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A B S T R A C T

Monitoring and predicting global ocean biogeochemistry and marine ecosystems is one of the biggest challenges
for the coming decade. In operational systems, biogeochemical (BGC) models are forced – or coupled – with
physical ocean models fields that are generally constrained by data assimilation of temperature, salinity and
sea level anomalies. Yet, while physical data assimilation substantially improves simulated physical fields,
BGC models forced by such analyses are commonly degraded, and more especially in equatorial regions. Here
impacts of physical data assimilation on surface chlorophyll and nitrate concentrations are investigated in the
tropical Pacific, based on three ocean reanalysis runs using the same physical–BGC model configuration but
differing in their level of physical data assimilation. It is shown that, in the Mercator Ocean operational system,
the assimilation of satellite altimetry and sea surface temperature in addition to temperature and salinity in
situ profiles leads to spurious vertical velocities in the western equatorial Pacific. Our analysis suggests that
these unrealistic vertical velocities are explained by the use of an inaccurate mean dynamic topography for
the assimilation of altimetry that modifies the pressure-driven horizontal circulation in the upper ocean layer.
Moreover, the biases found in this key region modify the subtle dynamical and BGC balances in the whole
tropical Pacific and result in unrealistic trends of ocean heat content and nitrate concentration. This study
demonstrates that looking into details of the physics is indispensable to improve physical data assimilation
systems and to ensure that they make the best use of observations. This is also a key point to refine the
strategy of the BGC models forcing and further improve ocean predictions.
1. Introduction

In the tropical Pacific, ocean–atmosphere interactions occurring at
ifferent spatial and temporal scales drive the strongest mode of in-
erannual variability, namely, the El Niño-Southern Oscillation (ENSO,

ang et al., 2017). Numerous studies have shown that biogeochemistry
nd marine ecosystems are significantly affected by the ENSO-related
ceanic conditions not only in the tropical Pacific (e.g., Loukos et al.,
000; Radenac et al., 2012), but also in remote regions (e.g., Feely
t al., 1995; Martínez-López and Zavala-Hidalgo, 2009; Machado et al.,
013). In turn, phytoplankton concentration in the surface layer can
lso have significant effects on its physical environment by reducing
he solar penetration into the ocean, and thereby affect the temperature
nd air–sea interaction, and induce positive feedback onto ENSO by
eating effects (Park et al., 2018a; Zhang et al., 2019). Significant
rogress in the understanding of ENSO-related mechanisms has resulted
rom intense efforts of observation and modeling over the last four
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decades (Guilyardi et al., 2016; Chen et al., 2018). Yet important biases
in physical and biogeochemical (BGC) models remain and limit our
understanding of ocean mechanisms occurring at local-to-global scales
and over diurnal-to-multidecadal periods.

In this context, physical ocean reanalyses are a powerful tool that
combines information from model dynamics, surface fluxes and ob-
servation data sets to provide a dynamically consistent ocean state in
the four dimensions (Storto et al., 2019). Following the development
of remote sensing and in situ observations, together with progress in
modeling and data assimilation techniques, these relevant monitoring
tools are now identified as a centerpiece of climate research (e.g.,
Mayer et al., 2018). Unlike non-assimilative ocean models, reanaly-
ses benefit from multivariate ocean data assimilation and model bias
mitigation methods serving as a constraint to reduce systematic biases
and long-term drifts resulting from errors in initialization, air–sea flux
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formulation and process parameterization. Compared to objective anal-
yses only based on observations, ocean reanalyses use model dynamics
counteracting the lack of information in sparsely observed regions.

To monitor and predict ocean biogeochemistry and marine ecosys-
tems, physical ocean reanalyses are now coupled – or used as forcing
fields – to BGC or ecological models (Fennel et al., 2019), but counter
intuitively physical data assimilation solutions do not systematically
produce better BGC fields than non-assimilative solutions (Ford et al.,
2018). In fact, BGC fields are even commonly degraded when forced
by physics with data assimilation (Ourmières et al., 2009; While et al.,
2010; Raghukumar et al., 2015; Park et al., 2018b). This problem is
exacerbated around the equator in global models (While et al., 2010;
Park et al., 2018b), but has also been observed in regional mod-
els (Raghukumar et al., 2015). In controlling the amount of nutrients
and carbon available at the surface ocean, vertical velocity is a key
variable for physical–BGC models, and numerous studies have pointed
out that spurious vertical velocity is a persistent problem in physical
ocean reanalyses. These important implications for BGC models are not
restricted to a specific ocean model or data assimilation system (Waters
et al., 2017; Ford et al., 2018), and have thus pushed the physical
oceanography community to further investigate vertical physics during
data assimilation procedures.

Unrealistic vertical velocity results from dynamical imbalance be-
tween the wind stress and the pressure gradient of data assimilation
updates (Bell et al., 2004). Several studies have proposed specific
techniques to prevent the data assimilation from degrading vertical ve-
locity. Burgers et al. (2002) demonstrated that including zonal velocity
corrections in geostrophic balance with density corrections improves
the representation of equatorial currents. Bell et al. (2004), and more
recently Waters et al. (2017), proposed to adapt the pressure (density)
correction during the data assimilation step in order to maintain the
dynamical balance between the wind stress and the pressure gradient
along the equator. A more pragmatic technique consisting in modulat-
ing the weight of data assimilation in sensitive regions gives positive
results (Park et al., 2018b), but this choice is not fully satisfactory
because it reduces the gain of data assimilation on horizontal physics.
While encouraging results have been obtained, the vertical velocity
issue (associated with issues in other physical variables) remains an
important limitation of BGC models (Ford et al., 2018).

Here, we address this specific issue in the Mercator Ocean system
focusing on the tropical Pacific Ocean, based on an ensemble of three
7-yr physical ocean reanalysis fields (hydrology and currents) using the
same ocean model configuration but varying the complexity and the
level of data assimilation. We will show that when the physical solution
with both in situ and satellite observations is used as forcing fields for a
BGC model, unrealistic chlorophyll concentrations are observed in the
equatorial band, associated with higher vertical velocity (Section 4). In
fact, the assimilation of sea level anomaly requires a reference height,
the mean dynamic topography (MDT, defined as the difference between
the mean sea surface and the Earth’s geoid). Uncertainty on the MDT
can significantly impact on the quality of analyses and forecasts (Birol
et al., 2004; Vidard et al., 2009; Yan et al., 2015; Hamon et al., 2019)
nd significant improvements of ocean monitoring systems have been
ttributed to a more accurate MDT (Lellouche et al., 2018; Guiavarc’h
t al., 2019).

The western tropical Pacific is known as a complex region. The
ain focus here is to detail how the biases of the MDT (here the

erm ‘‘bias’’ refers to error in the MDT) modify the three-dimensional
ceanic circulation in the equatorial Pacific, and eventually, the BGC
ields. This study will also determine how the changes in the mean
roperties can affect the representation of the long-term variability,
hat remains a challenge for ocean reanalyses (Storto et al., 2019). Even
f significant improvement has been achieved for representing the steric
ea level interannual variability in ocean reanalyses, large discrepancies
etween estimates of interannual trends are still observed (Storto et al.,
017). A recent study of Gasparin et al. (2018) showed that global pat-

erns of changes of ocean heat and freshwater contents at interannual v

2

imescales are significantly improved with data assimilation, but the
mplitude is two times stronger than estimates from observations. We
ill show here that biases in the MDT can produce unrealistic long-

erm drift of the thermosteric component of the steric sea level through
odifications of the ocean heat content.

In the following we begin with a description of the physical–BGC
odel and the in situ and satellite observation products (Section 2)
hich have been used to demonstrate the sensitivity of the physics
nd biogeochemistry to the level of physical data assimilation (Sec-
ion 3). Then some simple dynamical arguments are given in Section 4
o demonstrate how the use of a biased MDT for the assimilation
f altimetry causes unrealistic upwelling by reducing the horizontal
onvergence in the western equatorial Pacific. Finally, the sensitivity
f the evolution of the ocean heat content to the changes of the mean
ceanic circulation is analyzed in light of previous results in Section 5.
onclusion and discussion are provided in Section 6.

. Ocean reanalysis simulations, assimilation experiments and
alidation data sets

.1. Physical model and data assimilation procedures

This work is mainly built upon a series of three 7-yr global ocean
imulations which have been performed in the context of the global
igh resolution ocean monitoring and forecasting system operated in
ear real time by the Copernicus Marine Environment Monitoring Ser-
ice (CMEMS) since 19 October 2016. These runs have been originally
resented in Lellouche et al. (2018). The system was run from October
006 to October 2016 toward the real-time regime, assimilating the
eprocessed observations (along-track altimetric sea level anomaly,
LA; satellite sea surface temperature, SST; sea ice concentration; in
itu temperature and salinity vertical profiles, T/S profiles). To quantify
mpacts of the main different components of the assimilation system,
wo other twin numerical simulations, that use the same ocean model
onfiguration but that differ by their assimilation level of observa-
ion data sets, have been performed over a similar period, October
006–December 2014.

The model component is based on the version 3.1 of the NEMO
cean model, with a 1/12◦ ORCA grid type (with a horizontal reso-
ution of 9 km at the equator, 7 km at mid-latitudes and 2 km near the
oles). The water column is composed of 50 vertical levels, including
2 levels within the upper 100 m, with 1-m resolution at the surface
nd 450-m resolution at the bottom. The forcing atmospheric fields
re obtained from the European Centre for Medium-Range Weather
orecasts-Integrated Forecast System (ECMWF-IFS) at 3-h resolution, in
rder to reproduce the diurnal cycle. This system has been initialized
sing temperature and salinity profiles from the EN4 monthly gridded
limatology (Good et al., 2013), averaged for the period October–
ecember 2006. More details concerning parameterization of the terms

ncluded in the momentum, heat and freshwater balances (i.e, advec-
ion, diffusion, mixing or surface flux) can be found in Lellouche et al.
2018).

Satellite altimetry, sea surface temperature (SST) and sea ice con-
entration observations, operationally produced by CMEMS (http://
arine.copernicus.eu/), are assimilated in the system. This consists

f along-track sea level anomaly data from the Data Unification and
ltimeter Combination System (DUACS) multi-mission altimeter prod-
cts and gridded OSTIA SST (Operational sea surface temperature and
ea ice analysis), which combines satellite SST data (Group for High
esolution Sea Surface Temperature project, GHRSST) with in-situ ob-
ervations (Donlon et al., 2012). Additionally, satellite sea ice concen-
ration from the EUMETSAT/Ocean and Sea Ice Satellite Application
acility (OSI SAF) is assimilated. Subsurface vertical profiles of temper-
ture and salinity from the CORA 4.1 in situ database (Cabanes et al.,
013; Szekely et al., 2016) are also assimilated. This database includes

ertical temperature and salinity profiles from Argo floats, moorings,

http://marine.copernicus.eu/
http://marine.copernicus.eu/
http://marine.copernicus.eu/
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gliders, expendable bathythermograph (XBT) transects, sea mammals,
and conductivity-temperature-depth (CTD) casts from oceanographic
cruises. Low-quality profiles were excluded after several quality control
tests were performed as described in Lellouche et al. (2018).

Observation data sets are assimilated using data assimilation tech-
iques, detailed in Lellouche et al. (2013, 2018), and only the necessary
lements to interpret results are presented here. The main compo-
ents of the data assimilation procedures are (i) a 3D-Var correction
or the slowly evolving large scale error of the model in tempera-
ure and salinity, based on in situ T/S profiles over the last month,
nd (ii) a reduced-order Kalman filter derived from a Singular Evo-
utive Extended Kalman filter (SEEK, Brasseur and Verron, 2006),

with a three-dimensional multivariate modal decomposition of the
background error and a 7-day assimilation cycle. This multivariate
procedure considers satellite and in situ observations and presumably
corrects patterns at smaller spatial and temporal scales (mesoscale
activity) than the 3D-Var correction. In practice, temperature and
salinity observation are selected depending on the innovation value,
defined as the observation minus model forecast equivalent. For the
3D-Var corrections, innovations are considered on a 1-month win-
dow (i.e., at a given 7-day cycle and the three previous cycles) and
depending on the horizontal distance of the order of 400–500 km
in order to map large-scale temperature and salinity corrections. For
the assimilation of the SEEK filter, the analysis at a given point is
based on surrounded innovations determined by spatial and temporal
correlation scales, ranging from 50 to 450 km in the zonal direction,
from 50 to 200 km in the meridional direction and from 3 to 15 days.
From the innovations and specified observation errors, the SEEK filter
generates a localized analysis increment, which is a linear combination
of short-scale anomalies from a statistical ensemble representative of
the forecast error covariances (Lellouche et al., 2013). The 3D-Var
correction and the SEEK increment are applied progressively using
the incremental analysis update (IAU) method (another tendency term
added in the model prognostic equations), to avoid model shock every
week due to the imbalance between the analysis increments and the
model physics (Bloom et al., 1996; Benkiran and Greiner, 2008).

To be comparable with the observed SLA provided by altimetry, the
model sea surface height (SSH) is converted to SLA relative to a refer-
ence mean SSH. Consequently the assimilation procedure of altimetry
results in assimilating the altimetric SLA, but also the reference mean
SSH. In the context of numerical models having a spherical ellipsoid,
the mean SSH is equivalent to the MDT. Several approaches can be
adopted. An observation-based MDT, gathering in situ (hydrologic and
drifter data) and gravimetric satellites observations, would correct the
mean state of the model. However, the use of such MDT can be damag-
ing in some regions due to the inaccuracy of the MDT and/or important
model biases (Vidard et al., 2009). Additionally, the spatial resolution
of the estimates only based on observations (around 100 km) might
not be consistent with that of the model (here at 1/12◦). The mean
SSH from the model may also be used directly as the MDT. In that case,
model biases are not corrected and only temporal and spatial variability
embedded in the altimetric anomalies is assimilated. In practice, long-
term reanalysis fields are preferred to get a more accurate estimate of
the mean sea surface, as done in the ECMWF system in which only
T/S observations are assimilated (Zuo et al., 2019). They found large
temperature and salinity biases in regions with strong mesoscale eddy
activity, i.e., along the western boundary currents and the Antarctic
Circumpolar Current. Some systems use a bias correction to correct for
biases in the MDT during the assimilation (e.g., Lea et al., 2008).

In the present study, the MDT results from a combination of model
and observation-based MDTs following a complex iterative procedure
using statistics from the previous reanalysis (GLORYS2V3), the ob-
served MDT CNES_CLS13, the 2014 version of the GRACE and GOCE
data as well as the World Ocean Atlas (WOA) 2013 climatology (more
details in Hamon et al., 2019). The error variance associated with the
MDT estimate is an important information during the assimilation of al-

timetry to refine the SLA error associated with each satellite (Lellouche

3

et al. 2018). As error associated with each data set used for the MDT
computation is poorly known, a boot-strap estimation method based on
the work of Desroziers et al. (2005) is used. In addition, an ensemble
method is applied to overcome uncertainty in error statistics such as
the correlation function or the error magnitude of each observation
data set. The final MDT error (scale of about 150 km) is computed
by combining the dispersion of the ensemble members (36 members)
with the final error estimates produced by Desroziers et al. (2005).
Since the ensemble is relatively small, an amplification of the dispersion
is applied to obtain the level estimated by Desroziers et al. (2005).
Theoretically, the SLA error is optimal if there is no bias (Desroziers
et al., 2005), which is generally the case. However, the equatorial
Pacific is a notable exception where there is an inconsistency between
sets of observations (not shown), likely related to gravimetric error
and/or non-negligible contribution of deep steric height and ocean
mass.

2.2. Biogeochemical model

The BGC component of the physical–BGC model is based on the
model PISCES (Pelagic Interactions Scheme for Carbon and Ecosystem
Studies) distributed in the NEMO framework. Based on coarsening
algorithm, the 1/12◦ physical daily fields have been degraded to the
1/4◦ horizontal resolution of the BGC model (Aumont et al., 1998)
to force the BGC model. Note that the coarsening algorithm allows to
conserve the total volume contained in the 1/12◦ fields and maintain
non-divergence (Berthet et al., 2019). PISCES-V2 (Aumont et al., 2015)
is a model of intermediate complexity with 24 prognostic variables
which simulates the BGC cycles of oxygen, carbon and major nu-
trients (phosphate, nitrate, iron, silicate) controlling phytoplankton
growth. The model has been initialized with the World Ocean Atlas
2013 climatology for nitrate, phosphate, oxygen and silicate (Garcia
et al., 2013) and with the GLODAP-V2 (Global Ocean Data Analysis
Project-Version 2) climatology for the dissolved inorganic carbon and
alkalinity (Lauvset et al., 2016).

2.3. Ocean reanalysis simulations and assimilation experiments

The set of ocean reanalysis fields, including temperature, salinity,
three-dimensional velocity and sea surface height variables, is com-
posed of a free simulation with no data assimilation, and two data
assimilation simulations; on one hand using only the 3D-Var large-scale
correction based on in situ temperature and salinity (T/S) profiles, on
the other hand using the 3D-Var correction combined with a multi-
variate Kalman filter considering T/S profiles and satellite information
of sea level anomaly and sea surface temperature. Note that including
altimetry is fundamental for constraining the mesoscale structure. To
distinguish the three simulations by their level of data assimilation,
the first analogous simulation is called ‘‘NoAssim’’ (without any data
assimilation) and the second one, which only benefits from the large
scale T/S correction using in situ T/S profiles, is called ‘‘AssimTS’’.
The simulation serving the operational system, which uses a multivari-
ate SEEK in addition to the large-scale T/S correction, is referred as
‘‘AssimALL’’ (Table 1). As altimetry is assimilated by the mean of the
SEEK filter (only used in AssimALL), differences between AssimALL and
AssimTS are thus due to the assimilation of altimetry and the use of
the SEEK filter. Note that the assimilation of SST is negligible for our
study (not shown). The last two simulations, performed over a period
of several years with the same model configuration and reprocessed
observation data sets, are thus considered as ‘‘ocean reanalysis fields’’.
As the ocean model state is stabilized, i.e., it reaches the eddy kinetic
energy maximum, in about 6 months in the upper 1000 m with data-
assimilation or 12 months without assimilation (Lellouche et al., 2018),
the fields have been considered over the 2008–2014 period in this
study. It is noteworthy that the issue is not depended on the vari-
ability (e.g., vertical velocity differences between simulations are not
modulated by El Niño).
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Table 1
Main characteristics of the simulations used in this study.

Simulation Details

Ocean reanalysis simulations, 7-yr period, 1/12◦ horizontal resolution

NoAssim No data assimilation
AssimTS 3D-Var correction, large scale spatial (∼5–6◦) and temporal (∼1 month) correction by assimilating only T/S in situ observations
AssimALL 3D-Var correction + SEEK correction (multivariate correction (7 days) by assimilating SST, T/S in situ observations and altimetry)

Assimilation experiments, 1.5-yr period, 1/4◦ horizontal resolution

CONTROL Similar to AssimALL (including the same MDT)
NOALTI Same as CONTROL, but altimetric data are withheld (T/S profiles are used in the 3D-Var correction and the SEEK filter)
MDTPATCH Same as CONTROL, but with a modified MDT (‘‘patched MDT’’)
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In addition to the 7-yr simulations, three 1.5-yr extra experiments
ave been performed to separate the effects on physical and biogeo-
hemical fields due to the MDT for the assimilation of altimetry from
hose due to the use of the SEEK filter. To reduce computational costs,
hese experiments are based on an experimental system similar to that
f the three reanalysis runs, but at 1/4◦ horizontal resolution (Hamon
t al., 2019) over a 1.5-yr period. The configuration is based on
he version 3.1 of the NEMO ocean model with 50 vertical levels
orced by the ECMWF-IFS atmospheric fields. The model has been
nitialized in 1 January 2014, using temperature and salinity profiles
rom WOA13 (Locarnini et al., 2013; Zweng et al., 2013). Assimilation
rocedures have used the same datasets as in the AssimALL simulation
i.e., satellite SST, satellite SLA, in situ vertical profiles and sea ice
oncentration) and the same techniques (the 3D-Var correction and the
EEK filter). The reference experiment, called the CONTROL run, uses
he same MDT as AssimALL for the altimetry assimilation, and only
iffers from AssimALL by the OGCM resolution and the time period.
his reference simulation will be compared with a second experiment
NOALTI), in which altimetric data are withheld (T/S profiles are used
n the 3D-Var correction and the SEEK filter). To assess the sensitivity of
he physical–BGC model to the MDT, a third experiment, named ‘‘MDT-
ATCH’’ and only differing from the CONTROL run by the MDT, will
ses a ‘‘patched MDT’’. This will be further explained in Section 4.4.
hese three physical fields have then been used to force the same BGC
odel than in Section 2.2. The 1-yr segment from June 2014 to May
015 has been periodically repeated over a 6-yr period to assess the
ong-term evolution of biogeochemical variables. It is noteworthy that,
ven if this experimental procedure does not consider any interannual
ariability and might include discontinuity between repeated segments,
he intercomparison of these experiments allows to quantify the effects
f physical data assimilation on BGC fields.

.4. Validation datasets

To evaluate the skills of the different BGC solutions, surface chloro-
hyll (Chl) estimates from the CMEMS GlobColour product and nitrate
ields from WOA18 have been considered. The CMEMS GlobColour
roduct (1997–present) consists in a reprocessed merged Chl product
t 4 km spatial resolution based on measurements from several satel-
ite observations; SeaWiFS (1997–2010), MERIS (2002–2012), MODIS
qua (2002–present), VIIRS-NPP (2012–present) and OLCI-S3 A (2016–
resent). This product is distributed by CMEMS (Garnesson et al.,
019). The annual mean of nitrates from WOA2018 consists of fields on
1◦ × 1◦ spatial grid, and are obtained from an optimal analysis based
n high-quality oceanographic in situ observations over the period
955–2018 (Garcia et al., 2018).

In addition to BGC variables, gridded monthly in situ temperature
nd salinity fields have been provided by the SCRIPPS Argo climatology
ince 2004 for the global ocean (Roemmich and Gilson, 2009; Gasparin

et al., 2015), and have been downloaded from the dedicated SCRIPPS
Argo website (http://www.argo.ucsd.edu/). This 1◦ × 1◦ horizontal
resolution product, with 58 pressure levels from the surface to 2000
dbar, is only based on T/S measurements from Argo floats. In ad-
dition, monthly averaged vertical profiles of currents estimated from
4

Acoustic Doppler Current Profilers (ADCP) on TAO/TRITON moorings
have been downloaded from the global tropical mooring buoy array
(www.pmel.noaa.gov/gtmba/). ADCP are available along the equator
at 156◦E, 165◦E, 170◦W, 140◦W, 110◦W over the whole period. This
ingle instrument datasets are preferred to gridded products including
ultiple data sources to ensure independence between comparison
roducts.

. Sensitivity of physics and biogeochemistry to physical data
ssimilation

As mentioned in the Introduction, the present work has been firstly
otivated by a persistent issue in most ocean reanalyses highlighted by

ver-productive BGC models in the equatorial band likely due to spu-
ious vertical velocity. By comparing with observations, the aim here
s to evaluate the model solutions by investigating BGC and physical
nvironments through the surface Chl, the nitrate concentration, and
ertical profiles of temperature and horizontal velocity.

.1. Chlorophyll and nitrates

Fig. 1 shows surface Chl and vertical sections of nitrates (NO3)
long the equator with contours indicating model estimates and color
hading is used for the discrepancy from the observation-based product
GlobColour and WOA2018). The surface Chl shows an over-productive
astern Pacific in the three simulations, with an anomaly exceeding
.10–0.15 mg/m3 east of 140◦W. Whereas this positive anomaly is
educed in AssimTS compared to NoAssim, much stronger Chl con-
entration anomalies are seen in AssimALL, almost doubling the Chl
oncentration. In AssimALL, the 0.10 mg/m3 contour extends farther
est toward the western boundary currents that exhibit the strongest
nomaly of Chl concentration (>0.20 mg/m3). Note that the RMS differ-
nce between model and satellite observations is more than two times
igher in AssimALL (>0.1mg/m3) than in NoAssim and AssimTS (∼0.05
g/m3), and that the correlation is decreased (see Supplementary

igure). In Fig. 1d–f, vertical sections show the comparison of model
itrates with the WOA18 climatology. NoAssim and AssimTS have
maller nitrate vertical gradient compared to WOA18, as seen by the
ositive anomaly above the thermocline and negative anomaly below.
gain the AssimALL solution shows a much stronger concentration

hat extends all over the basin above the thermocline, and below near
he dateline. The strong tightening of the nitrate isocontours over
he whole equatorial band suggests that the significant changes of
O3 concentrations observed in AssimALL are caused by an upward
isplacement of the water column near the dateline. Note that the mean
utgassing of CO2 to the atmosphere in the tropical Pacific is increased
y more than 50% in AssimALL, going from around 0.5 Pg yr−1 in
oAssim and AssimTS, consistently with observations (e.g., Ishii et al.,
014), to 0.8 Pg yr−1 in AssimALL (not shown).

To identify what explains the nitrate concentration differences be-
ween the simulations, the components of the nitrate budget of Assi-
ALL, and differences from AssimTS, are depth-averaged in the equa-

orial euphotic zone — the base of the euphotic layer is defined as
he depth at which the incoming solar radiation represents 1% of

http://www.argo.ucsd.edu/
http://www.pmel.noaa.gov/gtmba/
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Fig. 1. (a) Map of the 2008–2014 mean of surface Chl concentration (mg/m3) from the NoAssim estimate (contours) and the discrepancy from GlobColour (color shading). (b)
Same as (a), except for AssimTS. (c) Same as (a) except for AssimALL. (d) Equatorial section of the 2008–2014 mean of nitrate concentration (mmol/m3) from NoAssim estimate
(contours) and the discrepancy from the WOA18 climatology. (e) Same as (d) except for AssimTS. (f) Same as (d) except for AssimALL. In (d–f), the thick full and thick dashed
lines indicate the base of the euphotic layer, defined as 1% of the photosynthesis available radiation (PAR), and the thermocline depth, defined as the depth of the isopycn 𝜎 =
1025 kg/m3, respectively.
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the photosynthesis available radiation (Fig. 2). Compared to AssimTS,
stronger NO3 vertical advection is seen in AssimALL in the western
Pacific (including along the boundary), while stronger vertical diffusion
is found in the central equatorial Pacific. Both components (vertical
advection and diffusion) plus the horizontal advection are the physical
drivers bringing nitrates in the euphotic layer (Fig. 2c). It demon-
strates that while the focus is traditionally on vertical processes, this
is more a three dimensional problem. Biological processes respond
to this increased supply as seen in the ‘‘sources-minus-sinks’’ (SMS)
term (Fig. 2d). Those are mostly due to the consumption by phyto-
plankton, consistent with higher Chl in this region as seen in Fig. 1.
While the equatorial vertical advection flux has a difference of 0.040
mmol/m3/day between AssimTS and AssimALL in the western Pacific,
the residual of physical and biological processes is of the order 0.001
mmol/m3/day that accumulates with time (not shown). Consequently,
the modification of the NO3 vertical advection in AssimALL brings NO3
rich waters that stimulate the phytoplankton growth. It also changes
the nitrate balance between physical drivers and biological response
that leads to a higher accumulation of nitrate of the order of O(0.1)
mmol/m3/yr.
 T

5

Compared to AssimTS, the NO3 vertical advection in AssimALL is
mostly characterized by higher values west of the dateline in the eu-
photic layer and below the thermocline, and above the thermocline east
of it (Fig. 3a). These patterns reflect the NO3 stratification (Fig. 1f). To
urther investigate the causality of NO3 vertical advection differences
etween AssimALL and AssimTS, it is useful to decompose it to separate
hanges due to the differences of NO3 concentrations, from those due
o the differences of vertical velocity as follows:

𝑤1𝜕𝑧𝑁1 −𝑤2𝜕𝑧𝑁2 =
𝑤1 +𝑤2

2
𝜕𝑧(𝑁1 −𝑁2)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝑒𝑓𝑓𝑒𝑐𝑡𝑠 𝑜𝑓 NO3 𝑑𝑖𝑓𝑓 .

+ (𝑤1 −𝑤2)𝜕𝑧
(𝑁1 +𝑁2)

2
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝑒𝑓𝑓𝑒𝑐𝑡𝑠 𝑜𝑓 𝑤 𝑑𝑖𝑓𝑓 .

(1)

with 𝑤 the vertical velocity, 𝜕𝑧𝑁 the vertical gradient of NO3 and the
ndexes 1 and 2 referring to AssimALL and AssimTS respectively.

In Fig. 3b, the effects of the vertical velocity differences are obvious
est of the dateline, with a positive anomaly extending from the near-

urface to at least 300 m, explaining more than 95% of the vertical
dvective flux changes. In Fig. 3c, the effects of the differences in
O3 concentration shows a zonal dipole above the thermocline, with
egative values west of the date line and positive values east of it.
his pattern, explaining more than 95% of the vertical advective flux
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Fig. 2. (a) Map of the 2008–2014 mean of the vertical advection flux of nitrate averaged in the euphotic layer from AssimALL (contours) and the difference from AssimTS (color
shading). (b) Same as (a) but for the vertical diffusion flux of nitrate. (c) Same as (a) except for the sum of the fluxes from physics processes (horizontal advection, vertical
advection, vertical diffusion). (d) Same as (a) except for the fluxes from biological processes (SMS = source minus sink). Unit is mmol/m3/day.
t
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hanges above 300 m east of the date line, suggests that an important
art of the nitrates vertically advected in the western Pacific are then
ransported to the east by the Equatorial Undercurrent (EUC). This
learly demonstrates the key role of the vertical velocity in the observed
hanges of the NO3 concentration that brings rich nitrate waters to
he upper layer which are then distributed in the whole equatorial
acific by the horizontal circulation. Based on a similar decomposition,
hanges of the diffusion flux (𝐾𝑧1𝜕𝑧𝑁1−𝐾𝑧2𝜕𝑧𝑁2) in the eastern Pacific
Fig. 2b) are mostly due to changes due to the vertical gradient of
itrates, resulting from the supply of waters rich in nitrates by vertical
dvection (Radenac et al., 2019), rather than changes due to the mixing
oefficient 𝐾𝑧 (not shown).

Several papers suggest that shocks during the assimilation proce-
ures might cause modification in the mean vertical advection flux
e.g., Raghukumar et al., 2015). In Fig. 3d, boxplots of daily vertical
elocity at 100-m are shown at three longitudes in the western equato-
ial Pacific. The variability of the vertical velocity does not significantly
hange between both simulations (the whiskers are not longer in As-
imALL) as would be expected in the presence of data assimilation
hocks. Rather, the largest change is seen in the median vertical ve-
ocity with higher values in AssimALL than in AssimTS (∼1 m/day).
his demonstrates the benefits of the IAU methodology which smooths
he impact of assimilation (Benkiran and Greiner, 2008). The mean rate
f vertical nutrient input in the western Pacific thus appears to be the
ey element explaining unrealistic accumulation of Chl in the surface
ayer in AssimALL.

.2. Temperature and current profiles

The comparison of the three simulations is now carried out on
he physical properties by investigating the changes on the thermal
tratification and currents. To provide a basin-scale view, the equa-
orial thermal structure in the upper 300 m is shown in Fig. 4 at
6

he locations of four historical TAO/TRITON moorings (147◦E, 170◦W,
140◦W, 110◦W) by comparing vertical profiles of the reanalysis fields
with the SCRIPPS Argo product. The strongest temperature difference
is found at the thermocline level (around 150 m in the west and
100 m in the east), with magnitude reaching more than 2 ◦C in the
eastern Pacific in the NoAssim fields. A cold anomaly above a warm
anomaly indicates that the vertical thermal gradient at the thermocline
level from the model fields is smaller than that from observations,
i.e., the thermocline is too diffuse. The ‘‘diffuse thermocline’’ is a
recurring problem in numerical simulations (Stockdale et al., 1998;
Tatebe and Hasumi, 2010). Data assimilation in AssimTS and Assi-
mALL successively improves the representation of the thermal structure
in the central-eastern Pacific. In the western Pacific, the benefits of
data assimilation are only seen in the AssimTS fields in which the
vertical thermal gradient at 150 m is slightly improved. By contrast,
an important degradation is found in AssimALL with a cold anomaly
reaching more than 1 ◦C at 150 m, therefore suggesting that the thermal
stratification in the western equatorial Pacific is strongly sensitive to
the physical data assimilation. This confirmed by the Root-Mean-Square
(RMS) difference from the TAO 100-m daily temperature computed in
the western (147◦E, RMS diff. at 0.8 ◦C, 0.6 ◦C, 1.0 ◦C) and central
acific (140◦W, RMS diff. at 1.9 ◦C, 1.6 ◦C, 1.2 ◦C) for NoAssim,

AssimTS and AssimALL respectively. Note that using temperature fields
from TAO/TRITON moorings having smaller vertical resolution rather
than that from the Argo product gives similar results.

The mean zonal velocity fields are then compared with the ADCP
current estimates provided by the TAO/TRITON array, by only selecting
model time steps corresponding to existing observations for comput-
ing the 2008–2014 time-mean. Note that the velocity variables are
not assimilated. The amplitude and vertical shape of the subsurface
maximum, at the core of the eastward EUC, are well recovered in
the NoAssim fields with the west–east tilted shape and a magnitude
reaching more than 1 m/s in the core of the EUC. Although still too
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Fig. 3. (a) Equatorial section of AssimALL-minus-AssimTS differences of the vertical advection flux of nitrate time-averaged over the period 2008–2014. The thin full, thick full and
hick dashed lines indicate the base of the mixed layer (density criterion of 0.03 kg/m3), the base of the euphotic layer (defined as 1% of the photosynthesis available radiation)

and the thermocline depth (𝜎 = 1025 kg/m3) respectively. (b) Same as (a) except for differences due to the vertical velocity (W) changes. (c) Same as (a) except for differences
ue to the nitrate concentration changes. (d) Boxplot of the daily vertical velocity at 100 m along the equator averaged in three longitudes in the western Pacific (150◦E, 160◦E,
70◦E) for the period 2008–2014 from AssimTS (green) and AssimALL (black). The whiskers represent the 5th and 95th percentiles.
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hallow in the west and too deep in the east, the EUC is much better
epresented compared to previous studies (Fujii et al., 2015). Similarly
o previous conclusions, the two levels of data assimilation reduce the
iscrepancies between model and observations in the central-eastern
acific, but not in the western Pacific for the AssimALL solution.

. What drives the vertical velocity?

To unravel the cause–effect relations between mechanisms resulting
rom model dynamics and data assimilation procedures, processes at
lay resulting in an increased vertical velocity in AssimALL are de-
omposed as individual steps. First, the changes in the upwelling rate
re investigated with regards to the horizontal transports. Then, it is
emonstrated that most of changes in horizontal circulation are due
o the modifications of the pressure field. Finally, we show that biases
n the MDT near the western boundary are sufficient to significantly
odify the pressure gradient. This point is then supported by dedicated

xperiments.
 v

7

.1. Equatorial upwelling and horizontal circulation

Fig. 5a shows a map of the mean vertical velocity difference be-
ween AssimALL and AssimTS at 100 m that exhibits a stronger up-
elling between 2◦S and 2◦N west of the dateline in AssimALL with
ifferences reaching more than 1 m/day in the far western Pacific. The
ertical velocity in the ocean model is, by definition, derived online
rom the continuity equation (∇.𝐮 = 0, with 𝐮 the three dimensional
elocity vector), and thus is strictly dependent on horizontal currents.
he modification of the horizontal circulation is illustrated by the 0–
00 m mass transport, calculated from the velocity fields of the two
imulations in two boxes of the western equatorial Pacific between 2◦S

and 2◦N (140◦E–165◦E and 165◦E–170◦W; Fig. 5b). The features of
he large-scale equatorial circulation are seen on both estimates, that
s, the zonal westward flow increasing from east to west is dominated
y the South Equatorial Current (SEC), while the easterly trades winds
ead to a meridional divergence in the Ekman surface layer (except
t the southern side of the westernmost box due to the equatorward
estern boundary current). The upwelling rate is deduced from the
ertical velocity fields, and corresponds to a tight interplay between
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Fig. 4. (a) Profiles of the 2008–2014 mean difference of model temperature from the SCRIPPS Argo product for NoAssim, AssimTS and AssimALL simulations at four equatorial
Pacific mooring locations. (b) Profiles of zonal velocity at the same moorings locations from the three simulations and the ADCP (Acoustic Doppler Current Profiler) estimates
from the TAO/TRITON mooring array. The graduations in (a) and (b) indicate 0.5 ◦C and 10 cm/s respectively.
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horizontal transports. Though qualitatively similar, the intensity of the
upwelling is much higher in AssimALL, especially in the far western
Pacific (estimated at 1 Sv in AssimTS and 10 Sv in AssimALL). The
increased upwelling in AssimALL (+9 Sv compared to AssimTS) com-
pensates the changes in the meridional (+6 Sv) and zonal (+3 Sv)
divergences. In the eastern box, the enhanced zonal divergence in
AssimALL (+4 in AssimALL compared to AssimTS) is compensated by
a reduced meridional divergence (−1 Sv) resulting in changes of the
upwelling rate of 3 Sv in AssimALL compared to AssimTS.

The geostrophic component of the mass transport is shown in
Fig. 5c. While the zonal geostrophic component is still westward (the
geostrophic approximation can be used for estimating the SEC, Picaut
et al., 1989), the geostrophic meridional currents are clearly equator-
ward. The sum of horizontal geostrophic currents are thus convergent,
and most of the upwelling changes can be explained by a reduced
meridional convergence in AssimALL due to geostrophy (from 10 Sv
to 1 Sv in the western box and from 35 Sv to 30 Sv in the eastern
box). The important modifications of the equatorial upwelling are thus
the consequences of horizontal changes in both meridional and zonal
directions, and can be attributed to the pressure-driven circulation
(geostrophic component).
8

4.2. Sea surface height and steric height

Since most of the modifications of the upwelling rate are related to
the pressure-driven circulation, the mean SSH from AssimALL, and the
differences from AssimTS, are shown in Fig. 6a. In the northern Pacific,
the trough around 8◦N and the crest around 4◦N mark the edges of the
eastward North Equatorial Counter Current, while the large latitudinal
extension of the trough south of 4◦N indicates the position of the two
branches of the westward SEC (Johnson et al., 2002). The meridional
tilt of the isocontours reflects the strength of the currents, and shows a
maximum in the central and eastern Pacific in agreement with Johnson
et al. (2002). The main patterns of the SSH differences are the positive
anomaly around 8◦N, the two negative lobes in the central Pacific and
the strong negative anomaly along the western boundary. The positive
anomaly at the 8◦N trough combined with the negative anomaly at
he 4◦N crest reduce the tilt at the position of the NECC that marks a
ecrease of the strength of the current. This is confirmed by the surface
urrent differences in Fig. 6b that show westward anomalies in the
ECC. Similarly, the two lobes mark a reduction of the meridional tilt
f the isocontours along the equator that indicates a decrease of the SEC
ntensity in the equatorial band. In the western boundary, the important
ecrease of the SSH should result in a reduction of the equatorward
estern boundary currents.
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Fig. 5. (a) Map of AssimALL-minus-AssimTS differences of the vertical velocity (m/day) at 100 m time-averaged over the 2008–2014 period. (b) Total mass transport (10−6m3/s,
v) in the upper 100 m in the western equatorial Pacific for AssimTS (green arrows) and AssimALL (black arrows) in the two boxes in (a). (c) Same as (b) except for the geostrophic
omponent.
Given that the difference of the steric height at the surface relative
o 300 m (0/300 SH) between AssimALL and AssimTS in Fig. 6b shows
imilar patterns to that based on SSH (Fig. 6a), previous conclusions at
he surface changes can be extended in subsurface. Note that the SH, as
he baroclinic component of the sea level, is deduced from the density
ield and is integrative view of the thermohaline stratification. Similar
atterns are seen on the difference of steric height at 100 m relative
o 300 m between the two simulations (in Fig. 6c), indicating that
SH differences reflect modifications of the subsurface stratification.
he close relationship of the 100-m current anomalies with differences
f the steric height at 100 m clearly indicates that the horizontal
urrent differences are mainly driven by the changes of the pressure
radient. Additionally, the equatorward western boundary circulation
s significantly reduced. At 3.5◦S, the northward mass transport in the
–700 m layer from the western boundary to 170◦E is reduced from
4.2 Sv in AssimTS to 9.8 Sv in AssimALL. Note that the mass transport
t the entrance of the Solomon sea is estimated at 15 Sv from repeated
lider transects (Davis et al., 2012). All these modifications mainly
riven by SSH changes are expected to act on the large-scale circulation
n modifying the mass transport from the Pacific to the Indian oceans
hrough the Indonesian Throughflow (Kamenkovich et al., 2003). This
ould require further investigations.

.3. Zonal pressure gradient and the mean dynamic topography

Here we focus on the different features of the zonal pressure gra-
ient. Several studies have shown that the zonal pressure gradient
an be closely related to the zonal slope of the SSH (e.g., Nagura
nd McPhaden, 2008). Consequently, in modifying the mean SSH, the
ssimilation of altimetry by the addition of a MDT can potentially
mpact on the mean pressure gradient. Here, we only consider changes
f the zonal pressure gradient, but similar conclusions can be made in
he meridional direction.

The vertical structure of the mean zonal pressure gradient is pre-
ented in Fig. 7 (lower panels). In general, the shape and amplitude
f the zonal pressure gradient are consistent from that reported by
istorical studies (Mangum and Hayes, 1984; Qiao and Weisberg, 1997;

Yu and McPhaden, 1999). A zonal pattern is found in the two solutions,
with a weaker amplitude west of 170◦E than in the central-eastern
Pacific, consistently with a weaker mean surface wind stress in the

west (Yu and McPhaden, 1999). In the central-eastern Pacific, the zonal

9

pressure gradient is clearly eastward above the thermocline, with a
maximum in the central Pacific (>5 × 10−7m/s2). The AssimALL-minus-
AssimTS difference (Fig. 7c) indicates a large-scale pattern, with a
significant negative anomaly (−2 × 10−7 m/s2) in the western Pacific,
and to a lesser extent in the far eastern Pacific.

To understand the relationship of the zonal pressure gradient with
the zonal gradient of SSH as identified in several studies (Yu and
McPhaden, 1999; Nagura and McPhaden, 2008), the zonal pressure
gradient is vertically integrated in Fig. 7 (upper panels). As mentioned
previously, a minimum is found in the western Pacific and a maximum
in the central Pacific. Looking specifically at the differences between
AssimALL and AssimTS (Fig. 7c), changes of −2 × 10−5 m2/s2 in the
depth-integrated zonal pressure gradient in the western Pacific corre-
spond to changes of −2 × 10−7 m/s2 in the zonal gradient of the SSH. In
that region, variations of the zonal pressure gradient are large (Yu and
McPhaden, 1999), and the amplitude of the AssimALL-minus-AssimTS
difference is comparable to the magnitude of the variability occurring
at seasonal to interannual time scales (Yu and McPhaden, 1999).

Since an important difference between the AssimTS and the Assi-
mALL solutions is the assimilation of the SSH anomaly provided by
altimetry (only assimilated in AssimALL), a question is whether the use
of a MDT to convert the model SSH in sea level anomaly (SLA) such as
𝑆𝐿𝐴 = 𝑆𝑆𝐻 − 𝑀𝐷𝑇 can generate large-scale patterns in the zonal
pressure gradient. To address this question, the 0/300 steric height
(0/300 SH) is computed from AssimTS and AssimALL temperature and
salinity fields and compared with that computed from TAO/TRITON
temperature combined with Argo salinity (Fig. 8a). Errors due to gaps
in TAO/TRITON time series, based on the difference between the mean
0/300 SH from the complete AssimALL fields and that from fields co-
located in time with the TAO/TRITON moorings, are not significant
(lower than 1 cm, not shown).

The 0/300 SH in the AssimTS (and NoAssim) is closer to observa-
tions than that in the AssimALL in the western Pacific, with differences
reaching 7 cm at 137◦E. To determine if the MDT can be related
with the SH discrepancy, the MDT for the assimilation of altimetry in
AssimALL is shown in Fig. 8, as well as the main components used in
the MDT computation; the observation-based CNES-CLS13 MDT and
the model MDT (see Hamon et al., 2019). As each MDT is computed
over a different period, the sea level anomaly from the gridded DU-
ACS product averaged over the time-period of each MDT has been

removed from each estimate to remove the effects of the long-term
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Fig. 6. (a) Map of the 2008–2014 mean of the AssimALL SSH (contour, in cm) and the
difference from AssimTS (shading). (b) Map of the steric height difference (AssimALL-
minus-AssimTS) at the surface relative to 300 m (0/300 SH, shading, in cm) , and
surface horizontal currents (arrows). (c) Same as (b) except for the 100 m surface
(100/300 SH).

variability. It shows that the zonal pattern of the CNES-CLS13 MDT,
similar to that of the latest version CNES-CLS18 MDT, has a zonal
slope that is more consistent with the slope of the TAO/TRITON 0/300
SH than the MDT used in AssimALL (Fig. 8b). This suggests that the
CNES-CLS MDT is not responsible for the pattern of the MDT used
in AssimALL. The strong zonal slope of the MDT used in AssimALL
mostly seen west of 160◦E is rather due to the model MDT from
the previous reanalysis (GLORYS2V3) (Fig. 8c, see Section 2.1). Such
MDT biases in the western Pacific, not sufficiently corrected during the
MDT procedures (Hamon et al., 2019), have important and problematic
consequences for the physical–BGC model. Consequently, the compu-
tation of the MDT should be reevaluated with regards to these results.
However, it is important to mention that obtaining a global accurate
MDT resolving simultaneously equatorial regions, high latitudes plus
continental shelves are far to be straightforward, and has rather to be
seen as a long-term process.
10
Fig. 7. Equatorial sections of the 2008–2014 mean of the zonal pressure gradient
(−⟨𝑃𝑥⟩∕𝜌0) referenced at 300 m ((lower panels) vertical structure in 10−7 m/s2, (upper
panels) vertically integrated in 10−5 m2/s2) from AssimTS, AssimALL and AssimALL-
minus-AssimTS difference (black lines). For comparison, the zonal gradient of SSH
(−𝑔𝑆𝑆𝐻𝑥, in 10−7 m/s2) is shown in the upper panels (red lines).

As will be shown, the comparison of surface chlorophyll in the
tropical Pacific and nitrate concentration along the equatorial Pacific
shows that modified MDT strongly reduces differences from observa-
tions demonstrating that differences between AssimTS and AssimALL
are mostly due to biases in the MDT.

4.4. Impact of altimetry assimilation with dedicated experiments

As mentioned in Section 2, differences between AssimALL and
AssimTS are due to the assimilation of altimetry and the use of the
SEEK filter. The comparison of NOALTI with the CONTROL experiment
allows to assess the sensitivity of the system due to the assimilation
of altimetry (the SEEK filter is used for in situ observations), while
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Fig. 8. (a) 0/300 steric height along the equator from TAO/TRITON estimates (blue
rosses), and NoAssim, AssimTS, and AssimALL (respectively, dashed black, green, full
lack). (b) MDT used for altimetry assimilation in AssimALL (black), the observation-
nly MDTs, CNES-CLS13 and CNES-CLS18, and the MDT used in the MDTPATCH
xperiment. (c) MDT used for altimetry assimilation in AssimALL (black) and the MDT
odel (gray line) which has been used for its computation.

he comparison with MDTPATCH demonstrates the sensitivity due to
he MDT. In MDTPATCH, the modified MDT (>5 cm along the equator
round 165◦E) has been built from the SLA residuals of the CONTROL
un corresponding to the differences of the observed SLA and the
nalyzed SLA (i.e, model sea surface height minus the MDT) which have
een bin-averaged for the period June 2014–May 2015 (Fig. 9). Note
hat the zonal slope is strongly reduced (Fig. 8c).

In Fig. 10a,b, a significant reduction of the vertical velocity
∼0.5 m/day) is seen in the western equatorial Pacific on both MDT-
ATCH and NOALTI experiments. This is associated with a reduction
f the cold bias seen in the CONTROL run (∼0.5 ◦C, Fig. 10c). This

supports the key role of the MDT in the Mercator Ocean system in
triggering biases in equatorial physics. Note that reduction of the
warm bias in the eastern Pacific, especially in NOALTI, might reflect
an inconsistency between satellite and in situ observations, and this
deserves to be further investigated later on. In Fig. 11, BGC fields forced
by the CONTROL run shows similar differences from observations than
that forced with AssimALL (Fig. 1). The western Pacific is strongly pro-
ductive with high concentration of surface Chl and nitrates. Compared
with the CONTROL run, BGC fields forced by MDTPATCH and NOALTI
 o

11
Fig. 9. Bin-averaged residuals (1◦ × 1◦, analysis-minus-observations) of sea level
anomaly computed over the period June 2014–May 2015 from (a) the CONTROL and
(b) the MDTPATCH experiments. The analyzed sea level anomaly is computed as the sea
surface height minus the MDT. Note that the bin-averaged residuals from the CONTROL
experiment have been added to the MDT used in MDTPATCH.

have smaller differences with observations, demonstrating the key role
of the MDT used for the assimilation procedures of altimetry in the
issues seen in the tropical Pacific physics and biogeochemistry in the
Mercator Ocean system.

5. Interpretation of the temperature balance

Having revealed the mechanisms that lead to an increase in the
vertical velocity in the western Pacific due to the assimilation of altime-
try, we discuss the consequences of such modifications in terms of the
heat balance. In the mean, the significant amplification of equatorial
upwelling in the western Pacific bringing cold deep waters in the
surface layer raises the question of the heat balance, especially with
regards to the strong cold anomaly found in AssimALL in the western
Pacific around 150 m (Fig. 4a).

𝜕𝑡⟨𝑇 ⟩ = −⟨𝑢𝜕𝑥𝑇 ⟩ − ⟨𝑣𝜕𝑦𝑇 ⟩ − ⟨𝑤𝜕𝑧𝑇 ⟩
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝐴𝑑𝑣

+
𝑄𝑛𝑒𝑡

𝜌0𝐶𝑝𝐻
⏟⏟⏟

𝐻𝐹

+
⟨

𝐼𝑛𝑐𝑇
⟩

⏟⏟⏟
𝐼𝑛𝑐

+𝑅 (2)

where the angle brackets denote the depth integration over the upper
300 m. Adv represents the advection term, HF is the net heat flux with
𝜌0 the density of sea water (1025 kg/m3) and 𝐶𝑝 the heat capacity
(3940 J/kg/◦C), Inc is the temperature increment (correction to apply
o the model) due to data assimilation (In AssimTS, the increment is
nly a large-scale temperature correction, while in AssimALL the tem-
erature increment is the weighted sum of the large-scale temperature

ne and the small-scale one coming from the multivariate SEEK filter).
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Fig. 10. (a–b) Vertical velocity difference at 100 m from the CONTROL experiment for (a) MDTPATCH and (b) NOALTI experiments. (c) Same as Fig. 4a (temperature differences
from Argo), but for the CONTROL, MDTPATCH and NOALTI experiment. Temperature differences from Argo have been computed over the period June 2014–May 2015.
The term R is a residual, which includes entrainment, horizontal and
vertical mixing.

To understand the role of data assimilation on the mean heat bal-
ance, the mean temperature increments averaged in the 0–300 m layer
from the AssimTS and AssimALL simulations are shown in Fig. 12. On
average, data assimilation slightly cools the eastern equatorial Pacific
in AssimTS. Compared to AssimTS, the mean temperature increment in
AssimALL is much stronger and the pattern is a dipole with a significant
warming west of the dateline and cooling east of it. The magnitude of
the warming reaches 1 ◦C/month in the far western Pacific.

The sum of the advection and heat flux terms are shown in
Fig. 12b,d. While the net heat flux contribution mainly results from
the atmospheric forcing, the advection term is obtained by computing
monthly averages of each component of term (A) in Eq. (2) from daily
fields of temperature and velocity. The clear correspondence between
Fig. 12c and d, but with opposite sign, indicates that mean temperature
increment is related with the net heat flux and advection terms. While
the surface heat flux is almost unchanged, the contribution of advection
is determinant in controlling temperature increments. Actually most
of heat advection in AssimALL is due to the vertical component (not
shown). For comparison, the mean net heat flux in the Niño 3 box
[150◦W–90◦W; 5◦S–5◦N] is lower than 0.2 ◦C/mon indicating that the

arming applied by data assimilation is huge with regards to the mean
eat balance.

Given the magnitude of the mean temperature increments com-
ared to the net heat flux, we now consider the long term evolution
12
of the ocean heat content. Long term changes of steric height from
data assimilation systems can be inconsistent with observation-based
estimates (Storto et al., 2018; Gasparin et al., 2018). The ocean heat
content (OHC) evolution is computed from 𝑂𝐻𝐶 = 𝜌0𝐶𝑝 ∫

0
−300𝑚 𝑇 ′𝑑𝑧

with 𝑇 ′ the anomaly from the 2008–2014 mean. Fig. 13a shows the
ocean heat content integrated in the tropical Pacific [170◦E–100◦W;
12◦S–12◦N] from the SCRIPPS Argo product, AssimTS and AssimALL
estimates. While AssimTS is in agreement with Argo (0.14 1022 J/yr),
the OHC from AssimALL is two times higher (0.29 1022 J/yr).

Finally, to evaluate the possibility that changing the mean heat
balance might induce a spurious ocean heat gain, the AssimALL-minus-
AssimTS OHC difference only based on temperature fields is compared
with OHC differences from reconstructed time series by integrating the
sum of the advection, net heat flux and temperature increment terms.
This comparison demonstrates that the modification of the mean heat
balance by inconsistent mean temperature increment likely results in a
higher mean local warming.

6. Conclusion and discussion

The general framework of this study is a well-known persistent
problem in physical–BGC models, regarding an unrealistic Chl surface
concentration and an unrealistic accumulation of nitrates in the tropical
Pacific when forced by outputs from physical reanalyses. Given the
strong sensitivity of BGC models to the physical forcing in that region,
the present study has assessed the consequences of physical data assim-
ilation on the representation of the mean dynamics from a set of three
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c

Fig. 11. Same as Fig. 1 (surface Chl (a–c) and equatorial nitrate (d–f) concentrations), except for the CONTROL, MDTPATCH and NOALTI experiments. Differences have been
omputed over the period June 2014–May 2015. Note that unlike Fig. 1, only differences from observations are shown.
F
t
b

sister ocean reanalysis runs that use the same physical–BGC model
configuration but that differ in their level of physical data assimilation.
Based on a series of simple cause–effect mechanisms, it is shown that
the sensitivity of the BGC model in the tropical Pacific to physical data
assimilation is mainly related to important differences in the intensity
of the mean equatorial upwelling in the western equatorial Pacific
resulting from changes in the pressure field. The western tropical
Pacific has a key role in the dynamics of the whole tropical Pacific in
our physical–BGC model, consistently with results from the seasonal
forecasting system at ECMWF (Balmaseda and Anderson, 2009).

Based on the analysis of the nitrate budget in the equatorial eu-
photic layer, the simulation having both levels of data assimilation
(AssimALL; a 3D-Var large-scale T/S correction and a multivariate
correction applied on the prognostic variables from the SEEK filter)
is mainly characterized by an unrealistic vertical advection flux of
nitrates in the western Pacific. These nitrates are then distributed along
the whole equatorial basin by the horizontal circulation. Nearly all
the excess of nitrates is consumed through biological processes that
explain the higher Chl concentrations at the sea surface. Additionally,
as the vertical input of nitrates is not totally compensated by the
consumption of biological processes, small positive residuals cause a
long-term accumulation of nitrates in the tropical band. Moreover, the
analysis of the vertical velocity reveals that changes in the vertical
advection flux is driven by the mean value rather than the small scale
variability associated with potential assimilation shocks. The signature
 o

13
of the enhanced upwelling in the western equatorial Pacific is seen
in vertical sections of the thermal stratification and currents with an
upward displacement of the isolines.

Resulting by definition from the continuity equation, the changes
of the vertical velocity reflect the modifications of the zonal and
meridional circulations. We point out that biases in the MDT required
for referencing the sea level anomaly provided by altimetry have strong
impacts on the tropical circulation in the whole basin. In modifying the
mean SSH, the MDT changes the subsurface pressure field associated
with the thermohaline stratification. Additionally, these biases of the
MDT lead to an unrealistic long-term ocean warming in the tropical
Pacific. In fact, the vertical flux of cold water due to the increased
upwelling in the western Pacific induces a strong temperature incre-
ment (reaching 1 ◦C/mon) equivalent to five times the surface heat
flux. However, the upwelled cold water and the warm increments are
not totally balanced, causing a local heat excess in the whole tropical
basin.

The assimilation of altimetric sea level anomaly is important for
representing key mechanisms for biogeochemistry in the equatorial
Pacific such as tropical instability waves (e.g., Gorgues et al., 2005).
urther investigations are thus needed to refine the MDT. It may be
empting to apply a correction patch based on the mean difference
etween altimetry and the model (as done in the experiments), but

cean reanalyses are based on atmospheric forcing, model processes
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Fig. 12. (a) Mean temperature increment averaged in the 0–300 m layer and (b) the mean advection and heat flux terms of Eq. (2) from AssimTS. (c,d) Same as (a,b) except for
AssimALL.
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and data assimilation, with errors in surface forcing and modeled pro-
cesses compensated by data assimilation. In constraining thermohaline
stratification and SSH, data assimilation modifies one of the compo-
nents of this balance, without significantly changing the net surface
forcing (wind stress, heat and freshwater fluxes), resulting in disturbing
the initial balance. However, the temptation to artificially modify one
of the components of the system toward keeping some theoretical
balance can be counterproductive given the continuous evolution of the
elements of the system.

Several improvements of the MDT computation and of the assim-
ilation techniques are expected to improve the general balance. As
the computation of the MDT combines satellites and in situ measure-
ments, its local accuracy depends on the evolution of the global ocean
observing system. While the advent gravimetric data have improved
our knowledge of the Earth’s geoid (Castruccio et al., 2008; Rio et al.,
2013), more advanced techniques will increase the resolution of the
MDT and include more accurate details of the ocean circulation (Knud-
sen et al., 2019). Additionally, enhancing in situ measurements are also
essential for refining the accuracy of the MDT (Rio et al., 2011). While
the first deployments of Argo floats with Argos antenna were strongly
sensitive to the equatorial divergence (Gasparin et al., 2015), recent
deployments of floats equipped with Iridium antenna may be of great
interest. Although the accuracy of the MDT will progress over time,
this study demonstrates that error statistics of the MDT is important
for operational systems. As mentioned in Section 2.1, the MDT and
SLA errors are estimated by the Desroziers method at a scale of about
150 km, which is consistent with altimetric information. However,
Fig. 8 shows that there is larger scale bias (of the order of 10◦ of
ongitude) which is not considered in the current approach. Further
ork is needed to estimate the error and bias jointly, rather than using

he Desroziers non-bias hypothesis.
14
This analysis ends up pointing out the key role of the MDT during
he assimilation procedures of altimetry in the Mercator Ocean system.
owever, it is important to mention that our conclusions do not hold

n other operational systems assimilating only T/S profiles with similar
ssues (While et al., 2010; Park et al., 2018b). The question of why the
ssue is not seen in AssimTS is a reasonable one. We argue that, by
ntroducing a supplementary force in the prognostic model equations,
he IAU reduces the imbalance between the pressure gradient force and
he atmospheric forcing, as shown in the North Atlantic due to an initial
DT bias lower than 2 cm (Benkiran and Greiner, 2008; While et al.,

2010). Thus, this study demonstrates that the IAU is not sufficient in
the tropical Pacific where the MDT bias can reach 7 cm over more
than 3000 km. However, we hope that our study will stimulate other
careful diagnostics of the physics to help better understand the causes
of the vertical velocity biases that may differ from the Mercator Ocean
system. As demonstrated here, this goes through a better understanding
of the physics and biogeochemistry in the equatorial Pacific and in situ
observations from the Tropical Pacific Observing System (TPOS) will
strongly contribute to it.

Several follow-on aspects of TPOS that are fundamental for physical–
BGC models are pointed out by the present study. Velocity measure-
ments in the surface and subsurface layers are unique information for
data assimilation systems because they are not assimilated and consti-
tute independent data sets for assessing and improving the representa-
tion of the ocean circulation by physical models. BGC measurements
along the water column from Argo floats are also strongly required to
evaluate, improve, and eventually, assimilate it into models. While the
ocean color dataset is commonly assimilated in BGC models (Ford et al.,
2018), significant work is needed for assimilating BGC floats.

Our objective has been to quantitatively assess the capabilities of
the physical–BGC model in the tropical Pacific, and to provide some
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Fig. 13. (a) Time series of ocean heat content (OHC, 0–300 m) in the central-
astern tropical Pacific, 170E–100 W, 12S–12N) from Argo, AssimTS and AssimALL
olutions deduced from the sum of the time-integrated advection and incremental terms
f Eq. (2). (b) OHC differences between AssimALL and AssimTS (thick black line), and
ssimALL and Argo (thin black line) from (a) in black, and reconstructed by time-

ntegration of the sum of advection, net heat flux and incremental terms of Eq. (2) in
ed. For comparison, AssimALL-minus-Argo is shown in thin black line.

lements to the evolving design of the TPOS (Smith et al., 2019).
This integrated vision from physical–BGC models illustrates that the
contribution of ocean observations for ocean models should thus be
evaluated by its direct impact on systems evaluation and data assim-
ilation, but also by its indirect impact through the MDT, that can
be equivalent (Balmaseda and Anderson, 2009). Finally, this study
demonstrates that looking into details of the physics is indispensable to
improve physical data assimilation systems, to better understand their
relationship with BGC models and to ensure that they make the best
use of oceanic observations.
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