig. 7. Surface dissolved inorganic carbon (a, ¢) and alkalinity (b, d) at HOT (top) and BATS
(bottom) from the control simulation (blue line), the assimilation reanalysis (red line), and the

data collected on the site (black line).
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Fig. 8. (a) Climatological map of the pCO, reported by Sabine et al. (2013) for the period 1968—
2007, plotted over a 1° x 1° regular grid. (b) Climatological pCO, for CTRL, plotted over the
ORCAZ2 grid. (c¢) Climatological pCO, for TSREAN, plotted over the ORCAZ2 grid. (d) Average
of the difference between the monthly pCO, climatology for CTRL and the SOCAT dataset. (e)
Average of the difference between the monthly pCO, climatology for TSREAN and the SOCAT
dataset.
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Fig. 9. Monthly climatological pCO, for the years 2000—-2010, averaged over different basins.
Top: North (a) and South (b) Atlantic; Middle: North (¢) and South (d) Pacific; Bottom: Indian
(e). Each average is taken within the SOCAT grid points that contain actual data for each
climatological map, see Fig. 8. For each figure, we have shown the anomaly for the SOCAT
data (Black), the simulation (Blue), the reconstruction (Red), and the reconstruction without the
effects of the biology included (Green). In each figure, the legend reports the average value of
the pCO, for that region.
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Fig. 10. Monthly climatological pCO, averaged over the North Atlantic Ocean in the regions
within 20° N and 40° N (a) and within 40° N and 70° N (b), for the SOCAT data (Black), CTRL
(Blue), and TSREAN (Red). In each figure, the legend reports the average value of the pCO,

for that region.
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