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The link between surface and
sub-surface chlorophyll-a in
the centre of the Atlantic
subtropical gyres: a comparison
of observations and models
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and Andrew Yool3

1Plymouth Marine Laboratory, Plymouth, United Kingdom, 2Centre for Geography and Environmental
Science, University of Exeter, Penryn, United Kingdom, 3Marine Systems Modelling, National
Oceanography Centre, Southampton, United Kingdom
Satellite observations have given us a clear idea of the changes in chlorophyll in the

surface ocean on both a seasonal and interannual basis, but repeated observations at

depth aremuch rarer. The permanently-stratified subtropical gyres in the Atlantic are

highly oligotrophic, with most production centred on a deep chlorophyll maximum

(DCM) just above the nitracline. This study explores the variations in this feature in the

core of both gyres, considering both seasonal and interannual variations, and the

linkages between changes at the surface and sub-surface. The in situ observations

come from the Atlantic Meridional Transect (AMT), a long-running UK monitoring

programme, and also from biogeochemical Argo floats. AMT provides

measurements spanning more than 25 years directed through the centres of

these gyres, but samples only 2 to 4 months per year and thus cannot resolve the

seasonal variations, whereas the profiling floats give coverage throughout the year,

but without the rigid spatial repeatability. These observational records are contrasted

with representation of the centres of the gyres in two different biogeochemical

models: MEDUSA and ERSEM, thus fulfilling one of AMT’s stated aims: the

assessment of biogeochemical models. Whilst the four datasets show broadly the

same seasonal patterns and that the DCM shallows when surface chlorophyll

increases, the depth and peak concentration of the DCM differ among datasets.

For most of the datasets the column-integrated chlorophyll for both gyres is around

19 mgm-2 (with the AMT fluorescence-derived values being much lower); however

the MEDUSA model has a disparity between the northern and southern gyres that is

not understood. Although the seasonal increase in surface chlorophyll is tied to a

commensurate decrease in concentration at depth, on an interannual basis years

with enhanced surface levels of chlorophyll correspond to increases at depth.

Satellite-derived observations of surface chlorophyll concentration act as a good

predictor of interannual changes in DCM depth for both gyres during their autumn

season, but provide less skill in spring.

KEYWORDS
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1 Introduction

The patterns of ocean productivity are set by physical processes

and chemical resources. The Earth’s orbit around the sun and thus

the changing solar zenith angle produces an annual cycle in the

main forcing terms: solar irradiance (SI) incorporating both

photosynthetically available radiation (PAR) and the infra-red

components that raise sea surface temperature (SST), increase

stratification and, as shown by Levitus (1982), lead to a

shallowing of the mixed layer depth (MLD). There is, of course, a

daily cycle of heating and night-time cooling, with the latter

creating convectional mixing at the top of the water column that

disperses those plankton that exist there throughout a seasonal

mixed layer. Whilst coastal and well-mixed high-latitude seas have a

plentiful nutrient supply, large regions in the tropics are

permanently stratified leading to nutrient depletion in the surface

waters. This unique environment, controlled by both growth and

loss (grazing) processes, leads to low surface concentrations of

phytoplankton, with a vertical profile marked by a deep

chlorophyll-a maximum (DCM). In this region light levels are

very low (typically of order ~1% of that at the surface), but there

is sufficient supply of the essential nutrients from a reservoir below.

Since growth rates of phytoplankton are fast (doubling time of the

order of 1 day), these population profiles must usually be

considered as in a quasi-steady state, balancing predation and

other loss terms against individuals’ reproduction, noting that the

conditions of light and nutrients at the DCM are able to support a

larger standing stock of phytoplankton.

Within the Atlantic there are two main oligotrophic regions

corresponding to the centres of the northern subtropical gyre

(NSTG) and the southern subtropical gyre (SSTG). Each of these

gyres occupies about 5% of the Earth’s surface (Aiken et al., 2017),

and although low in surface chlorophyll-a they are an important

area for research as they may contribute significantly to carbon

drawdown. Furthermore, several climate change predictions suggest

greater stratification for larger areas of the Earth’s subtropical

ocean, so those ecological implications need to be assessed. This

study examines the seasonal and interannual variations in the DCM

within these gyres, taking particular advantage of the Atlantic

Meridional Transect (AMT) programme, which has provided in

situ measurements spanning more than two decades. Our goal is in

line with a core aim of AMT to provide essential data for global

ecosystem model development and validations (Rees et al., 2015).

As the timing of these cruises has been tied to the resupply of the

UK’s Antarctic bases e.g. Rothera, the cruises have mainly been in

September/October to November and in April to May/June (see

Figure 1). As the dynamics of the NSTG and SSTG may be

somewhat different, we keep the analyses for these two regions

separate and are thus considering four seasonal “modes”:
Fron
• Boreal spring (northward leg through NSTG) when PAR

and SST are increasing

• Austral autumn (northward leg through SSTG) when PAR

and SST are declining

• Boreal autumn (southward leg through NSTG) when PAR

and SST are declining
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• Austral spring (southward leg through SSTG) when PAR

and SST are increasing
These analyses are augmented by profiles from biogeochemical

(BGC) Argo floats, which do not provide spatially homogeneous

coverage, but allow us to look more clearly at seasonal variations.

Additionally we look at output from two numerical biological

models to assess how well they replicate the seasonal changes in

the DCM, and whether they can give us insight into the causal

connections between changes in surface and sub-surface properties.

The aim of this paper is to look at the connectivity between

surface manifestations of chlorophyll and the developments at the

deep chlorophyll maximum, using both in situ and model data.

Surface chlorophyll affects distribution below, as it modifies the

light penetration at depth. There are clear seasonal variations,

because of the annual cycles in forcing, but the challenge is

whether sub-surface interannual variations can be inferred from

observing the surface only.
2 Data

In this paper, we focus on the use of chlorophyll as an indicator

of phytoplankton biomass. This follows standard biological

oceanography practice, as it is an easily recorded consistent

measure with global standards (see Table 1 of Sathyendranath

et al., 2023) and is also one of the currencies used by most

biological models, including the two that we had access to for this

paper. However, a number of factors do affect the reliability of this

measure of plankton biomass along the vertical dimension,

including changes in plankton community structure and

photoacclimation, viz. phytoplankton’s change in Chl-a content

per cell in response to light saturation/starvation (Cullen, 1982;

Kitchen and Zaneveld, 1990).

This paper makes use of two sources of in situ data, and output

from two different biogeochemical models, plus satellite observations

to give the wider context. Note that the in situmeasurements detailed

in these first two sub-sections are strictly measurements of

chlorophyll-a (hereafter denoted Chl-a), both monovinyl and

divinyl forms, as they respond to the fluorescence associated with

those specific molecules, whereas the fields in the models refer to total

chlorophyll (i.e. model fields do not differentiate between the different

types of chlorophyll pigment). High Performance Liquid

Chromatography (HPLC) for these core regions within the Atlantic

gyres indicates that the concentration of Chl-a exceeds that of other

chlorophyll molecules (e.g. Chl-b and Chl-c) by almost a factor of ten

(Aiken et al., 2017). Furthermore these HPLC measurements showed

good agreement with satellite (SeaWiFS) data, suggesting it is

reasonable to intercompare these subtly different measurements.
2.1 Cruise data from the Atlantic Meridional
Transect programme

The AMT programme provides long-termmonitoring of changes

in the whole of the Atlantic Ocean by surveying physical and
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FIGURE 1

Timelines of the AMT cruises, showing that up to 2006 there were equal numbers in each half of the year, but since then cruises 18-29 have all
been southbound (boreal autumn; austral spring). [Image based on Figure 2 of Aiken et al. (2017)].
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biological properties in the Atlantic Ocean on a roughly yearly basis.

The AMT programme has been operational since 1995, and makes

use of the need for an Antarctic supply vessel to travel from the UK to

the research bases, for example, at Rothera on the Antarctic

Peninsula. This endeavour is unique in its scope of sampling a

wide range of Longhurst provinces ranging from productive coastal

waters to the centre of the oligotrophic gyres. Much of the section is

along the 25˚W meridian, but there are variations from year to year

according to other scientific or logistical needs. In particular, the

route used in the 1990s stayed close to Africa in the northern

hemisphere, but was adapted to sample better the NSTG from

2003 onwards (see Figure 1 of Rees et al., 2017).

Each cruise incorporates many CTD (conductivity-temperature-

depth) stations, where along with those three essential measurements

of physical properties, there are other chemical or biological profiles

taken using fluorometers, light sensors and assays of chemical

constituents. Here we make use of the estimated chlorophyll-a

concentration obtained by a fluorometer attached to the CTD frame.

Although efforts are made to calibrate the fluorometer for each cruise, it

was noted that in some cases the value at depth was distinctly different

from zero. In this paper our focus is on the permanently-stratified

oligotrophic gyres, where interannual changes may be small. Data from

a number of the earlier cruises are omitted due to concerns about the

calibration of the fluorometers. For the remaining ones the average

over 250-300 m is calculated and removed from all other

measurements, assuming it to be a fluorometer measure of detritus

or dissolved substances and/or a calibration error.
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The majority of cruises have been on the southbound route to

Antarctica during the period September to November; these cruises

measured the NSTG during boreal autumn and the SSTG during

austral spring. However, in the first phase, several cruises were done

on the return leg heading northbound to the UK in April to May,

thus sampling the SSTG in austral autumn and the NSTG in boreal

spring. A clear depiction of the periods sampled is shown in

Figure 1). In our analysis, these two sets of cruises are kept

separate, so that we assess the variations in Chl-a profile in the

oligotrophic gyres through four different modes: NSTG in boreal

spring and autumn, and SSTG in austral spring and autumn.

Although one might expect some similarities in behaviour for the

northern and southern hemispheres, the currents bounding them

do differ e.g. the NSTG will contain some waters from the deep

Mediterranean outflow, whilst the SSTG is traversed by Agulhas

Rings carrying Indian Ocean water (Nencioli et al., 2018). There are

also hemispheric differences in the availability of dissolved organic

nitrogen (Clark et al., 2022). Smyth et al. (2017) also illustrate the

differences in seasonal forcing for these two gyres. The AMT

observations thus allow us some insight into annual variations

albeit from just two seasons of the year.
2.2 BGC-Argo profiling floats

Argo profiling floats have been providing temperature and

salinity data in the world ocean for approximately 20 years (Wong
frontiersin.org
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et al., 2020), with the target of 3000 floats sampling every 10 days

reached in 2007. Biogeochemical (BGC) sensors have been added to a

small but growing number of floats, but their deployment and

operation has been driven more by individual research projects,

rather than the aim of establishing quasi-global coverage. Therefore

there may be a series of floats in one region with frequent (daily or

sub-daily) sampling, whilst others regions have had few floats. We use

here the data-field termed “CHLA_ADJUSTED” as Roesler et al.

(2017) have pointed out that the data from the factory calibration

typically lead to an overestimate of the amount of chlorophyll by a

factor of two on average. We also make some correction (see below)

using the estimated Chl-a values at depth. In the present work we

have considered measurements representative of the SSTG if they are

within 5˚ longitude and 5˚ latitude of 25˚W, 20˚S and have a surface

chlorophyll value less than 0.1 mg m-3, with a similar-sized box

around 38˚W, 24˚N for the NSTG. There are profiles in these regions

for all years since 2012 (see Figure 2), but not always in all seasons.

As the floats are generally not recovered and recalibrated, there

can be issues with a drift in performance, especially for fluorometers.

Thus, similar to the approach for the AMT CTDs, we consider the

mean derived Chl-a concentration in the interval 251-300 m as a base

value to be subtracted from the rest of the profile. Although in some

regions, such as near the Equator there may be falling detritus, higher

concentrations of dissolved substances and downwelling of plankton

leading to significant real values at depth, we assume this is not the

case within these gyres. If the base value is outside the range [-0.05,

0.05] mg m-3 the data are discarded on the assumption that a linear

adjustment may no longer be valid.
2.3 NEMO/MEDUSA model

MEDUSA (Model of Ecosystem Dynamics, nutrient Utilisation,

Sequestration and Acidification) is an intermediate complexity

biological model (Yool et al., 2011) that has been embedded in the

physical model NEMO (Nucleus for EuropeanModelling of the Ocean,

Madec and NEMO team, 2015). This configuration of NEMO is a

global model with 75 vertical layers, with a thickness of ~1 m at the

surface and ~14 m at 130 m (the mean depth of the DCM in this

model). The horizontal resolution is 1/12˚, allowing realistic

representation of eddies and currents (Quartly et al., 2013). The

marine biogeochemistry component used here, MEDUSA, is

“intermediate complexity”, with a dual size-class nutrient-

phytoplankton-zooplankton-detritus (NPZD) structure. The plankton

are described as two size classes, with “small” representing prokaryotic

phytoplankton and protistan zooplankton, and “large” encompassing

eukaryotic phytoplankton – specifically diatoms – and metazoan

zooplankton. These different plankton functional types (PFTs)

produce small, slow-sinking and large, fast-sinking detritus particles

with separate remineralization pathways and profiles. Together with

dissolved components, the model represents the biogeochemical cycles

of nitrogen, silicon, iron, carbon, alkalinity and oxygen. This
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“intermediate complexity” requires only 15 model tracers, facilitating

MEDUSA’s use in simulations of long duration or high resolution (as

here). A full description of the model is given in Yool et al. (2013). This

has meant that it was one of the first biological models that could be

implemented on high-resolution global models spanning

several decades.

We obtained model output at 5-day intervals for two locations

in the Atlantic, corresponding to the two subtropical gyres. The

fields provided comprised both diatom and non-diatom

chlorophyll; for these locations the latter category had values

typically an order of magnitude greater than that for diatoms. In

this work we just sum the two components together to give a

measure of chlorophyll, similar to the undifferentiated values from

the other sources, and do not discuss the particular PFTs. The

model output was provided over a 25x25 pixel array centred on the

chosen location; the majority of our analysis simply utilises the

values at the central points (typical of the point sampling by AMT

and BGC-Argo), but the appendix does explore the issue of

spatial variability.
2.4 ERSEM model

For comparison, we obtained data from a special run of the

ERSEM (European Regional Seas Ecosystem Model). This was a 1-

D simulation of the SSTG, with the model forced by air

temperature, wind stress, atmospheric pressure, cloudiness,

humidity and surface values of PAR (photosynthetically available

radiation). Physical processes such as heating and mixing were

controlled by the General Ocean Turbulence Model (Burchard

et al., 1999), but there was also assimilation of temperature

profiles from the Smith and Haines (2009) reanalysis to make

some allowance for physical features migrating through the

domain – see Hardman-Mountford et al. (2013) for further

details. This is a more complicated model than MEDUSA,

encompassing eight different phytoplankton functional types (4

phytoplankton, 3 zooplankton and heterotrophic bacteria to

facilitate the decomposition). Accounting is done for separate

reservoirs of carbon, nitrogen, silicon, phosphorous and

chlorophyll, so the model is able to accommodate species and

processes that are not bound by the classical Redfield ratios that

summarise the bulk concentrations of these constituents in the

ocean. Consequently, this allows the recycling of detritus in the

water column to vary according to the actual carbon-nitrogen-

phosphorous proportions (Baretta et al., 1995). However, the

ERSEM model was developed for European shelf seas (Hardman-

Mountford et al., 2013), rather than the relatively unproductive

Atlantic gyres.

The run of the model was from Jan 1995 to Aug. 2007, with

daily files produced, but here we use the summary output available

every 7 days. The data from the first year showed strong spin-up

effects, so are ignored here.
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2.5 Satellite observations

We also make use of satellite observation of surface Chl-a

concentration, as these can provide context for the in situ

measurements of AMT and BGC-Argo. The dataset we use is

CCI v6.0, a merged compilation of measurements from all

available ocean colour sensors, produced by Plymouth Marine

Laboratory under the auspices of the Climate Change Initiative

project (Sathyendranath et al., 2019). These data span from Sept.

1997 onwards, reflecting the period of continuous ocean colour

coverage. The dataset we use contains 5-day composites at a

resolution of 1/12˚, which we then average to 0.5˚ resolution and

apply a little temporal smoothing to minimise gaps due to persistent

cloud. Data were extracted for 20 complete years (1998-2017).

The periods of data utilised for the various datasets do not fully

coincide (see Figure 2); we are not aiming to study individual events

in detail, but rather look at the dependencies between surface and

sub-surface properties in both models and observations, noting

common themes.
3 Seasonal and interannual variations

3.1 Selection of in situ data

Most of the AMT cruises went close to 20˚S, 25˚W, so all

stations within 4˚ latitude of this point and with a surface Chl-a less

than 0.1 mg m-3 were used. There was greater variation in the routes

in the North Atlantic, with 38˚W, 24˚N being chosen as the

nominal point with a similar latitudinal span around it used.
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Although the core Argo float array has been operational for

nearly 20 years with quasi-uniform coverage, the deployment of

BGC-Argo floats is much more heterogeneous, as the focus to-date

has been more on the particular research interests of the relevant

institutions than on creating a spatially balanced array. Thus

although the BGC Argo floats provide measurements throughout

all seasons of the year, the extent of the “area of interest” was

extended slightly (to within 5˚ of nominal location) in order to

obtain sufficient profiles for meaningful statistical analysis. However

we also include the constraint that the BGC-Argo’s surface Chl-a

value should be less than 0.1 mg m-3 to ensure that float profiles on

the edge of the gyres are not included.
3.2 Depth of DCM

The AMT CTD stations and BGC Argo profiles provide

measurements with a vertical resolution of a few metres or less; as

these are noisy due to the inherent challenges in recording

fluorescence, some smoothing is applied in the vertical dimension.

On the other hand, there is no such high-frequency depth variation in

the model values, as these are assigned uniform chlorophyll values

within cells of order 10-20 m high. To achieve a more precise

determination of the depth of the sub-surface chlorophyll

maximum, we fit a parabola to the five depth cells spanning the

peak (see Figure 3) and use the location of the apex to define our best

estimate of the location of the deep chlorophyll maximum.

Figure 4 shows the chlorophyll concentration data for the SSTG

from the ERSEMmodel. It is clear that the values at the DCM are an

order of magnitude greater than at the surface, and that strong
FIGURE 2

Time span of the various datasets. The AMT cruises occur in Apr-May or Sept-Nov, with a tendency in the last 15 years for observations in the latter
period as the ship heads southbound to supply the Antarctic bases. However, not all cruises make measurements in the NSTG or SSTG, depending
on their route. The BGC-Argo data are very heterogeneous, according to the research interests of the institutions deploying them; tallies of profiles
in NSTG and SSTG are only shown here for Apr-May and Oct-Nov for comparison with AMT. The model and satellite (CCI) data are continuous and
uniform, with the coloured lines simply indicating the extent of these various datasets.
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seasonal variations can be seen in both the depth of the DCM and in

the concentration at the surface, with peak surface concentrations in

May-June, although with significant interannual variation. The total

column-integrated chlorophyll shows much weaker seasonal
Frontiers in Marine Science 06
variations, with the annual modulation of the total being only

about ±5% of the mean. A slight minimum occurs at the middle of

the year, which is when the surface signature is strongest. However,

that does not necessarily imply a causal connection, as the total
A B

FIGURE 3

The precision of the depth of a model’s Deep Chlorophyll Maximum is improved by fitting a parabola to the values for the 5 layers bracketing the
largest value. (A) The complete profile over 500 m. (B) Zoom in on the peak, with the derived depth of the peak shown by the pink asterisk.
(Example is from MEDUSA’s representation of SSTG).
A

B

C

FIGURE 4

Variations in chlorophyll concentration at the SSTG within the ERSEM model. (A) Value in the surface layer, (B) Total column-integrated chlorophyll,
(C) Value in each depth bin, showing the variation in depth of the DCM peak (highlighted by the solid white line).
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chlorophyll could be responding to many different factors having a

seasonal variation.
3.3 Seasonal variations

Figure 5 shows the differences in mean values and seasonal

variation for the various in situ datasets and for the numerical

models. Although numerical biogeochemical models perform well

at getting the broad patterns of surface chlorophyll variation correct

(e.g. Figure 11 of Yool et al., 2011), it is often challenging to get the

magnitudes correct. This is particularly the case at the extremes

(highly productive and oligotrophic regions).

The surface chlorophyll concentration shows strong seasonal

modulation for all the continuous datasets (both CCI and models),

with that for the NSTG peaking in February-March and the SSTG

reaching its maximum sometime between June and August. This

agrees with prior satellite analysis by McClain et al. (2004) and

Aiken et al. (2017). The timing of the AMT cruises puts them

outside these periods of maximum surface chlorophyll, implying

the cruises are not suitable for a detailed seasonal examination;

however it does also mean that two or three weeks difference

between the time of year of various cruises should not lead to

apparent interannual variation.

The SSTG surface bloom for ERSEM occurs three months

earlier than in MEDUSA, and also lasts longer. That evidenced by

the satellite data has a peak slightly earlier than in MEDUSA and a

much longer duration than in either model. A similar picture is seen

for the NSTG: the heightened chlorophyll values in the CCI dataset

peak a month earlier than in MEDUSA and have a longer duration.

The temporal pattern revealed by BGC-Argo matches well that of

CCI, but both in situ sources (AMT and Argo) have much lower

values. This is possibly due to non-photochemical quenching,

which is discussed later.

When considering total chlorophyll in the water column we note

that there is no clear pattern. The two models disagree in the

magnitude of the total for the SSTG by a factor of two, although

both show slightly higher values for March-May (autumn) than for

July-August (winter), so there is slightly less in total when values are

higher in the surface layer, confirming this anti-correlation in

seasonality noted by Hardman-Mountford et al. (2013). This pattern

is clearer for MEDUSA’s representation of the NSTG, with ~20%more

total chlorophyll outside the peak months for surface chlorophyll.

The values from BGC-Argo floats are of a very similar

magnitude to those produced by the models, with the Argo-

derived values at SSTG matching the seasonal variation shown by

ERSEM and those for the NSTG being close to those for MEDUSA.

However, that model has much lower values for the SSTG, which

appear to be roughly matched with AMT values at both sites. All the

datasets with year-round coverage show total chlorophyll to be at its

smallest during the winter period for that site.

Finally, we consider the seasonal variations in the depth of the

DCM. The value at any particular time may not fully reflect the state

of the ecosystem, as physical features (e.g. eddies or internal waves)

may raise or lower the level quite considerably. However, we use
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point values for DCM depth from the model rather than some large-

scale average (see Appendix) because the in situ measurements are

discrete point measurements. Figure 4 showed that for the SSTG

ERSEM had a regular gently varying DCM depth; this translates into

a smooth climatological signal varying around 100 m (Figure 5C),

with a decrease at the time of the peak surface concentrations (typical

of 1-D simulations). MEDUSA has a much wider variation of values,

due to the physical features passing through, but on average the depth

at the SSTG is much deeper (130-140 m). The decreases in DCM

depth in MEDUSA both coincide with increased surface values. For

the SSTG, the BGC-Argo profiles show a seasonal variation matching

ERSEM, but with typical depth values agreeing with MEDUSA;

Argo’s DCM depth variation for the NSTG is, as might be

expected, roughly the reverse of that for the SSTG, whereas the

MEDUSA variation is more complicated and less clearly linked to

surface changes.
3.4 Interannual variations

Within the climatological means illustrated previously there is

often a great range of individual values. Figure 6 shows probability

distribution functions (p.d.f.) of the depth of DCM and the total

columnar chlorophyll. In this case, data are shown separately for the

two seasons for which AMT observations exist. As noted before

ERSEM shows a shallower DCM than the other datasets, but does

agree that for the SSTG the DCM is generally slightly higher in

austral autumn than in spring. AMT and BGC-Argo also show a

slightly higher DCM for NSTG in boreal autumn than in spring, but

this is not the case for MEDUSA. In MEDUSA both spring sets of

observations show a pronounced minority of shallow DCM events,

possibly related to passing physical features having advected

nutrients up from deeper layers (but also note the issue of spatial

variation discussed in the Appendix).

When considering the p.d.f.s of total chlorophyll (second row of

Figure 6) we note that there is a large variation in the values.

MEDUSA for SSTG and AMT for both sites yield values of order 10

mg m-2, but MEDUSA for NSTG and ERSEM and ARGO estimate

the totals as of order 20 mg m-2. The spring/autumn variation is

weak, with AMT and MEDUSA datasets showing increased values

for both regions during Oct-Nov compared with Apr-May, whereas

ARGO shows the reverse and for ERSEM the distributions for the

two periods are similar. However the periods under consideration

represent the transition times at the end or start of the peak surface

chlorophyll period, and so the relative change between Apr-May

and Oct-Nov is sensitive to when the surface values intensify in

these datasets. We also note that the AMTApr-May sections mainly

occurred early in the programme, whereas Oct-Nov transects have

taken place more evenly throughout the AMT programme

(Figure 1), so the seasonal difference noted for AMT may

partially reflect an increasing trend in surface chlorophyll noted

in Figures 15 and 16 of Aiken et al. (2017).

Table 1 summarises the statistics describing the chlorophyll

profiles in all four datasets. ERSEM has a much larger amplitude

for the DCM peak than the other datasets; however as it’s DCM is
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typically shallower and less wide than in the other datasets, it returns

a total chlorophyll value in line with most of the others. The seasonal

change in amplitude of peak chlorophyll is generally opposite to that

of the width of the DCM, so that the total chlorophyll has a weaker

variation than either (see Figure 5B). Aiken et al. (2017) show output

from the biological model of Brewin et al. (2017), which also gives

values of total chlorophyll in the middle of the gyres of around 22 mg

m-2, with a seasonal variation of only ~5%.
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3.5 Significant connections?

A great many physical and biological properties exhibit a

seasonal cycle so that significant correlations may be found,

especially with the assumption that one value may lag another by

several weeks. However, no causal connection should be inferred

because each may be responding to different solar-related drivers

e.g. cloudiness, sea temperature, windiness etc. However if we
FIGURE 6

Probability distribution functions of (top row) depth of DCM (second row) total chlorophyll. The same colour legend applies to all panels. [The
binning intervals are 20 m in depth (top row) and 2 mg m-2 for total chlorophyll (bottom row), with “fraction of time” indicating that all histograms
are normalized to unity].
A B C

FIGURE 5

Seasonal variations in the various datasets. (A) chlorophyll concentration in the surface layer, (B) Total column integrated chlorophyll, (C) Depth of
DCM. In all cases the solid line shows observation for the SSTG and the dashed line for the NSTG. The satellite (CCI) dataset only provides surface
measurements, and the AMT data are simply shown as averages over the two distinct periods when the transects took place.
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TABLE 1 Characteristics of the NSTG and SSTG chlorophyll profiles derived from the various datasets.

Gyre (Time) N Surf Chl (mg
m-3)

Peak Chl (mg
m-3)

DCM depth (m) DCM width (m) Total Chl (mg
m-2)

AMT N (Apr-May) 19 0.003 0.10 128 62 7.0

S (Apr-May) 13 0.009 0.10 141 67 7.5

N (Oct-Nov) 56 0.011 0.14 114 79 9.8

S (Oct-Nov) 65 0.003 0.17 156 56 10.1

BGC-Argo N (Apr-May) 129 0.018 0.29 132 44 19.3

S (Apr-May) 214 0.017 0.27 132 50 19.4

N (Oct-Nov) 190 0.034 0.24 111 61 18.2

S (Oct-Nov) 330 0.010 0.29 149 52 18.9

MEDUSA N (Apr-May) 216 0.05 0.18 100 57 16.5

S (Apr-May) 229 0.009 0.10 143 68 8.5

N (Oct-Nov) 204 0.02 0.31 119 51 18.6

S (Oct-Nov) 216 0.003 0.06 148 74 7.8

ERSEM S (Apr-May) 78 0.012 0.53 99 27 20.0

S (Oct-Nov) 69 0.009 0.61 102 25 19.5

A median is given as that is insensitive to extreme values calculated from anomalous profiles. N details the number of observations used, but they are not all independent, being in some cases
successive CTDs in a cruise or profiles of a float or model profiles at short time separation. The width (computed as full width at half maximum, FWHM) is a measure of the depth range of the
deep chlorophyll maximum for each profile, rather than a measure of the uncertainty in the depth of the maximum.
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consider anomalies from the average for that time of year, then it

may be more significant if some extreme of a surface value presages

the variation at depth.

In Figure 7 we examine the co-occurrence of anomalies in

surface chlorophyll with those in total chlorophyll or depth of

DCM. The colour scheme reflects the four different sampling

regimes, since the connection may not be the same for all such

“modes”. Firstly we note that there is a great deal of scatter – once

the regular seasonal variations are removed, there are potentially
Frontiers in Marine Science 09
many causes for the weaker remaining variations, so that a

connection between anomalies in surface and sub-surface

properties will be much weaker. Conversely a unique event in the

MEDUSA representation of the NSTG for Oct-Nov produced large

anomalies in various properties leading to a significant correlation

value without necessarily being indicative of a causal relationship

occurring throughout the rest of the time series.

Assigning confidence intervals to these correlations is

challenging, as consecutive CTD casts or Argo profiles will not
FIGURE 7

Correlation of anomalies in surface chlorophyll with values at depth, with no lag. The plot compares behaviour at NSTG and SSTG for the two parts
of the year sampled by AMT. MEDUSA’s anomalies for the NSTG in Oct-Nov are dominated by one large event in the 18-year time series.
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be independent, so instead here we look for common themes

spanning various datasets or common to both gyres for the

same season.

Regions with enhanced upwelling tend to have lower SST but

higher surface chlorophyll, due to nutrient supply, leading to

negatively correlated spatial patterns of these two properties.

Figure 8 shows that the year-to-year variation in these two

surface terms are also usually negatively correlated, which would

be consistent with changes in mixing affecting these two aspects

coherently. However this is not borne out for AMT sampling of the

NSTG. We hypothesise that this may be due to the wide variation in

the route traversed in the northern hemisphere, especially during

the first decade that provided most of the Apr-May transects. Thus

a variation in the locations being compared may be the cause of the

positive correlation noted between SST and surface chlorophyll.

Similarly warmer than average SST tends to be associated with a

shallower MLD and so a negative correlation, with the exception

also being in the behaviour noted for the AMT observations of

the NSTG.

Continuing on to the sub-surface biological properties we note

that both models show a strong negative correlation between amount

of surface chlorophyll and the depth of the DCM. This is as expected

due to increased surface chlorophyl reducing the amount of PAR

reaching depth. However, this expectation is not borne out by the

AMTmeasurements of one of the modes (SSTG in Apr-May), which

instead shows a high positive correlation. The surface chlorophyll

value is generally positively correlated with the columnar total,

however for the SSTG in Apr-May three of the datasets (AMT,

Argo and ERSEM) agree that the correlations are close to zero.

With regards to the overall pattern of correlations shown in

Figure 8, there is a good correspondence between those for MEDUSA

and ERSEM. Both are, of course, numerical models and thus can only

show patterns corresponding to the result of those biogeochemical

interactions that have been modelled. However they are very different
Frontiers in Marine Science 10
models, with MEDUSA being a full 3-D fine resolution grid with

features being advected through and ERSEM being a 1-D

implementation of conditions in the SSTG, but with more nuanced

biological components. The analysis of the AMT data shows some

agreement with that from analysing the models, but there are many

differences. These could be due to the real world having interannual

variations in forcing conditions or biological interactions not

simulated in the models; however it could also be partially due to

the Apr-May occupations being principally in the first half of the

period analysed in the models and there also being much spatial

variation in the tracks occupied then, so complicating the calculation

of anomalies in various properties.
3.6 Delayed response?

In winter PAR is lowest, and the reduced light flux to the DCM

results in reduced growth of phytoplankton there. Consequently the

nutrient gradient enables more nutrients to be entrained into the

sub-surface mixed layer above the DCM, increasing chlorophyll

values near the surface. A positive feedback can be established, with

the increased chlorophyll production at the surface further reducing

light flux to the DCM and so enhancing surface production. As the

seasons progress from low-light winter to spring the higher PAR

flux penetrates to the DCM, increasing chlorophyll production

there and cutting down the nutrient flux to the surface. [Letelier

et al. (2004) note that for the NSTG in the Pacific, the isolumes

(contours of equal illumination) are displaced by as much as 31m

between winter and summer].

For the biological response, the chlorophyll signal at depth may

possibly lag behind the changes at the surface, if there is vertical

variability in growth and loss rates between layers. Alternatively, if

most of the anomalies (relative to the average for that time of year)

are due to mesoscale features advecting through, then the changes at
FIGURE 8

The correlation between various properties calculated using anomalies relative to the mean for that time of year. The values analysed comprise two
surface properties (surface chlorophyll and SST) and three sub-surface values (MLD, total chlorophyll and depth of DCM), with the colour indicating
the correlation. Analysis is for both gyres and the two periods sampled by AMT (with Apr-May above the diagonal line and Oct-Nov below it).
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surface and depth are likely to be coherent. To investigate these

issues we explore the correlation between anomalies in surface and

sub-surface features, looking at lags of the order of weeks.

For the AMT sub-surface measurements there are no in situ

samples a few weeks prior to the CTD casts, so the AMT estimates

of the DCM have to be contrasted with earlier satellite observations

of the surface from the CCI project (Figure 9). These satellite-

derived products have been well-validated on AMT (Brewin et al.,

2016; Tilstone et al., 2021). The dataset being used provided 5-day

composites every 5 days, so we investigate lags from 0 to 25 days.

The MEDUSA model had a time step of 5 days and ERSEM was at

steps of 7 days, so these were used in the lag analysis. Only positive

lags were considered, as we do not expect the sub-surface changes to

lead those at the surface.
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Figure 10 shows the results of the lag analysis, indicating to what

degree prior information on surface chlorophyll concentrations could

be used to predict either total depth-integrated chlorophyll or the

depth of the DCM. For total chlorophyll. the correlations are of order

±0.25. MEDUSA shows similar patterns for NSTG and SSTG, with a

negative response in Apr-May peaking at ~15 days, whilst there is a

positive correlation in Oct-Nov that is maximum at zero lag. This is

surprising given these periods correspond to different community

growth/decline conditions at the two sites. For the SSTG, ERSEM also

shows a positive correlation but peaking at ~14 days.

Larger correlations are noted for the DCM depth and they are

nearly all negative. One particular point of interest is the low

correlation for AMT with in situ measurements of surface

chlorophyll, but high correlations (approaching -0.8 for autumn)
FIGURE 10

Lagged correlations of total chlorophyll and depth of DCM against surface chlorophyll measurements for all datasets (AMT, MEDUSA, ERSEM) on the
same axes. Dashed lines and cross are for Apr-May and solid lines and circle are for Oct-Nov.
FIGURE 9

Time series of surface chlorophyll concentration at the SSTG observed by CCI (in blue) and AMT estimates of total chlorophyll (in dark red). Both
datasets are expressed as anomalies relative to the mean value for that time of year, with 4 or 5 independent CTDs taking place within the specified
region for each cruise. Note both datasets cover 2001-2020, with this panel simply providing a zoom to show the details.
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when compared with satellite-derived chlorophyll. The low values

for the in situ comparison are probably due to non-photochemical

quenching i.e that plankton in the sunlit ocean have adjusted their

chlorophyll response to dissipate excess energy and thus give a low

response to fluorometers. (More accurate values of in situ

chlorophyll can be obtained by HPLC of collected samples, but

these are only available for discrete depths).

Whilst the AMT-CCI analyses for the two gyres show similar

response for boreal and austral autumn and also for boreal and

austral spring, both models tend to show a flat response for Apr-

May for NSTG and SSTG, and a response that peaks at zero lag for

Oct-Nov. These flat responses may indicate that the DCM depth in

the models is not so much responding to the amount of surface

chlorophyll present at that time, but to the underlying

environmental conditions that have led to that year having more

or less surface chlorophyll than normal.
4 Discussion and conclusions

4.1 Seasonality observed by in situ sensors

The biogeochemical monitoring of the Atlantic through the

Atlantic Meridional Transect programme has been ongoing for

almost 30 years. There are many individual research cruises that

sample some highly productive Longhurst province during a major

bloom, but AMT is unprecedented in its deliberate inclusion of

measurements in the centre of the Atlantic’s subtropical gyres.

Although these regions are much lower in chlorophyll concentration,

they are of large expanse. Models and BGC-Argo profiles show that

there is seasonality within these gyres, with variation not only at the

surface but also at depth. However for logistical reasons the AMT

cruises have always been in April-May or October-November (with

most cruises in the last decade in the latter interval) and so the seasonal

variation cannot be easily explored from these hydrographic

measurements. On the other hand, the sampling at these times of

year better enables long-term trends to be analysed, compared with the

variation between midwinter and midsummer.

Profiles from drifting biogeochemical Argo floats offer some

insight into the seasonal variations at depth in the real ocean. For

the SSTG, there is a simple near-sinusoidal variation in the average

depth of the deep chlorophyll maximum, and in the total column-

integrated chlorophyll, with the minimum in the middle of the year

coinciding with the peak in surface chlorophyll. For the NSTG,

BGC-Argo shows a minimum in depth of DCM and in total

chlorophyll for November-February; which mirrors Argo’s

observation of surface properties, and aligns with the temporal

variation of the CCI product (Figure 5A). However the satellite

product yields values consistently higher than our in situ estimates.

HPLC measurements are usually considered as the most

trustworthy records of chlorophyll concentration. HPLC data for

3 recent AMT cruises suggest the low values in the centre of the

gyres are only about 0.04 mg m-3 (Figure 2 of Tilstone et al., 2021).

As stated in the data description (sections 2.1 and 2.2), the

chlorophyll profiles recorded by AMT’s CTD casts and the BGC-

Argo floats do not always go to zero at depths below 250 m, but have
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small values both positive and negative. This has been interpretted

here as a slight offset in the sensor calibrations and this deep value

subtracted from the whole profile. However there may be a real

small bias, where there is actually some fluorescence from detrital

particles, non-viable phytoplankton and coloured dissolved organic

matter (Xing et al., 2017). This could explain why the AMT and

Argo values for surface chlorophyll are smaller than most other

records, including the CCI data from satellites. A reduction in the

base value subtracted from each whole profile would also lead to an

increase in the columnar total. Brewin et al. (2017) also suggest that

total chlorophyll values calculated from AMT’s water samples yield

a higher value than those calculated from the fluorometer alone.

Analysis offlow cytometry data for two earlier AMT cruises showed

that the dominant plankton in such nutrient-depleted waters was

Prochlorococcus, and also showed that the DCM peak was ~0.1 mg

m-3, with its depth being deeper for the SSTG than NSTG (see

Figure 3 of Tarran et al., 2006), in keeping with our fluorometer

analysis detailed in Table 1.
4.2 Oligotrophic gyres in numerical
biogeochemical models

Although numerical biological models can readily produce the

spatial patterns of chlorophyll variation (e.g. Figure 11 of Yool et al.,

2011), as that is modulated by the physics, achieving the correct

magnitudes is more challenging. This is particularly so in low

productivity regions, where some models may implement tuning

or use non-linear loss rates in order to enable a standing stock of

phytoplankton to overwinter without dying out. There may also be

issues with supply of nutrients at the base of the mixed layer, as such

effects have to be parameterised to allow for submesoscale physical

processes that are not resolved by typical basin- or global-scale

models. Many authors (e.g. Figure 1 of Signorini et al., 2015) have

shown the regions of low surface chlorophyll and the presence of a

DCM are linked to regions with a deep nitracline, with the resupply

of nutrients from below being essential for the maintenance of these

sub-surface features.

Both ERESM and MEDUSA produce a clear sub-surface

chlorophyll maximum, but in the case of the 1-D run of ERSEM

this is well-constrained to depths in the range 90-110 m (see

Figure 4), with a peak concentration at depth of ~0.6 mg m-3,

leading to a total chlorophyll of ~20 mg m-2 (Figure 5B) that is

much higher than noted by AMT’s CTD data. The large peak values

in the DCM are partially offset by the narrowness of the sub-surface

chlorophyll peak (~25 m, see Table 1), which may suggest insufficient

vertical diffusion of nitrates in the model. ERSEM also shows the

simple seasonal variation borne out by the BGC-Argo analysis.

For the SSTG, MEDUSA produces a DCM at ~120-150 m with

a width of ~70 m (FWHM), more in keeping with the AMT and

Argo values, and its associated total chlorophyll is only 10 mg m-2,

agreeing broadly with AMT (but not Argo). For the NSTG, it has a

shallower DCM with a higher chlorophyll concentration at its peak

(0.2 mg m-3, as opposed to 0.1 mg m-3 for SSTG), leading to a

significantly higher total chlorophyll. In portraying the NSTG as

having a shallower DCM, higher total chlorophyll and higher
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surface chlorophyll than the SSTG, MEDUSA agrees with the

differences noted for both AMT and Argo.

Figure 11 of Aiken et al. (2017) show that the model of Brewin

et al. (2017) produces a DCM at a depth of 85-95 m (in keeping with

ERSEM) for both gyres, with values shallower in the winter period.

That model also gives values of total chlorophyll of ~22 mg m-2,

with peaks in the winter at the time of highest surface

concentration. The standard run of the COBALT biogeochemical

model gave DCM depths of ~85 m in NSTG and ~60 m in SSTG,

with Moeller et al. (2019) modelling grazing as a diminishing

function of light intensity in order to get depths of ~135 m i.e.

close to that observed in situ. Given their large spatial extent, it is

crucial that models are able to portray the DCM accurately.

MEDUSA appears to be one of the earliest global biogeochemical

models to get the depths correct and also the integrated total for the

NSTG. However the intensity of the peak for the SSTG is too weak –

further work should look at the factors affecting both nutrient

supply and losses in this region.
4.3 Connections between surface
and sub-surface

There are many factors that affect the strength and location of

the deep chlorophyll maximum within these gyres. Eddies

migrating through these regions may raise or lower isopycnal

surfaces, which can in turn affect the DCM. Cornec et al. (2021)

noted that cyclonic eddies can provide the conditions for enhanced

growth leading to a “deep biomass maximum”, whereas

anticyclonic eddies forcing the plankton down encourage

increased chlorophyll production within the plankton (“deep

photoacclimation maximum”) in order to harvest enough light.

However by collating data from a large number of CTD stations and

BGC-Argo profiles we hope to average over such effects, but these

transient phenomena will reduce the observed correlations.

The majority of other environmental factors have a direct or

indirect link to the annual cycle of solar irradiation e.g. solar zenith

angle, stratification, wind fields, cloudiness, and so it is expected

that there will be seasonal cycles in SST, mixed layer depth, surface

chlorophyll, depth of DCM and total chlorophyll. Some of these

conditions, such as SST, will lag the solar cycle, so not all properties

will peak at the same time. To get some insight into causal

connections we have examined anomalies in various properties

relative to their means for that time of year.

The seasonal cycles of SST are not shown, but, in general,

northern hemisphere sites (including NSTG) will peak in Sept-Oct,

and southern ones in Mar-Apr. Thus cool SST values partially

precede the annual decrease in DCM depth (Figure 5C).

Examination of anomalies relative to the seasonal average shows

that higher than normal SST values are generally associated with a

shallower than normal mixed layer, but with a deeper DCM. (The

exception is the AMT observations of the NSTG, where the diversity

of routes, as shown in Rees et al. (2015), may be a major factor.) The
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observed correlations could be related to reduced levels of surface

chlorophyll that allow light to penetrate slightly deeper and

promote the DCM, or to shallower mixing being unable to

entrain higher nutrient concentrations at depth and nutrient-

starving the surface. This is another question that could benefit

from extended investigation with model simulations, especially as

models permit individual processes such as mixing and diffusion to

be selectively turned off in order to ascertain their impact.

The seasonal cycle of total column-integrated chlorophyll only

varies slightly (~10%), with its minimum and that for the depth of

the DCM occurring roughly when the surface chlorophyll is a

maximum (Figure 5). However, when considering interannual

variations, increased surface chlorophyll is associated with a

shallower DCM, but is positively correlated with increases in total

chlorophyll (Figure 8). SST also appears to be negatively correlated

with DCM depth in Apr-May but positively correlated in Oct-Nov

for both NSTG and SSTG, indicating that different factors are

relevant in the two locations.

Some of the strongest correlations are between surface

chlorophyll and the depth of DCM, with increased surface

concentrations leading to a shallower DCM, as noted by others

e.g. McClain et al. (2004). Mignot et al. (2011) collated observations

from many geographically diverse regions and showed a high

correlation (r2 = 0.81), whilst Mignot et al. (2014) showed this

connectivity between surface chlorophyll and DCM depth for 4

individual BGC-Argo floats monitoring the seasonal cycle in 4

separate low productivity regions. Similarly, Uitz et al. (2006) have

shown a positive correlation between surface and depth-integrated

chlorophyll values, with their selection of stratified waters having a

large spatial variation and encompassing a wide range of surface

chlorophyll values. We have extended those observations to

interannual timescales, showing that once seasonal cycles are

removed there is still a clear anti-correlation i.e. that an

exceptionally strong surface signal leads to a less pronounced and

shallower DCM than normal.

This is particularly pronounced for satellite observations of

surface chlorophyll with AMTmeasurements of DCM depth during

boreal and austral autumn (Figure 10), with the connection being

much weaker in the spring seasons. The lagged correlations in

Figure 10 show that the effects of anomalies in surface chlorophyll

on the DCM persist for many weeks. This suggests that satellite

observations can provide some skill in predicting sub-surface

conditions in at least some seasons. AMT does not provide

observations for winter or summer, but as the models show

reasonable agreement for the DCM depth in the SSTG, it may be

fruitful to consider what correlations they offer in those seasons.

At present it is not clear if this is just a biological response, or

whether physical factors (such as slowly passing eddies or Rossby

waves) are causing coherent variations in these measures of biology.

A much more expansive analysis of MEDUSA could address this

issue by studying a much wider spatial extent than used here and

assessing and, if necessary, removing the effect of eddies to leave the

biological response of a quiescent ocean.
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4.4 Use of chlorophyll concentration as a
proxy for biomass

Throughout this paper we have used estimates of chlorophyll as

an indicator of biomass. Although widely used for pragmatic

reasons (see Table 1 of Sathyendranath et al., 2023), there are

potential biases arising from assuming a simple correspondence

between chlorophyll and biomass.

Firstly, the chlorophyll to carbon (or mass) ratio varies with

individual species. As different ecological niches favour different

plankton functional types there will be changes in this ratio, both

laterally and vertically. Figure 4C of Graff et al. (2016) displays the

change in the ratio for surface waters, with the oligotrophic gyres

being marked by chlorophyll content being less than half of that in

other regions. Tarran et al. (2006) and Heywood et al. (2006) noted

that picoeukaryotes were the most abundant plankton group within

these gyres and also contributed the most biomass in the DCM. Of

these, Prochlorococcus is far more abundant than Synechoccus

(Zubkov et al., 1998), so even though the latter has a greater size

and thus fluorescence per cell its contribution to the overall

chlorophyll signal remains small (van den Engh et al., 2017).

Secondly, many plankton groups respond to low-light

conditions by increasing the concentration of chlorophyll within

them. Such photoacclimation processes typically occur within a few

hours (Lewis et al., 1984), so the biological community readily

adapts to environmental changes as internal waves or eddies

propagate through the region. These changes mean that for an

individual species within these gyres the pigment to particle volume

ratio increases with depth towards the DCM and then stabilises or

decreases below that (Kitchen and Zaneveld, 1990; Fennel and Boss,

2003). However, Figures 6 and 7 of van den Engh et al. (2017) show

that the DCM in the North Pacific oligotrophic gyre does

correspond to both a peak in abundance of Prochlorococcus as

well as in its fluorescence signal. The increase in chlorophyll is not

always marked by a proportional increase in fluorescence due to

“packaging”, which describes the degree to which chlorophyll

concentration within the cell affects its ability to absorb light and

then fluoresce (Cullen, 1982). However the strong diurnal mixing

present in these calm low-latitude regions implies a degree of

uniformity within the small standing stock present in the seasonal

mixed layer, and thus a less pronounced photoacclimation change

near the surface.

Chlorophyll is the common currency for these comparisons of

models and observations. Whilst the variable stoichiometric ratios

used by the ERSEM model enables it to accommodate

photoacclimation, the model output that we have obtained only

corresponds to chlorophyll. Many of the AMT cruises have

obtained water samples at various depths throughout the transect,

but their vertical resolution is coarse. The BGC Argo floats, however,

do offer an alternative high-resolution record of plankton through

measurement of backscatter at 700 nm (different from the wavelength

used for the fluorescence response). This normalised backscatter,

termed bbp700, is often related to the concentration of particulate

organic carbon (POC), which is an amalgam of phytoplankton,

zooplankton, detritus and other non-viable material, and thus can

be difficult to interpret solely as an index of phytoplankton biomass. It
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is also not a variable directly reproduced by most ecosystem models

and thus not the focus of this study. Nonetheless future work could

make use of these data for testing how well ecosystem models can

reproduce photoacclimation processes. The backscatter for

phytoplankton corresponds to their cross-sectional area, rather

than their chlorophyll content.

A typical bbp700 profile within these gyres is shown in Figure 11.

The backscatter is fairly constant above the DCM, beyond which it

decreases to its noise floor for deep waters. The values in the top

150 m are due to a range of particulates, many of which lack a

fluorescence signal. These could be detritus or plankton in a non-

active state due to nutrient depletion. We extracted the depth at

which bbp700 values reduced to midway between surface and deep

values and compared that with the depth below the DCM where

chlorophyll fluorescence values were halved. The two measures

were correlated (r2 = 0.42 for NSTG, r2 = 0.56 for STSG) but we did

not feel these represented a useful measure of biological depth, as

the bbp700 value was always lower and may simply indicate a

physical feature such as the depth of maximal vertical stability

noted in Figure 9 of Agusti and Duarte (1999).

An attendant issue is the assumption of proportionality between

chlorophyll content and fluorescence response, which is the basis for

fluorometer measurements from AMT and BGC-Argo. Petit et al.

(2022) note that there are two main factors affecting the fluorescence

yield: the light level and the fluorescence quantum yield of the

particular phytoplankton present. In near-surface waters plankton

may produce auxiliary pigments to reduce the radiation being

absorbed by the chlorophyll and thus preventing heat stress to the

organism. (Note, the CHLA_ADJUSTED field of the Argo data had

already had a correction applied for non-photochemical quenching).

Figure 2 of Petit et al. (2022) shows that chlorophyll estimation via

fluorescence compared with HPLC analysis can vary by a factor of

six, with the fluorometers significantly overestimating for

communities of micro- rather than the smaller nano- and pico-

plankton. As the oligotrophic gyres are dominated by the smaller

classes of plankton throughout the water column, this effect,

associated with plankton community structure, does not affect this

study, but could be an important issue for more productive locations

with a changing size population through the water column.

The work of Roesler et al. (2017) suggests that the fluorometer-

derived chlorophyll estimates from BGC-Argo floats should not

simply be corrected by a uniform factor everywhere; however, there

is, as yet, no spatially-varying correction that is robust enough for

the standard processing chain (Catherine Schmechtig, pers. comm.,

2023). The data in Table 2 of Roesler et al. (2017) suggest the

correction factor should be 50% larger for SSTG than NSTG, which

would reduce the chlorophyll estimates of the former (surface, peak

of DCM and integrated value) by a third. If implemented this would

increase the disparity between the NSTG and SSTG. Likewise, the

fluorometer calibrations for each AMT cruise are determined on a

cruise-wide basis, since there are too few measurements to explore

any regional variation in the fluorescence-chlorophyll relationship.

Thus, although there are reservations about the use of

chlorophyll fluorescence as a proxy for phytoplankton biomass,

we note that in these oligotrophic gyres the effects of depth-varying

community structure and photoacclimation do not mask the
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development of deep concentrations of certain species such as

Prochlorococcus, and that other sensors such as optical backscatter

fail to shed adequate light on this phenomenon.
5 Overall summary

The AMT programme has generated a long-term dataset of

surface and sub-surface measurements through many Longhurst

provinces, with its repeated sampling within the oligotrophic gyres

being almost unique. These ecosystems are representative of the

ocean’s largest ocean biome by area, and exhibit characteristic deep

chlorophyll maxima at depths > 100m where nutrient

concentrations are high enough to support primary production.

These AMT data enable us to establish that the DCM for the STSG

(NSTG) lies at ~145m (~120m), and is slightly deeper in the spring

season than autumn for that hemisphere. As AMT only sampled

two periods in the year, data from the BGC-Argo array are needed

to elucidate the full annual cycle, confirming that seasonally the

DCM is shallowest around the months of highest surface

concentration. Interannual variations echoed this with higher

than normal surface values coinciding with a shallower than

normal DCM. Lagged correlations showed considerable

persistence of this effect. This paper also demonstrated how AMT

provides an effective dataset for validation of the portrayal of

oligotrophic gyres in biogeochemical models, opening the door to
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exploration of the underlying biological dynamics of these regions

using the models that best represent them.

This investigation focussed on the permanently stratified

regions in the Atlantic, due to the availability of long time series

of data within them. However, it is expected that the chlorophyll

characteristics found here for these Atlantic subtropical gyres will

also be manifest in the equivalent gyres in the North and South

Pacific and in the South Indian Ocean. A potential extension of this

work would be to explore surface/sub-surface relationships in the

seasonally stratified temperate gyres found poleward of the

subtropical gyres, since once the “spring bloom” has exhausted

the surface nutrients a DCM develops persisting throughout

summer and autumn until convectional mixing resumes. As these

regions enjoy episodic (annual) injections of nutrients rather than

just slow upward mixing, the relationships in these regions may be

subtly different.
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Appendix

Correlated spatial variations

The aim of this paper has been to look at sub-surface changes

associated with changes in the general environmental conditions.

Changes at the surface may be expected to lead to the gradual

evolution of properties at depth. However there is a complication in

that spatial variations, due to meandering currents or eddies may

migrate through the region, giving a short-term coherent change at

surface and depth. With BGC-Argo and AMT CTDs we only have
FIGURE A1

Spatial variations around SSTG within the MEDUSA model. Data are for a 2˚x
temperature and mixed layer depth as indicators of the physical features pre
column-integrated chlorophyll and the depth of the layer of maximum chlor
indicated by dots, showing how there can be a step change in the apparent
red profiles.
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limited point measurements with great separations in space, so the

significance of these spatial variations in hard to assess. The

MEDUSA output were provided as 25x25 points centred on the

desired locations, which allows us to see the spatial variations.

Figure A1 shows a snapshot of various properties at a date in

November. There are only weak spatial changes in physical

condition such as SST, MLD and sea surface height (latter not

shown), but quite marked changes in the biology. The surface

chlorophyll levels are low, but do vary by a factor of two within this

area, and the total chlorophyll changes by about a factor of 1.8 in a

strikingly similar pattern. However, the large positive correlation
2˚ square in Nov. 1998, with the top row showing sea surface
sent. Subsequent plots show the surface chlorophyll and the total
ophyll. The sixth plot shows the chlorophyll profiles at the 4 locations
DCM layer between the first two locations indicated by the blue and
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observed for this case is very different from the weak or negative

correlations noted for the seasonal variations of surface and total

chlorophyll for MEDUSA (Figures 5A, B). This serves as an

indication that a number of profiles taken quickly within a region

over a short time e.g. from a rapidly-profiling BGC-Argo float will

give very different correlations to measurements in that box

spanning many years.

We also note that the definition of depth of DCM is inherently

non-linear. The bottom two panels show the depth of the DCM and

four of the vertical profiles. Moving gradually from west to east

there is a point where the maximum ceases to be in the 80 m layer

(as shown by the blue profile) and is now in the 150 m layer (shown

in red). Although the line showing where 150 takes over from 80 m

does align with the surface pattern, it would be hard to infer which

depth was appropriate for the central point (the nominal location

for all the other analyses). This indicates how hard it would be to

predict the DCM depth at a point merely from surface observations.
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