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CHAPTER 1

Overview of the Oceanographic Importance  
of the Sargasso Sea
N.R. Bates 

1.1 Preamble 

This report updates the scientific understanding of the 
Sargasso Sea, first compiled by Lomas et al. (2011) as 
scientific support for the management and protection 
of this region of the North Atlantic Ocean (Laloffey et 
al., 2011). Twelve years have passed since the publica-
tion of the Lomas et al. (2011) and Laloffey et al. (2011) 
reports that were commissioned by the Sargasso Sea 
Commission (SSC). A deeper understanding of this re-
gion has been garnered by a broad and diverse range 
of scientific publications. This report is intended to pro-
vide a research update about the oceanography of the 
Sargasso Sea and, importantly, observed environmental 
changes. Furthermore, it is a complementary and sup-
portive framework for other Sargasso Sea Commission 
(SSC) reports on regional fisheries. 

The Sargasso Sea is part of the central North Atlantic 

Ocean, with Europe and Africa to the east, North America 
to the west and the Caribbean to the south (Figure 1.1). 
The island of Bermuda constitutes the only landmass, 
and the Sargasso Sea has abyssal depths of 4,000 meters 
or more, with notable eroded seamounts (Figure 1.2). 
The Sargasso Sea is an anticyclonic gyre with the surface 
currents of the North Atlantic Current to the north, 
the Canaries Current to the east, the North Equatorial 
Current and Antilles Current to the south, and the west-
ern boundary current Gulf Stream to the west. As such, it 
is one of five oceanic gyres that cover about 60% of the 
global ocean (the others are the South Atlantic, North 
Pacific, South Pacific and Indian Ocean gyres). 

The upper ocean of the Sargasso Sea has distinct 
seasons with winter to summertime variabilities such as 
temperature differences of ~8-10°C, and mixed layer 
depth deeper in the wintertime (typically ~150-300 m) 

FIGURE 1.1 Geographic location of the Sargasso Sea and its major surface currents (yellow arrows). Black 
lines delimit the EEZs of international stakeholders listed in the legend. Credit: Marine Geospatial Ecology 
Lab, Duke University, and MarViva) and SARGADOM FFEM, http://www.sargassoseacommission.org/
our-work/projects/ffem. 

http://www.sargassoseacommission.org/our-work/projects/ffem
http://www.sargassoseacommission.org/our-work/projects/ffem
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and protection for juvenile turtles, shade protection for 
young fish, and resting places for pelagic seabirds. 

The first oceanographic expeditions of the Sargasso 
Sea were associated with the HMS Challenger (1873) and 
SMS Gazelle (1874-1876) voyages (Gould, 2022). Many of 
these organisms were described by William Beebe, who 
first described pelagic and mid and deep water organisms 
of the Atlantic Ocean in his record bathyscape dives off 
the island of Bermuda in 1932. The first sustained ocean 
measurements were started by the late Henry Stommel in 
1954 at Hydrostation S, providing the world’s longest in-
sight into changing conditions of the deep ocean (Figure 
2). The Bermuda Atlantic Time-series Study (BATS) pro-
ject began in 1988 (Michaels and Knap, 1996; Steinberg 
et al., 2001; Lomas et al., 2013; Lopez et al., 2023) and 
continues to the present day (Bates and Johnson, 2020, 
2022, 2023). These ocean time series and a wide range of 
research projects and studies across the Sargasso Sea have 
provided a broad and diverse scope of knowledge about 
the ocean function of this oligotrophic gyre. 

The critical ecological features of the Sargasso Sea 
include the Sargassum community, the yearly eel mi-
gration/spawning activity (e.g., American eel, Anguilla 
rostrata, and the European eel, Anguilla anguilla, Righton 
et al., 2016; Hanel et al., 2014; Rypina et al., 2014), the 
deep-sea fisheries occurring beyond the economic ex-
clusion zones (EEZs) of nation-states (Figure 1), and the 
migration of marine mammals past the island of Bermuda 
each year. Notably, the last forty years have seen signifi-
cant surface ocean warming of ~1.2°C, lengthening of 

and shallower in the summer (typically ~20-30 m; Mi-
chaels and Knap, 1996; Lomas et al., 2013). The northern 
part of the Sargasso Sea is strongly affected by season-
ality, whereas the southern part of the gyre is warmer 
and permanently stratified. The Gulf Stream and physical 
circulation of the gyre produce numerous mesoscale ed-
dies in the Sargasso Sea (e.g., McGillicuddy et al., 2007). 
In wintertime, eighteen-degree or subtropical mode 
water forms south of the Gulf Stream and ventilates the 
Sargasso Sea subtropical gyre at depths of ~250 to 400 
m deep (Stevens et al., 2020). In the southern part of the 
gyre, the North Atlantic subtropical underwater is found 
beneath the mixed layer (Montes et al., 2016). In the 
deeper waters of the Sargasso Sea, other water masses 
are found from intermediate to deep, including Mediter-
ranean Water, Labrador Sea Water, North Atlantic Deep 
Water and Antarctic Bottom Water. 

An important oceanographic feature of the Sar-
gasso Sea is that it is an oligotrophic gyre that, despite 
low inorganic nutrient levels, supports a “spring bloom” 
of marine phytoplankton photosynthesis and biomass 
growth. This, in turn, supports a rich microbial commun-
ity of ocean bacteria and viruses and higher trophic level 
communities of zooplankton, fish, marine mammals and 
pelagic seabirds, for example. 

A unique ecological community in the Caribbean 
Sea, the Gulf of Mexico and the Sargasso Sea is the free-
floating pelagic plant Sargassum and the mats it forms 
(Laloffey et al., 2011). The Sargassum provides an es-
sential ecological niche for glass shrimps Sargassum fish, 

FIGURE 1.2. Location map of the island 
of Bermuda and two ocean time-series 
(Hydrostation S, 1954 to present; and 
the Bermuda Atlantic Time-series, BATS, 
1988-present) site. The position of the Ocean 
Flux Program (OFP, 1978 to present; deep 
ocean sediment trap program) is also shown. 
Credit, Bates and Johnson, 2023. 
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Evidence Case. Sargasso Sea Alliance, 44 pp. Lomas, M.W., 
Bates, N.R., Buck, K.R., and Knap, A.H., 2011. Oceanography of 
the Sargasso Sea Overview of Scientific Studies. Sargasso Sea 
Commission, 94 pp. 

Lomas, M.W., Bates, N.R., Johnson, R.J., Knap, A.H, 
Steinberg, D.K., Carlson, C.A., 2013. Two decades and 
counting: 23–years of sustained open ocean biogeochemical 
measurements in the Sargasso Sea. Deep–Sea Research II, 93, 
16–32, doi: 10.1016/j.dsr2.2013.01.008. 

Lomas, M.W., Bates, N.R., Johnson, R.J., Steinberg, D.K., 
and Tanioka, T., 2022. Adaptive carbon response to warming 
in the Sargasso Sea. Nature Communications, 13 (1), 1211. 
Lopez, P.Z., Johnson, R.J., Medley, C.M., Davey, E.L., Hayden, 
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P.J., Parsons, R., Garley, R., Lomas, M.W., and Bates, N.R., 
2023. Protocols for the Bermuda Atlantic Time-series Study 
(BATS) core measurements. ASU-Bermuda Institute of Ocean 
Sciences, 142 pp. 

McGillicuddy, D.J., Anderson, L.A., Bates, N.R., Bibby, 
T., Buesseler, K.O., Carlson, C.A., Davis, C.S., Ewart, C., 
Falkowski, P.G., Goldthwait, S.A., Hansell, D.A., Jenkins, 
W.J., Johnson, R., Kosnyrev, V.K., Ledwell, J.R., Li, Q.P., 
Siegel, D.A., and Steinberg, D.K., 2007. Eddy/wind inter-
actions stimulate extraordinary mid-ocean plankton blooms. 
Science, 316 (5827), 1016-1021, doi:10.1126/science.1136256. 

Michaels, A.F., and Knap, A.H., 1996. Overview of the 
U.S. JGOFS Bermuda Atlantic Time series Study and the 
Hydrostation S program. Deep-Sea Research II, 43, 2-3, 157-
198. Montes, E., Muller-Karger, F.E., Cianca, A., Lomas, M.W., 
Lorenzoni, L., and Habtes, S., 2016. Decadal variability in the 
oxygen inventory of North Atlantic subtropical underwater 
captured by sustained, long-term oceanographic time series 
observations. Global Biogeochemical Cycles, 30 (3), 460-478.

Righton, D., Westerberg, H., Feunteun, E., Økland, F., 
Gargan, P., Amilhat, E., Metcalfe, J., Lobon-Cervia, J., 
Sjöberg, N., Simon, J., Acou, A., Vedor, M., Walker, A., 
Trancart, T., Brämcart, U., and Aarestrup, K., 2016. Empirical 
observations of the spawning migration of European eels: The 
long and dangerous road to the Sargasso Sea. Science Advances, 
2 (10). 

Rypina, I.I., Llopiz, J.K., Pratt, L.J., and Lozier, M.S., 2014. 
Dispersal pathways of American eel larvae from the Sargasso 
Sea. Limnology and Oceanography, 59 (5), 1704-1714. Stevens, 
S.W., Johnson, R.J., Maze, G., and Bates, N.R. 2020. A recent 
decline in North Atlantic subtropical mode water formation. 
Nature Climate Change, 10 (4), 335-341.

summertime and shortening of wintertime conditions, 
slow-down of subtropical mode water formation, salinifi-
cation due to reorganization of the global water cycle, 
and uptake of anthropogenic carbon dioxide such that 
the pH and chemical conditions (i.e., ocean acidification) 
in the 2020s of the Sargasso Sea are outside the range ob-
served in the 1980s and before (e,g., Bates and Johnson, 
2020, 2023; Stevens et al., 2020). Marine photosynthesis 
has also changed (Lomas et al., 2022) with profound 
implications for the higher trophic level ecology of the 
Sargasso Sea. 

The outline of this report is as follows with the 
primary authors listed and will focus on the physics, 
chemistry, biology, biogeochemistry and carbon cycle of 
the Sargasso Sea.

1.2 References 
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Hanel, R., Hemphill, A., Johnson, R.J., Knap, A.H., Lomas, M.W., 
McKenna, S.A., Miller, M.J., Miller, P., Ming, F.W., Moffitt, R., 
Nelson, N.B., Parson, L., Peters, A.J., Pitt, J., Rouja, P., Roberts, 
J., Roberts, J., Seigel, D.A., Siuda, A., Steinberg, D.K., Stevenson, 
A., Sumaila, V.R., Swartz, W., Trott, T.M., and Vats. V., 2011. The 
protection and management of the Sargasso Sea: The golden floating 
rainforest of the Atlantic Ocean: Summary Science and Supporting 

https://doi.org/10.5194/hgss-13-171-2022


Oceanography of the Sargasso Sea   13

CHAPTER 2

Physical characteristics of the oceanography  
of the Sargasso Sea
R. Curry, R.J., Johnson and N.R. Bates 

being placed on establishing connections between the 
physical variability and other components of the marine 
environment, e.g., ecosystem ecology and biogeochem-
ical processes associated with carbon and nutrient cycling 
in the subtropical gyre.

The wind-driven portion of the Sargasso Sea, gener-
ally comprising the upper 1000 m and referred to as the 
main thermocline, arises due to the prevailing atmospher-
ic wind patterns. Easterly Trade Winds in the tropics and 
the Westerlies at mid-latitudes drive clockwise surface 
ocean flows that converge toward the gyre centre, with 
a net downwelling effect within the gyre interior. This 
creates weak southward Sverdrup transports over the 
bulk of the gyre, balanced by an intense poleward flowing 
current along its western edge. Thus, the Sargasso Sea is 
bounded west and north by the poleward flowing Gulf 
Stream, with southward recirculation feeding the inter-
ior and the westward flowing Antilles Current along its 
southern boundary (Figure 2.1). 

Three long-running time series programs, the Ber-
muda Atlantic Time-series Study (BATS), Ocean Flux 
Program (OFP) and Hydrostation ‘S’, have provided a 

2.1 Physical oceanography  
of the Sargasso Sea 
R. Curry and R.J. Johnson 

Our present understanding of the physical state and 
dynamical underpinnings of the Sargasso Sea was built 
from painstaking measurements acquired over decades 
extending well back into the 20th century. These obser-
vational efforts have encompassed a variety of programs, 
platforms and sensors spanning a technological spectrum, 
beginning with primarily mechanical instrumentation 
in the mid-1950s, giving way to digital sensors in the 
1980s, the development of satellite remote sensing in 
the 1990s, and autonomous systems in the 21st century. 
By 2011, when the last Sargasso Sea report was published 
(Lomas et al., 2011), the major components of the re-
gion’s circulation and property distributions had been 
reasonably well-described on a variety of spatial scales 
ranging from the ocean gyre (1000s of kilometres) to 
eddies (~100 km), and finer scale features (< 1 km). Much 
about the nature and causes of variability in the climate 
system was in the process of being sorted out through 
sustained measurement programs, and emphasis was 

FIGURE 2.1. Location of Bermuda and the reef complex 
relative to several sustained open–ocean time series, 
including: Hydrostation S (1954–present); OFP, Ocean 
Flux Program (1978–present); BATS, Bermuda Atlantic 
Time-series Study (1988–present). Credit: Bates and 
Johnson, 2020.
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baseline was extremely important for future assessments 
of AMOC transports. 

Another time series program, the Oleander Project, 
uses a “Ship of Opportunity” to monitor ocean proper-
ties. Since 1992, the commercial container vessel CMV 
Oleander, which transports goods between New Jersey 
and Bermuda every week, has routinely measured upper 
ocean currents using an acoustic Doppler current profiler 
(ADCP) installed in its hull and acquired temperature pro-
files down to the base of the main thermocline along its 
route once each month. The overarching objective of this 
effort has been to monitor transports of mass and heat 
in the Gulf Stream and surrounding waters. Its 25 years 
of observations have identified significant warming in the 
Sargasso Sea, the Gulf Stream and the U.S. shelf region, 
and year-to-year variations in the Gulf Stream transport, 
but no long-term trend in the current strength (Rossby et 
al., 2019).

In light of our planet’s growing energy imbalance, 
there is now more than ever an urgency to understand 
the patterns and drivers of ocean variability, and a diverse 
network of instruments, platforms and sampling strategies 
is essential to achieving this objective. Developing newer, 
compact sensors that can be deployed on autonomous 
vehicles, such as floats and gliders, for missions lasting 
months or years is revolutionizing our ability to measure 
the global ocean environment with higher resolution 
measurements at significantly reduced costs compared 
to ship-based observations. Here, we highlight some 
research developments and key findings for the Sargasso 
Sea that have occurred since the publication of the pre-
vious report.  

2.2 Meteorology and air-sea  
interaction of the Sargasso Sea 
R. Curry and R.J. Johnson 

From late fall to early spring, the northern Sargasso Sea 
is progressively conditioned by the passage of low-pres-
sure systems rolling off the coast of North America. Air 
masses associated with these storms are typically cold 
and dry, which, combined with high wind speeds, results 
in episodes of rapid heat loss from the upper ocean, 
primarily through latent heat fluxes. In contrast, the Ber-
muda-Azores high-pressure cell dominates the summer 
months, associated with relatively stable weather con-
ditions, light winds and high humidity. Tropical cyclones 
can abruptly alter these conditions and, in tandem, upper 
ocean heat, salinity and inorganic carbon content (Bates 

cornerstone reference framework for a broader collec-
tion of regional field experiments and modelling studies 
(Figure 3). Located within 50 miles of the island, the 
Bermuda time-series sites (BTS) have repeatedly sampled 
the water column for relatively long periods with monthly 
sampling at the BATS site since 1987, bi-weekly at Hydro-
station ‘S’ since 1954, and near seasonal sampling at OFP 
since 1978. The data have been used to identify patterns 
of variability on timescales of seasons, years, and dec-
ades. Moreover, these time series have provided critical 
data confirming long-term changes in heat and salinity 
budgets and increasing ocean acidification characterizing 
the broader subtropical gyre.

The gyre circulation is essentially a cog in a more ex-
tensive, inter-hemispheric system, the Atlantic Meridional 
Overturning Circulation (AMOC), which significantly 
regulates planetary heat distributions and, thus, Earth’s 
climate. The AMOC consists of two opposing oceanic 
flows that pass through the Sargasso Sea: the shallower 
component, or upper limb, has its source in the poleward 
flowing Gulf Stream and must be balanced by equivalent 
volumes of equatorward flows in the deeper layers of the 
gyre beneath the main thermocline. The difference in 
temperature between the upper and lower limbs deter-
mines the amount of heat transported from the tropics 
toward the pole, which affects, among other things, the 
buildup or decline of Arctic Ocean sea ice and the 
Greenland Ice Sheet. 

In 2004, two international field collaborations were 
initiated to monitor the strength of the AMOC in the 
subtropical North Atlantic. The RAPID Climate Change 
Program deployed an extensive basin-wide array of 
moorings across 26°N, supplemented by annual hydro-
graphic measurements. Line W measured flows at the 
northern gyre boundary in the deep western boundary 
current (DWBC), Gulf Stream, and Sargasso Sea with 6 
moorings installed along a line from the continental slope 
near 40°N, 70°W to Bermuda. These programs delivered 
baseline measurements of the strength and variability 
of the full AMOC and its deep limb, respectively, with 
analyses from both programs revealing far greater vari-
ability than expected (e.g., McCarthy et al., 2012; Toole 
et al., 2011). An initial decline in the AMOC strength was 
diagnosed from the RAPID observations over the years 
2004 to 2014 (e.g., Smeed et al., 2014; Smeed et al., 2018) 
but countered by a possible recovery in subsequent years 
2014 to 2018 (Moat et al., 2020). Ultimately, it was deter-
mined that the 15-year span of the record was insufficient 
to quantify a significant trend; however, establishing a 
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after which increasing solar radiance and reduced winds 
cause surface temperatures to rise to their maximum of 
~30°C in late August to early September. The surface 
warming diffuses heat downward, building strong verti-
cal gradients of temperature (thermocline) and density 
(pycnocline) throughout the summer months, progres-
sively increasing stratification in the upper 100 m. These 
gradients impose a barrier to vertical mixing, generally 
confined to the upper 10-30 m in summer. A transition 
from net warming to net cooling in September/October 
re-initiates convective mixing, progressively deepening 
the mixed layer and entraining the underlying waters, 
thus eroding the seasonal thermocline in the fall and win-
ter months to begin the annual cycle anew. To illustrate 
these connections, Figure 2.3 shows a time series of wind, 
temperature and stratification measured in the central 

et al., 1998; Nelson, 1998). Individual storms, for example, 
have been observed to reduce SST by ~2.5°C (Dickey et 
al., 1998). 

The upper ocean’s response to local atmospheric 
forcing is manifested as a pronounced seasonal cycle in its 
physical properties e.g., temperature, density, and vertical 
stratification. This is a consequence of air-sea heat, fresh-
water and momentum exchanges. Winter storms create 
conditions that cool and densify the surface waters, which 
drives convective mixing in the upper layers. The intensity 
of mixing and the depth to which it cools and homogeniz-
es the upper ocean varies considerably from year to year. 
Recorded by the BTS observational records, winter mixed 
layer depths typically extend from 150 to 400 m with sur-
face temperatures ranging from ~18 to 30°C (Figure 2.2). 

The cooling peaks sometime in February/March, 

FIGURE 2.2. Contour plots of temperature and 
salinity for the upper 500m at Hydrostation ‘S’ for 
years 1955 to 2021. Mixed layer depth is overlaid 
as a solid black line. A gap in the observations 
occurred in the 1979-1980 period due to a 
temporary lack of funding. Credit: R.J. Johnson, 
ASU-BIOS.

FIGURE 2.3. The seasonal cycle of winds, 
temperature, mixing and stratification in the central 
Sargasso Sea from January 2017 to August 2018. A. 
wind speed (bars are plotted relative to a baseline of 
12 kts, B. temperature and C. vertical stratification 
with mixed layer depth (blue contour). Wind data 
are daily averaged values from ERA5; temperature 
and stratification were measured by autonomous 
underwater gliders near the BATS site. A gap in 
observations occurred in spring 2018. Credit: R. 
Curry, ASU-BIOS. 
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distributed through a much deeper mixed layer (~100-
300 m; Michaels and Knap, 1996, Lomas et al., 2013). 
Low salinity events are occasionally apparent (Bates and 
Johnson, 2020, 2023; Figure 2.4).  

Over the past 70 years, an upper-ocean (~0-450 m) 
warming trend first recognized in the 1970s has strength-
ened in recent decades (about 1.2° C since the 1970s; 
an increase in the upper ocean heat content of ~1.2 W 
m-2). A contemporaneous increase in salinity of ~0.2 was 
observed over this period (Bates and Johnson, 2020, 
2022, 2023). The warming and salinification over the last 
decade have been ~0.8°C and 0.1, respectively, with rapid 
changes in the previous five years (Figure 2.4). 

2.3.1  Changes in the seasonality of the Sargasso Sea.  
In the last couple of decades, it has become evident 
that the seasonality observed at Hydrostation S and the 
Sargasso Sea near Bermuda has changed (Figure 2.5). The 
summer surface temperatures have increased at a higher 
rate than winter (i.e., 0.26 ± 0.01 °C year−1 compared to 
0.10 ±0.01 °C year−1). As an example of these changes, it is 
notable that the winter ocean season (with waters being 
cooler than 22°C) is shorter by almost a month in the 
2010s compared to the 1980s. In contrast, the summer 
period (with waters warmer than 25°C) has lengthened 
by nearly a month (Bates and Johnson, 2020). The pro-
found implication of this finding is that the biology and 
marine ecosystem have also changed in concert with 
these physical changes.

2.3.2 Surface warming trends of the North Atlantic 
subtropical gyre.  
Hydrostation S observations have proved an invaluable 
resource for deciphering the complexities of long–term 
oceanic cycles and decadal to centennial climate variabil-
ity, and linkages to climate change in the North Atlantic 
Ocean (e.g., Pocklington, 1972; Frankingoul, 1981; Dick-
son et al. 1996; Houghton, 1996; Joyce and Robbins, 1996; 
Joyce and Talley, 1996; Levitus et al. 1996; Molinari et 
al. 1997; Hazeleger and Drifjhout, 1998; Joyce et al., 2000; 
Bates, 2001; Curry and McCartney, 2001; Johnson 2003; 
Goodkin et al. 2008, 2015; Molinari 2011; Rhein et al., 
2013).  

Over the past 40 years (1983–2023), ses surface 
temperatures have increased by 0.85 ± 0.12°C (Bates and 
Johnson, 2020), with an increase of 1.2°C ± 0.12°C from 
the early 1970s to 2022 at Hydrostation S (Figure 2.6). 
This constitutes the most extended set of sustained data in 
the global open-ocean that illustrates long-term warming 

Sargasso Sea by underwater autonomous gliders from 
January 2017 to August 2018. 

Gyre regions to the north of Bermuda generally 
experience more intense winter conditions, and thus, 
gradients of heat loss and mixed layer depth seasonally 
increase northwards toward the Gulf Stream. By contrast, 
in the southern portion of the Sargasso Sea, and mainly 
south of the subtropical convergence zone at 28°N, 
mixing is relatively weak and leads to reduced seasonal-
ity and a permanently stratified water column. Located 
between these extremes, BTS observations reflect and 
record interannual variations in the atmospheric forcing 
of the gyre and have provided an invaluable resource for 
documenting and investigating variability on interannual, 
decadal, and anthropogenic timescales (e.g., Dickson et 
al., 1996; Levitus et al., 1996; Joyce et al., 2000; Bates 
2001; Curry and McCartney, 2001; Goodkin, 2008). 

2.3 Seasonality of the upper ocean  
in the Sargasso Sea 
R.J. Johnson, R. Curry and N.R. Bates 

The seasonality of the Sargasso Sea and the North Atlantic 
Ocean oligotrophic gyre has been well documented since 
the early 1960s when Menzel and Ryther (1960) first 
reported the annual cycle of temperature, salinity, mixed 
layer depth and ecosystem indicators (e.g., rates of pri-
mary production). Sustained ocean observations at the 
BATS (since 1988) and Hydrostation S (since 1954) sites 
have revealed complex linkages and interactions between 
regional and local scale physics e.g., eddies, (McGillicuddy 
et al., 1999) and convective mixing, (Stevens et al., 2022) 
and the biology and biogeochemistry, of the Sargasso Sea 
(e.g., Lomas et al., 2013; Bates and Johnson, 2020; Lomas 
et al., 2023). The Sargasso Sea is part of the broader North 
Atlantic Ocean-Arctic Ocean system (Correll et al., 2023). 
The surface and mixed layer of the Sargasso Sea shows 
a typical seasonality of temperature with a range of ~9-
11°C and with summertime highs of ~28 to 30°C and 
wintertime lows of ~18 to 20°C (Figure 2.4). The mixed 
layer depth varies from shallow during summertime (~20-
30 m deep) to 150 m to 300 m deep in the wintertime 
(Lomas et al., 2013), and the euphotic zone is about 100 
m deep (Lomas et al., 2013). Surface salinities are higher 
in wintertime (~36.67) and fresher in summer (~36.45), 
with a seasonal range of ~0.2 to ~0.3 (Figure 2.4). The 
freshening during summer is generally associated with 
precipitation that is distributed across a shallower mixed 
layer (~10-15 m), while precipitation in the wintertime is 
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~+0.24°C +0.04°C per decade or +0.97 +0.15°C from 
1983 to 2022 (Figure 2.6). 

Long-term trends represent the best data and 
metrics to quantify climate and ocean changes (Cheng et 
al. (2023). The gradual rise in ocean temperatures is 
an inevitable outcome of Earth’s energy balance, with 
a faster rate of warming since the 1990s (Cheng et al., 
2022a,b). The warming and increasing stratification of 
the upper ocean in the Sargasso Sea have been reported 
with earlier datasets (Bates and Johnson, 2020; Lomas et 
al., 2022), but here, the warming reported is of sufficient 

and decadal variation. The warming trend was not steady: 
the 1980s exhibited a slight warming (+0.26°C) that was 
followed by slight cooling in the 1990s and 2000s. The 
most substantial warming in the upper ocean (0-500m), 
however, has occurred since 2010 with depth integrated 
mean temperatures increasing by +1.18°C (Bates and 
Johnson, 2020) compared to an increase of +1.4°C from 
the early 1970s to the present. This climate relevant 
metric (integrated temperatures from 0 to 500m) reflects 
the ocean’s uptake and storage of excess heat energy 
and since 1983, the increase has been equivalent to 

FIGURE 2.4. The seasonal cycle and inter annual variability of surface (mixed layer) temperature and salinity at BATS 
(1988–2023) with earlier data (1983-1988) from Hydrostation S. These hovmuller plots show data from January to 
December on the x-axis and year data from 1983 to 2022 (bottom to top). A. Temperature (°C); B. salinity; Credit: 
Bates, N.R., and R.J. Johnson, 2023. 

FIGURE 2.5. Surface temperature anomalies 
for Hydrostation ‘S’ from January 1955 through 
December 2020. In this and following figures, all 
physical and biogeochemical data was seasonally 
detrended following methods given elsewhere (Bates 
and Johnson, 2020). Almost identical temperature 
changes are shown at the BATS site from 1983 to end 
of 2020. A data gap from January 1979 through April 
1980 represents the period where the hydrowire 
with all Nansen bottles and reversing thermometers 
were lost at sea and resources were not available for 
immediate replacement. Credit: Bates, N.R., and R.J. 
Johnson, 2023. 
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length of time to be statistically significant. Bates and 
Johnson (2020) documented a ~0.21°C per decade 
warming (1983 to 2019 data) but this rate of warming has 
since increased to +0.24°C per decade with the addition 
of four years of recent data. In the last decade, integrated 
mean temperatures have rapidly increased by +0.7°C 
with a substantial increase in upper ocean heat content 
(Johnson and Bates, 2022). 

Warming and increasing heat content of the upper 
ocean is also observed in the eastern subtropical gyre 
(e.g., Villarino et al., 2020; Siemer et al., 2021) and sub-
polar gyre of the North Atlantic Ocean (e.g., Desbruyères 
et al., 2021; Josey et al., 2022; Rousseau et al., 2023) and 
this provides a broader regional context. Additionally, an-
nual BATS validation transect cruises from 35°N to 19°N 
along 66°W reveal upper ocean warming trends con-
sistent with those observed at the BTS highlighting the 
widespread change throughout the interior of the Sar-
gasso Sea (Johnson et al., 2020). It should also be noted 
that the formation rates of subtropical mode water for-
mation south of the Gulf Stream have decreased in the 
last decade (Stevens et al., 2020). The ~+1°C warming 
of the North Atlantic subtropical gyre observed at the 
BATS site over the past forty years is thus another indi-
cator of the physical and circulation changes underway 
in the North Atlantic Ocean that have global implications 
through changes in overturning circulation (e.g., Lenton 
et al., 2019; Jackson et al., 2022). It should also be noted 
that the acceleration of ocean temperatures in the North 
Atlantic subtropical gyre, particularly in the last decade, 
is contemporaneous with faster rates of global ocean 
warming (Cheng et al., 2023). 

2.3.3 Salinification of the North Atlantic  
subtropical gyre. 
Over the past forty years, surface salinity increased by 
~+0.034 +0.005 per decade and by +0.136 +0.020 from 
1983 to 2023 (Bates and Johnson, 2023; Figure 2.6). 
As with the rate of change of temperature at BATS, 
salinification has also increased at a faster pace recently 
when comparing rates of +0.029 (Bates and Johnson; 
1983-2019) to the rate (+0.034) computed from this 
extended dataset (i.e., Bates and Johnson, 2023, 1983-
2023; Figure 2.7). Recently, Cheng et al., 2020 proposed 
the Salinity-Contrast (SC) index as a valuable way to 
show the reorganization and amplification of the global 
hydrological cycle. The SC index is a manifestation of the 
“salty gets saltier and fresh gets fresher” ocean changes 
as evidenced by long-term regional and hemispheric 

FIGURE 2.6. Seasonally detrended seawater properties 
collected at the BATS site (1988–2023) and combined with 
earlier data from Hydrostation S (1983-1988). A. Surface 
temperature anomalies (Δtemperature; °C) over time; B. 
Surface salinity anomalies over time (Δsalinity; C. Surface 
dissolved oxygen DO anomalies (ΔDO; µmoles kg-1) over 
time. Credit: Bates, N.R., and R.J. Johnson, 2023.

FIGURE 2.7. Contour plots of surface salinity anomalies 
for Hydrostation ‘S’ from January 1955 through December 
2020. Almost identical temperature changes are shown at 
the BATS to 2020. Credit: R.J. Johnson, ASU-BIOS. 
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2.4 Mesoscale and submesoscale  
influences on Sargasso Sea variability 
R.J. Johnson and R. Curry 

For much of the interior of the Sargasso Sea well away 
from the boundary currents the long-term upper ocean 
flows are characterized by low (<5cm s-1) westerly to south 
westerly geostrophic currents (Worthington, 1979) with 
net Ekman downwelling rates of ~4 cm day-1 (McClain 
and Firestone, 1993). However, in sharp contrast to this 
long-term canonical flow scheme much of the interior of 
the Sargasso Sea is continually subjected to the inherent 
presence of mesoscale eddies resulting in complex ro-
tational flows with typical instantaneous speeds ranging 
between 10 to 50 cms-1 (Figure 2.8; Siegel and Deuser, 
1997). Mesoscale eddy phenomena in the Sargasso Sea 
include cold core rings (Richardson, 1978) and mid-ocean 
mesoscale eddies (McGillicuddy and Robinson, 1997). 
The core of these two types of eddies are quite different 
in that the ‘cold-core’ contains water from north of the 
Gulf Stream and thus transport foreign waters to the 

differences in the ocean. It is based on the difference 
in monthly averaged salinity between high-latitude and 
low-latitude regions. Cheng et al. (2023) report that the 
SC index has continued to increase, and compared to a 
1981-2010 baseline, the North Atlantic has got saltier. 
This long-term change in the global hydrological cycle 
has been observed at BATS, and the “saltiness” of the 
subtropical gyre continues to increase.

Similar to the changes in the physical climate relevant 
metrics upper ocean biogeochemical parameters have 
also seen significant change. Over the past thirty years 
at the BATS site, primary production rates have doubled, 
chlorophyll biomass has increased by 22% per decade), 
low nitrate values in the mixed layer have doubled (i.e., an 
increase of ~0.25 μmoles kg−1), suspended particulate or-
ganic matter and dissolved organic carbon have increased 
by ~30% and 2% per decade, respectively, while organic 
matter export increased 30% in the Sargasso Sea (Bates, 
2017). 

FIGURE 2.8. Mesoscale eddies in the Sargasso Sea as viewed from satellite altimeter derived Sea Surface Height 
(SSH). Upper left panel show geographic locations of the far-field (larger red box) and the mid field domain smaller 
box). Lower left panel is a single typical representative snapshot of the Sargasso Sea SSH showing the rich complex 
field of interacting cyclones (low SSH- blue) and anticyclones (high SSH red). The right panel shows the mid-
field domain SSH used for assessing eddy influence in the region of the BTS programs. Depth averaged (0-110m) 
geostrophic flows associated with the eddy systems are shown as current vectors (black arrows). BATS site is shown as 
red dot and other stations are the BATS spatial stations (spacing of 40km). Credit: P.L. Lethaby, ASU-BIOS.
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westerly to north westerly course and their signal is ap-
parent through the base of the permanent thermocline 
(~1000 m) (McGillicuddy et al., 1999). Mesoscale eddies 
represent a primary mode of transport for physical and 
chemical properties in the upper ocean of the Sargasso 
Sea. However, understanding their full impact through a 
specific region is difficult since their passage alters upper 
ocean inventories through both horizontal and vertical 
mechanisms (Woods, 1988). Further, it has been well 
documented that mesoscale eddies are typically self-con-
tained rotating bodies of water with unique physical and 
biogeochemical properties (Benitez-Nelson et al., 2008; 
McGillicuddy et al., 2008) implying that quantification of 
the regional eddy flux is imperative for understanding the 
time varying components of the local system. 

In addition to modulating upper ocean physics, 
mesoscale eddies also impact biogeochemical processes 
in the upper ocean by lifting or depressing the nutricline 
into the euphotic zone and subsequently enhancing or 
reducing primary production. Assessment of this process 
is important for understanding the role of eddies in the 
oceanic biological pump (Volk and Hoffert, 1985) and 
field campaigns in the Sargasso Sea (e.g., EDDIES) have 
been instrumental for investigating dynamics relating to 
the eddy processes capable of delivering new nutrients to 
the euphotic zone (McGillicuddy, 2008). However, quan-
tifying these processes in ocean gyres such as the Sargasso 
Sea is difficult since mesoscale eddies drive significant 
spatial variability in the physics and biology over a wide 
range of length scales (10’s to 100’s km). Following the 
insight gained from the eddy process cruises (EDDIES), 
the BATS program established a spatial component based 
on fixed spatial stations (nominal 40km station spacing) 
around the BATS site to help assess the eddy flux through 
the local region (see Figure 10 right panel). Such spa-
tial information provides valuable upstream conditions 
for time series analyses and at times, reveal significant 
heterogeneity, whereby the variability of the upper ocean 
observed on a single cruise (length scale of ~120 km) is 
similar to the variability recorded over multiple decades 
for the same month at the nominal BATS location. This 
spatial heterogeneity can be particularly pronounced 
during the deep convective winter mixing periods. For 
example, in March 2011 profiles from BATS and sever-
al spatial stations revealed a mixed layer depth range of 
80 to 400 m, with respective mixed layer temperatures 
of 22.4°C and 18.3°C, which was due the presence of a 
warm anticyclone to the southwest of BATS and a cold 
cyclone to the northeast of BATS (length scale ~100 km, 

northern Sargasso Sea. Due to the closed recirculation 
flow in this region these cold core eddies tend to remain 
in the northwest sector of the gyre (Cornillion et al., 1986) 
although have been infrequently observed near the BTS 
(Siegel et al. 1999). 

In contrast, mid-ocean eddies are presumed to ori-
ginate mostly within the eastern Sargasso Sea in response 
to baroclinic instability driven by the differential poleward 
heat flux from the tropics such that the temperature-sal-
inity profile through the permanent thermocline of these 
eddies is mostly consistent with Sargasso Sea gyre water 
types. Though, it is also cognizant to note that intensive 
surveys of these features (EDDIES project and on-going 
work through the BATS program) have identified anom-
alous water masses at the core of some of these systems 
and thus mid-ocean eddies permit pathways for foreign 
waters into the Sargasso Sea (Li et al., 2008). 

Advancements in satellite altimetry in the early 
90’s helped reveal the extent and ubiquitous nature of 
mid-ocean mesoscale eddies in the Sargasso Sea (Figure 
2.8) which was first hypothesized in the MODE and 
POLYMODE programs. Beyond the seasonal cycle, these 
mesoscale eddies are the dominant source of variability 
in the upper ocean through the permanent thermocline 
(0-1000m) and potentially hinder our ability to assess im-
pacts of atmospheric forcing in the observational datasets 
over seasonal and shorter time scales e.g., McGillicuddy 
et al., 1998, 1999, 2007; McGillicuddy, 2016). Viewed 
from satellite altimetry data, eddies can be recognized by 
changes in sea level height while using oceanographic ob-
servations the strength and eddy type can be determined 
by displacements of the density surfaces in the upper 
ocean. They are broadly categorized into three types: (i) 
cyclonic- density surfaces elevated resulting in anomal-
ously cold water and a depressed sea level at its center 
(ii) anticyclonic density surfaces depressed resulting in 
anomalously warm water and an elevated sea level at 
its center and (iii) mode water or lens eddy. These are 
formed when a lens of near uniform water resides be-
tween two density surfaces causing density surfaces to be 
elevated and depressed for depths above and below the 
lens, respectively. In the case of the lens eddy, the density 
surface perturbation tends to be greater in the deeper 
layers and thus in terms of sea level height resembles a 
weak anticyclone (McGillicuddy and Robinson, 1997; 
McGillicuddy et al., 1999). 

Mid ocean eddies have diameters of O (100 km), 
lifetimes of months to years with central propagation 
speeds of 3 to 5 km day-1, predominately track on a 
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The spatial and temporal evidence from the BTS and 
other regional programs strongly imply that the upper 
ocean in this region is intimately modulated by mesoscale 
eddies which in turn has consequences for understanding 
upper ocean system processes. This is an issue when try-
ing to understand monthly variability at the BATS site as 
evidenced in upper ocean inventories of heat and salinity, 
whereby a local 1-dimensional balance on consideration 
of air-sea fluxes can be achieved over multi-year time 
scales yet over shorter monthly intervals significant im-
balances (from a 1-dimensional solution) of order of the 
seasonal amplitude exist (Doney, 1999; Johnson et al., 
2008). These imbalances are the direct consequence of 
the passage of mesoscale eddies and implies the need for 
advection to balance the system (Glover, 2002). To help 
assess regional eddy influence efforts are underway to 
develop a robust consensus of eddies using global hind-
cast eddy resolving models (provided by the Copernicus 
Marine Environment Monitoring Service, CMEMS) to 
establish origin, age, and dominant physical and bio-
geochemical characteristics as they transit through the 
interior of the Sargasso Sea. Initial results of these eddy 
tracking analyses are encouraging and further document 
the rich eddy environment of the BTS region determining 
that for years 1993-2021, a total of 1268 significant ed-
dies (694 anticyclones, 574 cyclones) passed through the 
local area with a long-term monthly average of 8 features 
in the local region (Figure 2.9). Additionally, several mod-
elling strategies are being developed to best integrate 
observations and provide a realistic 3D framework for 

Johnson et al., 2012). Such variability complicates our 
ability to balance the implied physical budgets and given 
that this event in 2011 was prior to the spring bloom, 
highlights potential difficulties in understanding regional 
vertical convective nutrient supply and subsequent car-
bon export. 

Interior eddy mixing and subsequent nutrient supply 
to the euphotic zone (and new production potential) 
differs for each eddy type and complicated by eddy/wind 
interactions (McGillicuddy et al. 2007). Observations 
from the EDDIES project reveal wind interactions with 
mode water eddies can amplify the eddy induced up-
welling resulting in significantly large biological blooms 
(single episodic events equivalent to 1–3 times annual 
new production for the region) whereas for cyclones 
the eddy/wind interaction reduces the upwelling signal 
(McGillicuddy et al. 2007). Further, assessing the impact 
of mesoscale eddies is potentially more exacerbated given 
recent modelling studies revealing complex mechanisms 
in eddy genesis, whereby wind-eddy interactions can 
transform eddy types, in particular, anti-cyclones change 
to a mode water eddy (McGillicuddy, 2015). Additionally, 
there has been substantial progress in assessing the role 
of sub-mesoscale processes (0.01 to 10 km length scale) 
in driving upper ocean mixing and driving instabilities 
in mesoscale eddies (Brannigan et al., 2017; personal 
communication, Ruth Curry ASU-BIOS MAGIC program) 
highlighting another important scale of variability for 
understanding upper ocean mixing and transport in the 
Sargasso Sea. 

FIGURE 2.9. Trajectories of mesoscale 
eddies in the Sargasso Sea for 1993-2021 
derived from model output and eddy 
tracking software developed by CMEMS. 
The red box (30-34°N and 60-65 °W or 
~450 km x 450 km) is considered the 
local eddy region capable of influencing 
the BTS and for the time period of 
analyses a total of 694 anticyclones and 
574 cyclones transited through the local 
region. Symbols indicate the location 
when first detected with a black circle 
depicting anticyclones and black triangle 
for cyclones. Relative strength of the 
eddy is shown using the SSH colourbar 
(blue and red for strong cyclones and 
anticyclones respectively). BATS site is 
shown as a red circle with a red cross. 
Credit: R. Bakker, ASU-BIOS. 
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STMW formation within a given winter can have at least 
two sets of dominant physics and distinct locations. 

The above findings may have wider-reaching implica-
tions. In a recent study, Berglund et al. (2022) suggested 
that the gyre exerts a more significant impact on the 
AMOC than previously envisioned through extensive 
recirculation pathways. This paradigm, described as the 
“downward spiralling nature” of the gyre, results in cool-
ing and densification as water parcels complete repeated 
circuits within the subtropical gyre before passing into the 
subpolar gyre. Hence, the formation of STMW and the 
spiral dynamics may be connected, and changes in the 
former could potentially lead to changes in the AMOC’s 
future pathways and strength. 

Hydrostation S observations have enabled inves-
tigators to track the distinctive physical properties and 
variability of the STMW over seven decades. As discussed 
above this water mass typically sits directly between the 
locally convected upper ocean layer and the perma-
nent thermocline which for Hydrostation S is at depths 
ranging from 250 to 400m (e.g., Schroeder et al., 1959; 
Talley and Raymer, 1982). STMW serves as a reservoir for 
upper ocean inorganic nutrient inventories since seasonal 
convective winter mixing extends into this layer and 
entrains new nutrient into the euphotic zone and thus 
STMW plays an essential role in sustaining phytoplankton 
photosynthesis and growth rates. Early studies estimated 
that ~5-15 Sv (1 Sv = 106 m3 s-1) of STMW was annually 
formed and transported through the North-Atlantic 
mid– latitudes (e.g., Marsh and New, 1996; Marshall et al., 
2009), with interannual differences strongly influenced by 
climate variability such as the North Atlantic Oscillation 
(e.g., Talley and Raymer, 1982; Hurrell, 1995; Marsh and 
New, 1996; Talley, 1996; Hazeleger and Drifjhout, 1998; 
Joyce et al., 2000). In the past decade, however, STMW 
formation rates have essentially been halved from ~11 Svy 
(1 Svy = 3.15 x 1013 m3 volume per year) to less than 5 Svy 
(Stevens et al., 2020) with as yet uncertain physical and 
biogeochemical impacts on the Sargasso Sea 

2.5.2 Oxygen minimum zone changes. 
The oxygen minimum zone (OMZ, a water mass where 
dissolved oxygen (DO) levels fall to <180 µmoles kg-1) 
occupies deeper Atlantic Central waters found at depths 
between 600 - 900 m at Hydrostation S. While the tem-
perature and salinity properties of this water mass have 
not significantly changed since 1970, DO concentrations 
have decreased at a rate of -2.5 µmoles kg-1 decade-1 

(p-value <0.01), representing a loss of ~7% in the past 

quantifying eddy transport of physical and biogeochem-
ical parameters through the Sargasso Sea. 

2.5 Physical characteristics and changes in 
the deep water of the Sargasso Sea 
R. Curry, R.J. Johnson and N.R. Bates 

2.5.1 Subtropical mode water (STMW) variability. 
Considerable attention has been given to the Subtropical 
Mode Water (STMW), readily identifiable by its temper-
ature, density, and potential vorticity characteristics. It is 
formed by wintertime convective mixing in the northern 
Sargasso Sea and is subsequently subducted beneath the 
sea surface and advected laterally into the gyre interior. 
Its importance derives from several attributes: (1) its 
notably large volume and homogeneous characteristics, 
for which it was named Eighteen Degree Water (EDW) 
by Worthington (1959); (2) because its potential vorticity 
characteristics strongly influence the mean circulation in 
the Sargasso Sea (Schmitz, 1996; Forget et al., 2011; Maze 
and Marshall, 2011); (3) because its properties are set by 
large-scale air-sea exchanges that both reflect and govern 
Atlantic climate variability (Joyce et al., 2000; Olsina et al., 
2013); and 4) because the STMW serves as a repository 
of heat, carbon and oxygen that circulates around the 
gyre (Bates et al., 2002). 

The CLIVAR Mode water Dynamic Experiment 
(CLIMODE) field campaign (Marshall et al., 2009), a syn-
ergistic deployment of moorings, profiling floats, surface 
drifters and ship-based observations, made significant 
strides toward resolving STMW formation and dispersal 
dynamics questions. In 2006-2007, the project obtained 
direct observations of the coevolution of the atmos-
pheric and oceanic boundary layers undergoing vigorous 
convection and placed that evolution in the context of 
the larger-scale gyre circulation (for overview see Mar-
shall et al., 2009). New perspectives on STMW formation 
sites, magnitudes of air-sea fluxes, production rates, and 
dynamical causes of property variability emerged (Joyce 
et al., 2009; Maze and Marshall, 2011; Joyce et al., 2013; 
Olsina et al., 2013). In contrast to the prevailing views 
of STMW formation as a 1-dimensional cooling-driven 
convection process, a substantial portion of new STMW 
was observed to form in a separate region within the 
Gulf Stream between 67°W and 52°. There, cross-frontal 
fluxes of salinity were required to account for the regional 
salinity budget, while the heat balance in its production 
was determined to be primarily a product of both lateral 
advection by the Gulf Stream and air-sea fluxes. Thus, 
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The coldest, densest waters in the Sargasso Sea flow 
northward across the equator from the South Atlantic 
through gaps in the seafloor topography. The temperature 
of this water mass, the Antarctic Bottom Water (AABW), 
is in the range of 1.5°-1.8°C. As it flows through the deep-
est basins, it progressively warms and mixes with ambient 
waters. Through a series of recirculation cells, the AABW 
ultimately upwells into the overlying layers, collectively 
referred to as North Atlantic Deep Water (NADW) and 
characterized by temperatures of 1.8° to 5°°C. 

The net volume of NADW flowing equatorward 
through the Sargasso Sea and the lower limb of the AMOC 
is ~18 Sv. This however reflects extremely strong and 
highly variable flows in the DWBC that are balanced by a 
network of circulations, generally more diffuse, through 
the interior of the basin (Bower et al., 2009; Bower et al., 
2019; Lozier et al., 2013; Frajka-Williams et al. 2019). An 
array of moorings installed along the southeast flank of 
Bermuda Rise as part of the DynAMITE program from 
2010-2012 (Figure 2.11) measured an average of 10 Sv of 
westward flow below 3000 meters (Curry, unpublished 
manuscript). The bulk of this flow was mainly concen-
trated inshore of the 4500m isobath. Chemical tracer 
measurements indicated these waters were tagged with 
northern source characteristics (elevated CFCs and O2, 
low nutrient concentrations) that contrasted sharply to 
water masses and much weaker flows found farther down 
the Bermuda Rise slope. This implies separate source re-
gions for the upslope and downslope waters: the former 
supplied by water masses recirculating from the DWBC 
and Gulf Stream to the north, the latter emanating from 
the basin interior to the east and/or south. 

The NADW is routinely measured at the BATS in 
the depth range of 1,300 to 4,000m with AABW found 
at deeper levels. The deep ocean ultimately offers a 
broader (temporal and spatial) perspective for detecting 
long–term change. Analyses of Hydrostation S records 
have revealed significant thermohaline changes in the 

fifty years (Figure 2.10). The OMZ has also expanded 
volumetrically with its upper horizon lifting from ~600 
m to ~500 m, particularly in the last decade. This may 
reflect changes in source water physical conditions, venti-
lation time and/or increased remineralization (Parsons, 
Johnson and Bates, in preparation), but these potential 
causes remain to be solved. 

2.5.3 Ventilation and deeper water flow within the 
subtropical gyre. 
Whereas the water masses comprising the main thermo-
cline of the Sargasso Sea are predominantly ventilated 
within the subtropical gyre, the waters circulating through 
its deeper levels are formed remotely at higher latitudes, 
e.g., in the northern subpolar gyre, the Nordic Seas and 
in the seas around Antarctica. As they transit through 
the Sargasso Sea, the deep waters are characterized by 
temperatures colder than 6°C with salinities in the range 
of 34.8–35.2. Their physical properties are initially set by 
air-sea interactions (wind and buoyancy forcing) at their 
winter ventilation locations. However, these are subse-
quently modified by mixing and stirring along their flow 
paths. 

Cold, dense waters from the northern source regions 
enter the subtropical gyre via the deep western boundary 
current (DWBC). This relatively narrow system flows 
around the Grand Banks of Newfoundland and hugs the 
continental shelf en route to the equator, where it crosses 
into the southern hemisphere. Near Cape Hatteras, the 
DWBC encounters the poleward-flowing Gulf Stream, 
and significant amounts of cold, dense water become 
entrained into a deep expression of that eastward-flow-
ing current while the remainder continues southward. 
Interactions with topography (e.g., the New England 
Seamounts, Bermuda Rise and the Mid Atlantic Ridge) 
shape the interior trajectories such that the net flows 
through the deep Sargasso Sea are westward and rejoin 
the DWBC south of 30°N. 

FIGURE 2.10. Time-series of the 
oxygen minimum zone (OMZ) 
dissolved oxygen anomalies for 
Hydrostation ‘S’ from 1970 to 
present. The blue dots are observed 
data, and the red line represents 
a 12- month running mean. The 
anomalies represent the time-
series data minus the overall mean. 
Credit: R.J. Johnson, ASU-BIOS. 
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2.6 Modelling and autonomous technologies 
R. Curry, R.J. Johnson and N.R. Bates. 

As highlighted above, the Sargasso Sea and in particular 
the immediate region off Bermuda, supports an invalu-
able framework of sustained and integrated field research 
programs which have resulted in new insight, paradigm 
adaptions, and documented significant climate relevant 
emerging trends (e.g., Bates and Johnson, 2020; Bates 
and Johnson, 2023). These programs span many decades 
with varying parameters, and although integrated at some 
complementary level they lack primary hydrodynamic 
data and are mostly insufficiently sampled in time and 
space to allow for ‘connectivity’ at a direct process 
level of understanding. Hence, although trends can be 
qualitatively linked to large scale climate type processes, 
it remains problematic to assign quantitative metrics 
to direct forcing mechanisms which is fundamental for 
predicative capability especially with changing environ-
mental conditions. New ocean modelling approaches 
and the progressive development of autonomous tech-
nologies (e.g., gliders, profiling floats) offer synergistic 
solutions to help constrain the relevant physics and 
advance the synthesis of ocean processes through data 
fusion of observations and modelling, across physical 
scales and biogeochemical disciplines. 

The time series programs have been the cornerstone 
and impetus for numerous modelling studies in the 
Sargasso Sea over the past few decades (e.g., Fasham, 
1990; Sarmiento et al., 1993; Doney, 1996; Spitz et al., 
2001; Anderson et al., 2003; Johnson, 2008; Vallino et al., 
2008; Letscher et al., 2016; LeGland et al., 2020) with the 
most prominent growth period in the late 90’s as part of 
the US JGOFS (Joint Global Ocean Flux Study) Synthesis 
and Modelling Project (SMP). Much of the SMP efforts 
were in response to the collective success of the JGOFS 
process cruises, JGOFS Atlantic time-series sites (BATS 
and North Atlantic Bloom Experiment sites) and new 
output from primitive global numerical biogeochemical 
models. The overarching focus of the SMP was processes 
that control carbon partitioning within oceanic reser-
voirs, with five specific objectives all of which remain at 
the forefront of current research questions (Doney et al., 
2002). 

The SMP program ranged from development 
phase and basic 1-D physical models (e.g., bulk mixed 
layer models) and simple biogeochemical models (e.g., 
Phytoplankton-Zooplankton Nutrient-Detritus, PZND), 
to establish more robust 3D global solutions with more 

deep ocean (Joyce and Talley, 1996; Joyce and Robbins, 
1996; Levitus et al., 1996; Talley, 1996; Curry et al., 1998; 
Whitefield et al., 2008). Hydrostation S observations have 
also offered insight into the variability of deeper water 
masses in the North Atlantic mid–latitudes (e.g., Aucan 
and Llovel, 2013; section 2.3.2) and climate/deep water 
formation. Early studies of Labrador Sea water, transiting 
through the Sargasso Sea and sampled at Hydrostation 
S, revealed an approximate six–year transit from the site 
of formation in the Labrador Sea to Bermuda (Curry et 
al., 1998). The utility of Hydrostation S observations for 
determining Labrador Sea water formation dynamics and 
transport has continued with subsequent studies (e.g., 
Dickson et al., 1996; Curry and McCartney, 2001; Rossby 
et al., 2005). 

Deep ocean trends continue to emerge in response 
to changing atmospheric forcings in the formation 
sites. For example, recent analyses on deep–water (e.g., 
Labrador Sea Water, LSW at 2,000m depth) changes over 
the past three decades suggest a significant long-term de-
cline in both temperature (~0.08°C decade-1) and salinity 
(~0.02 decade-1) in stark contrast to upper ocean trends. 
While these trends are shown since the 1950s, slight 
warming and salinification is evident since 2000 (Figure 
2.12) presumably reflecting changes in the Arctic Ocean 
(freshening in the Arctic and Labrador Sea). 

FIGURE 2.11. Deep circulation pathways of NADW 
in the Sargasso Sea with the location of moorings for 
the DYNAMITE program. Credit: R. Curry, ASU-BIOS. 
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depth. Validation of the CMEMS physical data has been 
performed at the BATS site (Figure 2.13; Johnson et al., 
2014; Hiron et al., 2016) verifying excellent model skill 
demonstrating its appropriate application for Sargasso 
Sea studies. Additionally, output from the CMEMS global 
biogeochemical hindcast model based on the EURO-
BASIN evolved lower trophic PISCES (Pelagic Interactions 
Scheme for Carbon and Ecosystem Studies) model with a 
grid resolution of 1/4° (~27 km) provides users with daily 
output of ecosystem parameters (nutrients, chlorophyll, 
pCO2, and primary productivity) which has also proven 
valuable for Sargasso Sea studies. For example, a recent 
time series program off Bermuda (Bermuda Atlantic Iron 
Time-series project (BAIT; Sedwick et al., 2022) focused 
on iron modelling at BATS using global NEMO PISCES 
solutions. A key aspect of the BAIT work is the two-year 
time series which measured all forms of iron species to 
allow refinement of the model parametrizations. Initial 
PISCES model runs using conventional parameterization 
schemes significantly over predicted the seasonal ac-
cumulation of dissolved iron in the upper ocean. Through 
the modelling and observational fusion efforts, a new 
process namely the ‘colloidal shunt’ was established and 
when implemented in algorithms, model output aligns 

realistic treatment of ecosystem process (e.g., Aumont 
et al., 2001, though the emergence of model complex-
ity revealed substantial deficiencies in observational 
parameter constraints (Ward et al., 2013). Tasked with 
understanding impacts of anthropogenic forcing on the 
functioning of North Atlantic ecosystems through an 
integrative modelling package, EURO-BASIN (European 
Basin scale Analysis and Synthesis, a joint EU/North 
American program initiated in 2013) provided a key 
foundation for sustained ocean model development for 
regional and global purposes (Holt et al., 2014). Based on 
NEMO (Nucleus for European Modelling of the Ocean), 
EURO-BASIN helped create a legacy of state-of-the-art 
physical and biogeochemical models (benefited from in-
cremental developments, advances in parameterisation, 
testing and validation) which continue to evolve and 
serve the ocean community through NEMO and CMEMS 
(Copernicus Marine Environmental Monitoring System, 
operated by Mercator Ocean International) with global 
ocean modelling products at high resolution. 

CMEMS model output which include both forecast 
and reanalysis products are derived from an eddy resolv-
ing model with a resolution of 1/12° (~ 9 km) with daily 
output of physical variables (T, S, U, V) for full ocean 

FIGURE 2.12. Time-series of temperature and salinity anomalies at 2,000 m at Hydrostation ‘S’ from 1970 
to present. The blue dots are observed data, and the red line represents a 12-month running mean. The 
anomalies represent the time-series data minus the overall mean. The regressions are statistically significant 
(p-values <0.01) with cooling and freshening of -0.13°C and -0.033 over the past 50 years (caveat is the 
multidecadal oscillation of cooling/warming and salinification/freshening superimposed on the overall fifty-
year trend. Credit: R.J. Johnson, ASU-BIOS. 
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with the seasonal observations (Tagliabue et al., 2023). 
Subsequently, these model algorithms developed at the 
BATS site were used for PISCES global model runs and 
hence solutions established at BATS through intensive 
field campaigns provide new insight globally. Potentially, 
the global model solutions could also highlight local 
measurement deficiencies, though it is fundamentally 
this progressive and perpetual feedback from observa-
tions to model, and local to global scale, that empowers 
modelling to quantify system processes fit for prediction 
purposes. The wealth of observational data and history of 
modelling in the Sargasso Sea provides this region with 
valuable opportunities to advance our understanding 
of relevant physical and biogeochemical processes and 
should be considered as a modelling testbed region. 

All BATS related cruises since 2015 use CMEMS fore-
cast data for cruise planning purposes, and to determine 
spatial variability. Real time data collected during the 
cruises are used to validate the model forecast data and 
typically the model skill is appropriate though at times de-
pends on the recent availability of satellite altimetry data 
(used as an input to the modelling). For synthesis efforts 
the CMEMS reanalysis products are used which agree 
very well with the observed physical parameters temper-
ature and salinity (Figure 2.13) and velocity fields (Figure 
2.14). Validation efforts with CMEMS data are in progress 
with a 28-year statistical assessment with Hydrostation 
S and BATS data, and a consensus of mesoscale eddies 
through the local region which will detail the subsequent 
model-observation research path. As such efforts are in 

FIGURE 2.13. Comparison of Mercator (CMEMS) model output with observed CTD profiles of temperature (upper) 
and salinity (lower) at the BATS site for years 2008 through 2015. Plots to the right of the contours show the 
correlation coefficient between model and observed data with significant correlations for upper 500m. Mixed layer 
depth is overlaid as sold black line (r=0.93). (Hiron et al., 2015) 

FIGURE 2.14. Comparison of Mercator (CMEMS) 
reanalysis model velocity fields with observed ADCP 
data (black arrows with yellow head) overlaid on 
geopotential height. Observed data from the R/V 
Atlantic Explorer for all four BAIT cruises in the 
Sargasso Sea during 2019. Scaling arrow is shown 
above the colorbar and pink filled circles and the BATS 
spatial stations. Credit: P. Lethaby, ASU-BIOS. 
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progress to establish a formal modelling framework for 
the Sargasso Sea in the region of the BTS. Operationally 
the modelling framework will comprise of pelagic and 
coastal modelling domains with the latter being coupled 
to the offshore system through boundary conditions. 
Additionally, one dimensional modelling approaches are 
being developed with recent analyses highlighting the 
important role of advection in balancing the upper ocean 
heat budget at BATS (Jones and Johnson, 2023) and the 
PISCES modelling working group have endorsed efforts 
to establish BATS as a global testbed for 1D model de-
velopment for the NEMO-PISCES program.

Modelling offers an attractive tool for enhancing 
system understanding however robust observations in 
space, time and parameter space, are vital for model 
initialization, boundary conditions and verification. Ad
vancements in ocean instrumentation (e.g., nutrient 
sensors, turbulence probes) and autonomous platforms 
(e.g., gliders, ARGO floats) have accelerated in recent years 
such that these technologies can provide new insight on 
oceanographic processes not possible with conventional 
measurement protocols. For example, gliders can be used 
as virtual moorings for long time periods providing high 
resolution profile data over diel to seasonal time scales. 
Such high resolution data can better quantify changes in 
upper ocean inventories and capture physical and bio-
logical events at important sub-mesoscale length scales. 
Additionally, gliders can be equipped with a range of in-
strumentation such as turbulence probes that determine 
dissipation rates and vertical diffusion, which are vital for 
understanding ocean mixing and typically not well para-
metrized in models. The Mid-Atlantic Glider Initiative 
and Collaboration (MAGIC) project at BIOS launched at 
BIOS in 2014 has successfully delivered numerous glider 
missions shedding new insight on ocean variability and 
mixing in the Sargasso Sea. 
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3.1 Nutrients in the Sargasso Sea 
D.S. Grundle and N.R. Bates 

The basic hydrographic properties of seawater, temper-
ature and salinity control the density of seawater and, 
ultimately, vertical exchange processes in the global 
ocean. This control of vertical exchange has essential 
implications for the Sargasso Sea, as deeper ocean waters 
contain the nutrients required to support the surface 
sunlit ocean ecosystem. 

3.1.1 Nutrient cycling in the Sargasso Sea. 
The global ocean nutrient cycles supporting the marine 
food web also appear to be impacted by human activities, 
climate-related physical processes, and a dynamic marine 
nitrogen and phosphorus cycle. For example, the inputs 
of anthropogenic nutrients to the coastal ocean (e.g., 
Galloway et al., 2008) and fixed nitrogen to the open 
ocean (via atmospheric deposition) are expected to 
increase (e.g., Duce et al., 2008; Seitzinger et al., 2010). 
Ocean warming appears to be increasing the stratification 
of the surface ocean, potentially reducing nutrient sup-
ply and the rates of phytoplankton primary production 
globally (Boyce et al., 2010). However, there are complex 
and counteracting processes that control the physical 
supply of nutrients to the surface ocean, thereby influen-
cing the global ocean nutrient cycles (e.g., Williams et al., 
2006; Cianca et al., 2007; Wong et al., 2007; Di Lorenzo et 
al., 2009; Steinhoff et al., 2010; Canfield et al., 2010). The 
marine nitrogen cycle is very dynamic, with, for example, 
complex linkages between eutrophication, nutrients and 
carbon (e.g., Chen and Borges, 2009; Borges and Gypens, 
2010). Recent studies in the Sargasso Sea indicate that the 
potential rate of nitrification (i.e., the biological oxidation 
of ammonia to nitrate) is declining with ocean acidifica-
tion (Beman et al., 2011), while the significance of oceanic 
nitrogen fixation, especially in the Sargasso Sea, is highly 
debated (e.g., Michaels et al., 1996; Gruber and Sarmiento, 
1997; Hansell et al., 2004; Bates and Hansell 2004; Hansell 
et al., 2008; Gruber, 2008; Singh et al., 2013). 

Many of these atmospheric processes impact one 

nutrient biogeochemical cycle, nitrogen or phosphorus, 
more than the other, resulting in potentially large devi-
ations from the canonical Redfield Ratio, which defines 
not only the relative concentrations of inorganic nitrate 
and phosphate in the deep ocean but also which nutri-
ent limits primary production. The Sargasso Sea is already 
characterized by a ratio of inorganic nitrate and phos-
phate much higher than the canonical Redfield Ratio 
(Singh et al., 2013). However, the response of phyto-
plankton and their control over this ratio of available 
nutrients is currently being challenged (e.g., Mills and Ar-
rigo, 2010). Anthropogenic modifications of the global 
biogeochemical cycles of nitrogen and sulphur have led 
to acidic deposition from the atmosphere, which has af-
fected sensitive terrestrial and ocean ecosystems (e.g., 
Farrell, 1995; Rodhe et al., 2002; Bouwman et al., 2003; 
Holland et al., 2005; Lamarque et al., 2005; Dentener et 
al., 2006; Doney et al., 2007). In those regions with acid 
deposition, industrial emissions of sulfur and nitrogen 
compounds (e.g., North America, Europe and East Asia) 
or intensive agricultural practices contribute to the acidity 
of rainwater with pH typically ranging from about 4 to 6 
(e.g., Rodhe et al., 2002). 

If nitrogen is the primary limiting nutrient for pri-
mary production in the Sargasso Sea, ‘new nitrogen’ 
availability from upwelled nitrate or nitrogen fixation 
should regulate export production, the principal route for 
marine carbon export via the biological pump (Stanley et 
al., 2015). Nitrate is considered to be the predominant 
form of new nitrogen in the ocean, owing to the assump-
tion that nitrification only occurs in the aphotic regions of 
the water column (Horrigan et al., 1981; Peng et al., 2018; 
Schön and Engel 1962; Shiozaki et al., 2019). In more 
recent years, however, nitrification has been shown to 
occur in the euphotic zone of several coastal and oceanic 
regions (e.g., Dore and Karl, 1996; Grundle and Juniper, 
2011; Grundle et al., 2013; Wankel et al., 2007, Ward 
1987), including the Sargasso Sea (Grundle unpublished). 
This suggests that not all nitrate in the euphotic zone 
should be considered as supporting export production 
and that measures of new production arising from nitrate 

CHAPTER 3

Chemical oceanography of the Sargasso Sea
D.S. Grundle, N.R. Bates, S. Murdock and R.J. Johnson 
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including a 23 m tower completed in 1988 at Tudor Hill, 
Bermuda. This facility was used for daily sampling of gases, 
aerosol and precipitation for over a decade and continues 
to be maintained and used as a research facility. 

The results of the AEROCE program were sum-
marized by Prospero (2001). Some of the key findings 
relevant to the Sargasso Sea include: (1) seasonal cycles 
in aerosol pollutants in Bermuda are determined more 
by the speed and duration of atmospheric transport 
than by strength of source emissions (e.g., Moody et 
al., 1995; Huang et al., 1999; Nevison et al., 2003, 2013; 
Dadashazar et al., 2021; Menzel-Barraqueta, 2019; Xiu et 
al., 2021); (2) anthropogenic sources contribute a sig-
nificant amount to the atmospheric loadings of sulphur 
and nitrogen species (e.g., Savoie et al., 1992); (3) sea-salt 
aerosol is a significant reaction medium and sink for sul-
phur and nitrogen species over the North Atlantic Ocean 
(e.g., Keene et al., 1998, 2014); (4) records of deposition 
of African dust to the Sargasso Sea were consistent with 
loadings of atmospheric dust observed at Bermuda, and 
annual variations in sediment trap fluxes were linked to 
changes in atmospheric transport rather than source 
strength (Jickells et al., 1998); and; (5) mineral dust is 
the dominant light scattering aerosol over a large part of 
the tropical and subtropical North Atlantic Ocean (e.g., 
Maring et al., 2000). 

Atmospheric deposition of nitrogen species also can 
support ocean primary production, although it varies 
widely by ocean region (e.g., Jickells et al., 1989; Paerl, 
1997; de Leeuw et al., 2003; Hastings et al., 2003; Spokes 
and Jickells, 2005; Boulart et al., 2006; Jickells, 2006). 
Annual rates of primary production at BATS are typically 
~150 g C m-2 year-1 (Steinberg et al., 2001; Lomas et al., 
2013), and the amount supported by atmospheric nitro-
gen deposition is typically insignificant (0.2–0.5%) except 
potentially for rare high rainfall events (e.g., Knap et al., 
1986; Fanning, 1989; Owens et al., 1992; Michaels et al., 
1993; Altieri et al., 2014, 2016). However, future changes 
in atmospheric nitrogen deposition (e.g., Duce et al. 
2008), coupled with the long-term reductions in nutri-
ent supply from below and changes in nitrogen fixation 
(Sarmiento and Gruber, 1997), might enhance this mech-
anism supporting oceanic primary production. In terms 
of supporting primary production, atmospheric iron in-
puts are perhaps more critical than atmospheric nitrogen 
deposition, which keeps the Sargasso Sea replete with a 
biologically important trace metal (Sedwick et al., 2007). 

uptake by phytoplankton have likely been overestimated. 
However, this overestimate depends on the importance 
of euphotic zone nitrification in a given location. 

Time-series measurements in the Sargasso Sea, start-
ing with Hydrostation S (1954) and later with the Bermuda 
Atlantic Time-series Station (BATS; 1988), have played a 
critical role in our understanding of new production in 
the subtropical ocean regions (Lipschultz et al. 2002). 
Indeed, Hydrostation S served as one of the sampling 
stations for the first measurements of 15N NO3

- uptake 
rates (Dugdale and Georing 1967). This led Lipschultz 
et al. (2002) to describe the concept of new production 
as being “intimately tied” to the Sargasso Sea. Natural 
variations in the nitrogen and oxygen isotopes of nitrate 
indicate that nitrification is not an essential process in the 
euphotic zone of the Sargasso Sea and, therefore, nitrate 
assimilation rates remain a valuable approximation of or-
ganic carbon export in this location (Fawcett et al., 2015). 
Nitrogen-fixing organisms, which convert atmospheric 
N2 to bioavailable ammonium, have also been identified 
as potentially significant and underestimated contributors 
to global carbon export (Bonnet et al., 2023). This may be 
crucial in nitrogen-limited regions like the Sargasso Sea. 
Estimates of nitrogen fixation in the Sargasso Sea range 
from 44 to 95 mmol N m-2 year-1 (Bates and Hansell, 
2004; Singh et al., 2013). 

3.1.2 Atmospheric deposition of nitrogen. 
The Sargasso Sea is downwind of pollution sources from 
the North American continent and consequently ex-
periences acid deposition with rainfall pH levels typically 
ranging from about 4.4 to 5.6 (Jickells et al., 1982; Bates 
and Peters, 2007). Early studies of atmospheric deposition 
of nitrogen or sulphur were focused on the contributions 
from H2SO4, HNO3, CaCO3, organic acids, soil dust and 
reduced and oxidized sulfur and nitrogen compounds to 
the acidity of wet deposition (e.g., Keene and Galloway, 
1988; Whelpdale et al., 1996). The pH and chemical com-
position of rainwater have been monitored on the island 
of Bermuda since the early 1980s (Jickells et al., 1982; 
Galloway et al., 1993; Chen and Siefert, 2004), initially as 
part of the Western Atlantic-Ocean Experiment (WATOX; 
Galloway et al., 1987 and Atmosphere-Ocean Chemistry 
Experiments (AEROCE; Huang et al., 1996) projects. 
AEROCE was a multi disciplinary collaborative program 
focused on the North Atlantic Ocean region’s linked 
atmospheric and marine chemical processes. Under this 
initiative, several atmospheric research towers were con-
structed at critical sites in the North Atlantic Ocean region, 



34  SARGASSO SEA COMMISSION34  SARGASSO SEA COMMISSION

data represents a loss of DO of ~8.1% or ~2% per decade. 
The trend of DO decline in the Sargasso Sea since the 
1980s is in the range shown for global ocean deoxygena-
tion (ODO) rates of ~0.3 to ~0.7 μmoles kg-1year-1 (~3– 7 
μmoles kg-1 decade-1) in the thermocline (Stendardo et 
al., 2012; Cianca et al., 2013; Stendardo et al., 2015, 2016; 
Montes et al., 2016). Apparent oxygen utilisation (AOU), 
as a calculated parameter (Garcia and Gordon, 1992), of-
fers a few clues as it reflects changes in oxygen due to the 
combined effect of biological processes such as primary 
production and respiration but also diffusion, circulation, 
and ventilation (Stramma and Schmidtko, 2019). The 
trend in AOU in the upper 500 m is about -0.54 μmoles 
kg-1 year-1, slightly higher than the contemporaneous de-
crease in DO. As with temperature and salinity changes, 
several decades were notable with significant loss of oxy-
gen (-30.2 and -17.6 μmoles kg-1 decade-1) accompanying 
“warming” decades. The 1990s and 2000s had only slight 
changes in surface oxygen (Bates and Johnson, 2020) as-
sociated with “cooling” decades. 

The cause for deoxygenation of the Sargasso Sea 
over the past 40 years appears only partly due to solubil-
ity changes associated with warming (Bates and Johnson, 
2020; the contribution of nitrification and denitrification 
to AOU is considered minor in surface waters). Given the 
ocean warming observed in the Sargasso Sea, the warm-
ing impact on DO solubility would likely have contributed 
to about 13% of the total decline of DO over the past 
nearly 40 years (Figure 3.2). The remaining deoxygen-
ation (~87%) must result from the combined effect of 

3.2 Dissolved oxygen in the Sargasso Sea 
N.R. Bates and R.J. Johnson 

Since the late 1980s, waters in this subtropical region 
of the North Atlantic Ocean have lost oxygen at a rate 
of ~2% per decade (~8% over the past 40 years; Bates 
and Johnson, 2020). The trends of declining DO at 
Hydrostation S over the past 60 years, and especially over 
the past 30 years, are slightly lower than the range of 
global ocean deoxygenation of ~0.3 to ~0.7 µmoles kg1 

year-1 in the thermocline (e.g., Keeling et al. 2010; Helm 
et al., 2011; Stendardo and Gruber, 2012). While ocean 
warming has likely contributed to overall deoxygenation 
by decreasing oxygen solubility, in the North Atlantic sub-
tropical gyre, contemporaneous increases in biological 
productivity have partially offset these DO losses. 

Physico-chemical changes over the past forty years 
in the Sargasso Sea have also resulted in the loss of dis-
solved oxygen (i.e., ocean deoxygenation), higher than 
other areas in the globalocean (Bates and Johnson, 
2020). The upper-ocean record of DO shows an overall 
decline of ~17.8 ± 2.4 μmoles kg-1 (-0.37 µmoles kg-1 yr-1) 
over the past 40 years (Bates and Johnson), with short-
term year-to-year variability (Figure 3.1). The longer-term 

FIGURE 3.1. Contour plots of surface dissolved oxygen 
anomalies for Hydrostation ‘S’ from 1955 through 
December 2020. Almost identical dissolved oxygen 
changes are shown at the BATS site from 1983 to end of 
2020. DO data prior to 1958 is not included due to changes 
in DO methods after the International Geophysical Year 
(IGY). Credit: R.J. Johnson, ASU-BIOS. 

FIGURE 3.2. Hovmuller contour plot of surface dissolved 
oxygen anomalies for the BATS site from 1983 to 2023. 
Credit: Bates and Johnson, 2023. 
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coincided with the zone of lowest oxygen (~ 150 µmol 
L-1) during the September to November 2018 and June 
2019 cruises. Concentrations were in the same order as 
those measured elsewhere in the North Atlantic (10-20 
nmol L-1; Ji and Ward 2017; Nevison et al. 2003) but 
generally lower than those measured in the tropical 
Atlantic and Pacific (25-200 nmol L-1; Babbin et al. 2015; 
Frame et al. 2014; Grundle et al. 2017; Ji et al. 2019; Kelly 
et al. 2021; Nevison et al. 2003). N2O in the mixed layer 
(upper 35-70 m for the four months sampled) ranged 
from being mostly undersaturated, a net sink for atmos-
pheric N2O, to slightly supersaturated, a weak source of 
N2O to the atmosphere. N2O in deeper waters, below 
the peak in the low oxygen zone, remained relatively 
stable at 10-12 nmol L-1. Besides flux to the atmosphere, 
microbial reduction to N2 is the only known mechanism 
for removing marine N2O. Because this microbial process 
is oxygen sensitive, the oxic-deep Sargasso Sea retains 
N2O. However, this deep N2O may become available for 
atmospheric flux during eddy-induced upwelling. While 
N2O data from the BATS station is not amenable to mak-
ing gyre-wide conclusions, this long-standing time-series 
location does offer an opportunity to track changes in 
N2O concentrations and fluxes with the steady decline 
in oxygen (see section 3.2) and vertical expansion of the 
oxygen minimum zone (see section 3.2). 

3.4 Rare earth elements in the Sargasso Sea 
D.S. Grundle and S.A. Murdock 

Methane, another potent greenhouse gas, supports a 
marine microbial community of methanotrophic or-
ganisms that play a vital role in the global carbon cycle 
(Khmelenina et al., 2018). Low levels of methane in the 
Sargasso Sea (1-3 nmol L-1) (Jones 1991) indicate the 
need for novel techniques to study microbial methane 
cycling in this region. Meyer et al. (2021) capitalize on 
the requirement for rare earth elements (REE) by some 
aerobic bacterial methanotrophs (Keltjens et al., 2014; 
Pol et al., 2014) to investigate REE molar ratios as pos-
sible biosignatures of methane oxidation. In a commonly 
expressed form of methanol dehydrogenase, an enzyme 
used in the bacterial methane oxidation pathway, a REE 
acts as a cofactor on the enzyme’s active site (Picone and 
Op den Camp, 2019). The REE cofactors observed are 
lanthanides with an atomic mass <147, called light REEs 
(LREE). Thus, in the first full-depth profile (24 depths, 
surface to 5 m above the seafloor) of REE concentrations 
at the BATS site, Meyer et al. (2021) measured light and 

ocean biology and physics changes. Recent warming in 
the 2010s of +1.18°C contributed about 18% of the con-
current decline in DO in that decade. 

Although the Sargasso Sea is characteristically 
well-oxygenated, a persistent zone of decreased oxygen 
(approximately 14-28% lower than mixed layer oxygen 
values and 31-42% lower than oxygen values below 1500 
m) exists between 500-1000 m depth at the BATS site. It 
is expanding in vertical extent (Figure 3.2). 

3.3 Nitrous oxide in the Sargasso Sea 
D.S. Grundle and S.A. Murdock

Dissolved oxygen (DO) concentrations play a crucial 
role in determining the favorability of microbial nitrogen 
cycling processes (Berman-Frank et al., 2008), including 
those that produce nitrous oxide (N2O), a potent green-
house and ozone-destroying gas. Atmospheric levels of 
nitrous oxide have steadily increased in recent decades 
(Prinn et al., 2018; Ravishankara et al., 2009), and current 
estimates are that one-quarter to one-third of naturally 
produced N2O flux to the atmosphere comes from open 
ocean regions (Tian et al., 2020). Nitrogen cycling pro-
cesses that generate N2O primarily occur under low DO, 
while those that consume N2O occur under anoxic con-
ditions, making understanding the effects of increasing 
ocean deoxygenation on N2O production a growing area 
of research. Most marine N2O is produced within stable 
oxygen deficient zones (ODZ) in, for example, highly pro-
ductive eastern boundary upwelling regions in the Pacific, 
Atlantic, and Arabian Sea (e.g., Ji et al., 2019; Wright et al., 
2012) and low oxygen mesoscale eddies (Grundle et al., 
2011). Conditions in the cores of ODZs where minimal 
amounts of oxygen remain present (~5-10 µmol O2 L-1; 
Grundle et al., 2017) are ideal for N2O production via 
anaerobic processes like denitrification. At the same time, 
oxic and hypoxic boundaries favour N2O formation as a 
byproduct of nitrification, with nitrification derived N2O 
increasing substantially below ~20 µmol O2 L-1. Although 
the Sargasso Sea is characteristically well-oxygenated 
(>180 µM O2), a band of decreased DO between 500-
1000 meters depth has increased potential to promote 
N2O-producing processes as ocean deoxygenation 
intensifies. 

To provide baseline data on N2O in the Sargasso 
Sea, Meyer et al. (2022) reported BATS station N2O dis-
tributions and yields from the oxic process of nitrification, 
from the surface down to 4500 m depth and estimated 
air-sea fluxes. The highest reported N2O concentrations 
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heavy (HREE; lanthanides with atomic mass ≥ 147) REEs, 
under the assumption that depletion of LREE relative to 
HREE could act as an indicator of methanotrophic activity. 

Ocean REE concentrations exhibited three different 
profile types: 1) HREEs varied little with depth, except for 
a minimum roughly coinciding with the deep chlorophyll 
maximum, likely indicative of scavenging onto particles. 
2) Surface LREE concentrations were high relative to 
HREEs, with a minimum value between 200-500 m depth 
and a slow increase to maximum levels in the deep. 3) 
The LREE cerium expressed a unique depth profile, with 
the highest values at the surface, a minimum near the 
top of the OMZ, and a slight increase with depth below. 
The depleted LREE: HREE ratio between 200-500 m also 
coincided with successful culturing on growth media with 
single-carbon compounds as the sole carbon source, 
indicating an active community of methane-oxidizing mi-
crobes at these depths. Meyer et al. (2021) recommend 
additional measurements across regions and seasons to 
build on the success of this first use of REE molar ratios as 
indicators of methane oxidation. 
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4.1  Food web overview, ocean optics  
and remote sensing 

The use of satellite and other remote sensing systems has 
advanced the field of oceanography in the last decades, 
allowing for fast and global studies impossible to attain 
by other means. In the Sargasso Sea, the presence of the 
continuous measurements provided by the many time 
series, both oceanic and atmospheric, allows to ground 
truth those remote sensing readings with in situ, actual 
measurements of the object of study (e.g., temperature, 
oceanic chlorophyll, aerosols, etc.). The monthly obser-
vations of optical and biogeochemical properties of the 
Bermuda Bio Optics Project (BBOP) at the Bermuda 
Atlantic Time-series Study (BATS) site, carried out from 
1995 until the mid-2010s, showed an increase of the 
diffuse attenuation in the upper photic layer (Allen et al., 
2017). The results suggest long-term ongoing changes 
in the phytoplankton community, and they agree with 
measured changes in the phytoplankton at BATS (Lomas 
et al., 2022), discussed in a later section. These direct 
comparisons also improved the models calculating pri-
mary production from satellite measurements (Kovač et 
al., 2018). Similar validation approaches were included in 
global models for dissolved organic matter cycling (Swan 
et al., 2012; Swan et al., 2013). The data from the Sargasso 
Sea have been vital to understand the limits of models 
and disentangle the interaction between the spatial and 
temporal resolution of the proposed models. 

To date, most of the oceanic remote sensing ap-
proaches focused on passive sensors, such as those 
measuring organic matter and phytoplankton. In re-
cent years, there has been an increase in the use of 
satellite-mounted light-detection-and-ranging (lidar) in-
struments. This system detects the distribution of animals 
both during the day and at night, allowing for a global 
study of the zooplankton’s diel vertical migration (DVM) 
at a worldwide scale (Behrenfeld et al., 2019). Using re-
mote sensing to measure DMV at the spatial and temporal 
resolution that satellite could provide would significantly 
improve our calculations of the biogeochemical impact 

of the zooplankton. The inclusion of the BATS data in 
the Sargasso Sea allowed, again, a better understanding 
of the spatial versus seasonal variability. It also proved the 
agreement between the satellite readings and the known 
seasonality in the total biomass of the zooplankton 
(Behrenfeld et al., 2019). 

4.2  Microbial Ecology, Genomics and eDNA 

Far away from fading or slowing down, the impulse given 
in the previous decades by molecular techniques to re-
search the smaller components of the plankton (viruses 
and prokaryotes) has continued to deliver a vast amount 
of new knowledge. The combination of the historical 
framework provided by the long-term study sites (BATS, 
Hydrostation, OFP, OMO) and the development of new 
techniques and instruments in the field made the Sargasso 
Sea the perfect open ocean laboratory.

Using the molecular metabarcoding techniques 
developed in the early 2000s (Sogin et al. 2006), the 
composition of whole communities can be characterized 
by amplifying specific fragments of conserved regions 
of the genome, sequencing in parallel millions of those 
fragments. This method opened the door to understand-
ing the community dynamics of those groups for which 
optical methods could not be applied to the species level, 
such as the prokaryotes (Bacteria and Archaea). These 
studies showed very strong seasonal dynamics in the 
Sargasso Sea, as well as the role of depth conditioning the 
prokaryotic community in the water column (Vergin et al., 
2013b). These dynamics were linked to changes to the 
yearly cycles of stratification and mixing events (Vergin 
et al., 2013b), mesoscale events such as eddies (Nelson et 
al., 2014) or, in a few cases, to other non-cyclical events 
or disturbances of unknown origin at the time. Within the 
Sargasso Sea discovered SAR11 clade, there were single 
lineages linked to specific depths or environmental con-
ditions (ecotypes), indicating the presence of continuous 
evolutionary processes in the ocean even at fine spatial 
scales. These ecotypes could finely tune to their ecological 
niche and often occupy adjacent niches if competing with 

CHAPTER 4

Biological oceanography of the Sargasso Sea
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organic matter. Genome analyses, including samples from 
the Sargasso Sea, have shown that they have the meta-
bolic machinery (or, at least, the genes) for oxidizing a 
fair number of relatively recalcitrant compounds (Landry 
et al., . 2017). Similar to SAR11, ocean depth studies of 
the abundance and distribution of these genomes in 
the water column also depicts the presence of different 
evolutionary lineages, each with a different metabolic 
specialization (Saw et al., 2020). 

Multidisciplinary efforts in the Sargasso Sea allow the 
link between different facets of biological oceanography. 
Combining zooplankton incubations, bacterial remineral-
ization experiments and dissolved targeted metabolites 
via quantitative mass spectrometry, the first steps to-
wards a mechanistic understanding between zooplankton 
behaviour and organic matter production, and bacterial 
growth and organic matter consumption have been char-
acterized. Copiotrophic bacteria, able to rapidly utilize 
the large number of labile carbon molecules produced 
for growth, actively respond to the zooplankton byprod-
ucts (Maas et al., 2020). Further studies should investigate 
the fate of the less labile molecules of the zooplank-
ton-originated DOM and the effect on the prokaryotic 
community. On a similar approach, but using only field 
data, the injection of surface DOM into the deep ocean 
that happens in the Sargasso at the end of the summer 
(Carlson et al., 1994) produced a growth of specific bac-
terial lineages (such as the aforementioned SAR11 and 
SAR202). Different bacterial lineages and ecotypes peak-
ed at other times after the injection, which is linked to the 
changes in the DOM total amount and composition over 
time, suggesting a tight link between DOM variability and 
prokaryotic community abundance and composition (Liu 
et al., 2022). 

During the last decade, there has been a growing 
interest in the viral component of the plankton, the 
virioplankton. In the Sargasso Sea, these fraction seems 
to be dominated in the epipelagic by virus lineages with 
affinity for the cyanobacteria Prochlorococcus (Parsons et 
al., 2012). The community, however, follows a seasonal 
cycle controlled by hydrography (Goldsmith et al., 2015). 
Interestingly, the viral abundance did not correlate with 
the most abundant bacteria, SAR11. Ongoing studies 
analyzing the phylogenetic composition of the viral com-
munity and their taxonomic affinity should shed light on 
the dynamics of virioplankton in the oligotrophic gyre of 
the Sargasso Sea. 

other groups (Vergin et al., 2013a). Widespread in the 
global ocean, temperature and nutrient concentration 
are accurate predictors for which ecotype might be dom-
inant at any time in any location (Bolaños et al., 2022). 
Together, data suggested that community assembly, 
succession and evolution did not follow a neutral pattern 
but were controlled by niche-dependent, deterministic 
processes (Vergin et al., 2017). These studies, in which 
the whole community was characterized, were the basis 
for processes-oriented studies, in which the observed 
transitions were studied in depth, with the aid of other 
methods and experiments, to understand the underlying 
mechanisms and their consequences in the biogeochem-
ical cycles. 

Having characterized the community composition 
and dynamics paved the way to advance our knowledge 
in the metabolic pathways of the prokaryote commun-
ity, both considering a few lineages or even considering 
the whole community. Many focused on the interaction 
between bacteria and dissolved organic matter (DOM) 
and carbon (DOM), such as the role of bacteria in the 
production of the climatically–active trace gas dimethyl-
sulfide (DMS) in the upper ocean (Vila-Costa et al., 2014). 
Although the results were not conclusive, they suggested 
that the metabolic pathway responsible for the produc-
tion of DMS depends on the metabolic demand of sulfur 
by the prokaryotic community and the availability of 
labile carbon and energy (Parsons et al., 2012; Vila-Costa 
et al., 2014). 

Another research focus continued focusing on the 
SAR lineages, especially in SAR11. The primary questions 
related to the role of SAR11 in the multiple paths of 
degradation of organic matter: which pathways, when, 
and how much of those different components of DOM 
were passing through SAR11. One of the critical com-
ponents of the DOM in the oceans is vitamins, which are 
rare but essential for essential metabolic pathways. SAR11 
could synthesize vitamin B1, one of the key coenzymes 
for all living organisms, from a precursor and could not 
use exogenous B1 (Carini et al., 2014). The precursor is 
actually a typical exudate in marine cyanobacteria, phyto-
plankton and bacteria but remains almost undetectable 
in most of the water column, suggesting that SAR11 
efficiently processes the precursor, funnelling this organic 
compound into its metabolic pathway (Carini et al., 2014). 
Another SAR lineage of interest is SAR202 since its high 
densities and the evolutionary placement suggested from 
its discovery a potential role in the metabolic degradation 
of recalcitrant (that is, resistant to microbial degradation) 
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picture and trend of the Sargasso Sea, and more specif-
ically of the BATS time series, mesoscale structures such 
as eddies could significantly influence the phytoplankton 
community, driving it away from the pattern mentioned 
above (Cotti-Rausch et al., 2016). Depending on the sea-
son and nature of the eddy (cyclonic or anticyclonic), the 
community shifted more towards cyanobacteria (when 
oligotrophy was promoted) or towards eukaryotes (when 
it resulted in nutrient supply). Those changes affected 
the carbon export, with lower values associated with the 
Prochlorococcus-dominated, anticyclonic structures (Cotti-
Rausch et al., 2016). 

As indicated above, the community is dominated by 
the smaller size fractions (< 20 µm), which, combined with 
the high diversity typical from oligotrophic areas, makes 
very difficult and time-consuming any research involving 
approaches combining quantification and identification 
at the individual level. Microscopy-based approaches 
are highly time-consuming and require broad taxonomic 
expertise; they provide a quantitative measurement that 
other methods currently lack. One of the few microscopy 
studies indicated a dinoflagellate-dominated community 
in the epipelagic (Wolverton, 2016), although mixotroph-
ic ciliates could, under some circumstances, represent a 
larger biomass than any other group. The limited dataset 
of this work (the summers and winters from two years) 
did not allow for validating some of the existing hypoth-
eses about the relevance of mixotrophy (Mitra et al., 
2014) in the trophic web and biological pump at BATS. 
It offered some hints of the possible prey preferences 
by nano flagellates, dinoflagellates and ciliates, most of 
which can feed on the cyanobacteria that dominate the 
phytoplankton biomass at BATS (Wolverton, 2016). The 
balance between prey availability, nutrient budgets and 
depth of the photosynthetically active radiation would 
then condition which taxa groups can overcompete the 
others. The ability of mixotrophs to combine nutrient 
acquisition from predation with carbon fixation through 
photosynthesis should give them an advantage during 
stratification periods; meanwhile, the deep mixing in 
spring would favour those lineages with more efficient 
photosynthetic systems.

In the last decade, our knowledge of the ocean’s 
unicellular eukaryote components has increased with 
molecular applications such as metabarcoding or me-
tagenomics. Together with more established methods, 
they have improved our understanding of the commun-
ity and processes involving the unicellular components. 
The research carried out in the Sargasso Sea was not 

4.3  Phytoplankton, protist diversity  
and productivity 
L. Blanco-Bercial 

4.3.1 Introduction 
The phytoplankton community in the Sargasso Sea is 
dominated by the picophytoplankton (~0.7 – 2 µm). This 
group alone represents ~50% to 85% of the community 
chlorophyll-a biomass, and they include cyanobacteria 
(Prochlorococcus and Synechococcus) and a very diverse 
community of microscopic eukaryotes (Blanco-Bercial 
et al., 2022; Cotti-Rausch et al., 2020). This group is also 
responsible for most of the primary production and 
photosynthetic carbon fixation, representing almost 
100% of it in the deeper layers. The larger size fractions, 
the nanophytoplankton (2 – 20 µm) and the micro-
phytoplankton (> 20 µm), find their peak in biomass at 
the 80–100 m depth range, although their maximum 
contribution to the total primary production happens 
however in the upper 50 m (Cotti-Rausch et al., 2020). 
These findings agree with the assumption that picophyto-
plankton is the main driver of primary production in the 
oligotrophic areas. This community shows a large varia-
tion on a seasonal basis instead of a steady community 
throughout the year. 

The long-term trends of the phytoplankton com-
munity show a further increase in the picophytoplankton 
community over the last decades (Lomas et al., 2022), 
especially favouring the cyanobacteria. After some initial 
data indicating a long-term increase in phytoplankton 
biomass (Wallhead et al., 2014), this trend decayed over 
the last years of the 2010s decade, when the eukary-
ote biomass declined to the baseline of the previous 
decades. The prokaryotic picophytoplankton did not 
decrease, which resulted in an apparent reorganization 
of the community. One of the consequences of this re-
organization is that phytoplankton-mediated carbon 
export was maintained thanks to the different nutrient 
stoichiometry of both groups, favouring cyanobacteria 
in the present conditions of lower nutrient availability in 
the epipelagic (Lomas et al., 2022). Despite this apparent 
long-term stability of the community, there are notice-
able shifts in biomass and community composition linked 
to regional oscillations, such as the NAO (Casey et al., 
2013; Lomas et al., 2013). Maintaining a time series that 
extends beyond the natural duration of such cycles is thus 
essential to characterize the real long-term trend in the 
phytoplankton community in the Sargasso Sea. Finally, al-
though the results summarised above represent a general 
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community belonged to lineages without references in 
the existing databases. The role in the community and 
biogeochemical cycles, and the applied potential for 
these lineages, is then unknown, opening the door for fu-
ture studies focusing on this community to understand 
their ecology, their role in the biogeochemical cycles, and 
their potential use in industry. 

4.4  Zooplankton in the Sargasso Sea 
L. Blanco-Bercial

The zooplankton, small animals that live drifting in 
the water column, are a vital component of the ocean 
ecosystem. They are the essential link between primary 
producers and the upper trophic levels, channelling 15 
to > 50% of ocean production toward upper trophic 
levels (Steinberg and Landry, 2017). In the last decade, 
our acquired knowledge of the zooplankton community 
in the Sargasso Sea (composition, seasonality, biogeo-
chemical roles, long-term trends, etc.) has enriched our 
understanding of local and global processes (Ivory et al., 
2019; Steinberg and Lomas, 2012; Stone and Steinberg, 
2016). Recent studies include biomass-derived to 
high-throughput (molecular and images) datasets and 
observational-based to experimental studies that build 
up over the previous research and on the shoulders of 
the plethora of data accumulated by the BATS program. 

Long-term trends in zooplankton biomass indicated 
a nearly 70% increase from 1994 to 2011 (Lomas et al., 
2013; Steinberg et al., 2012), especially around the spring 
bloom. This increase in biomass was flagged as one of 
the plausible reasons for the detected increase of POC 
flux in the winter-spring at BATS (Lomas et al., 2010). This 
trend did not seem homogeneous across all size fractions 
and suggested that only a fraction of the community re-
sponded to the increase in temperatures (Steinberg et al., 
2012). Later studies, however, indicate that this increase 
did not continue in the next decade when it was regis-
tered an actual decrease of a similar magnitude (Lomas 
et al. 2022). Data would then suggest a long-term steady 
state in the biomass of the zooplankton community, with 
oscillations related to long-term, cyclical forcings. 

Recent microscopy work in zooplankton commun-
ity composition agreed with the historical data from 
previous decades; copepods were the dominant group, 
with a high taxonomic diversity across all groups and 
depths (Stefanoudis et al. 2019). In the southern Sargasso 
Sea, a highly diverse group of copepods were also the 
dominant group, with biomass peaks associated with 

an exception to this rule, and several publications have 
seen the light using these tools alone or combined with 
other methods. Based on these approaches, it has been 
characterized that mixotrophic lineages, especially dino-
flagellates, dominate throughout the whole year in the 
epipelagic. However, autotroph prasinophytes bloom 
during the rapid transition between the winter mixing 
and the stratified summer; meanwhile, heterotrophs have 
their peak at the end of summer, when the base of the 
thermocline reaches its deeper depth, and nutrients are 
more scarce in the epipelagic (Blanco-Bercial et al., 2022; 
Choi et al., 2020; Treusch et al., 2012). Below the photic 
zone, the community is dominated by Rhizaria, where dif-
ferent lineages are organized in a depth-stratified fashion, 
relatively constant throughout the year, and mirror local 
hydrographic and biological features such as the oxygen 
minimum zone. The results suggest a dynamic partition-
ing of the water column, where the niche vertical position 
for each community changes throughout the year, like-
ly depending on light, nutrient availability, mixed layer 
depth, and other hydrographic features. Finally, the protist 
community closely followed mesoscale events (eddies), 
with the communities mirroring the hydrographic uplift, 
raising the deeper communities for hundreds of meters, 
and compressing the communities above (Blanco-Bercial 
et al., 2022). 

4.3.2 Marine fungi. 
In the last decade, there has been a growing interest 
in marine fungi, initially due to their role in the natural 
cycle of organic compounds. Fungi can degrade recalci-
trant organic matter, which might be the missing link in 
how organic matter, especially those complex organic 
molecules, is used by the planktonic community. Further-
more, fungi are known to produce secondary metabolites 
with potential use in industry, making this group a focus 
for applied-oriented research, including drug discovery, 
cosmetics, or bioreactors. In the Sargasso Sea, a prelim-
inary study has been carried out, exploring the vertical 
distribution in the epipelagic and upper mesopelagic of 
planktonic fungi by molecular methods. This first data 
indicated an increase of filamentous fungi (compared to 
unicellular, yeast-like ones) with depth, as well as an in-
crease of parasitic forms in the chlorophyll maximum and 
the upper mesopelagic, compared to the surface (God-
frey et al., 2022). Moreover, Ascomycota dominated the 
community. There was a shift in the composition within 
Basidiomycota, with different Classes dominating at each 
depth. Finally, this study also highlighted that most of the 
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with the passive flux of surface-originated particles that 
passively sink in the water column to deeper layers. 
Accurate quantification of this path and the role of the 
resident community are two of the following questions 
that should be addressed in the future to understand the 
contribution of the zooplankton to the generation, modi-
fication and attenuation of sinking particles in the ocean. 

Although not a focus of this report, there have been 
several new studies on the biology and function of eels 
in the Sargasso Sea (e.g., Righton et al., 2016; Hanel et al., 
2014; Rypina et al., 2014) and cephalopods (Lischka et al., 
2017). 

4.5  Decadal changes in the Sargasso Sea 
L. Blanco-Bercial 

All the knowledge accumulated not only in the last dec-
ade but from the foundation of the time series makes 
the Sargasso Sea, in general, and BATS, in particular, one 
of the locations of choice when testing global models of 
biogeochemical cycles or when testing new approaches 
that would improve our measurements, about the zoo-
plankton community (e.g., Archibald et al., 2019; Doherty 
et al. 2021). Richardson et al. (2017) have recently studied 
the effects of warming on zooplankton in the Sargasso 
Sea using observational data and models. 

4.6  Modelling approaches
L. Blanco-Bercial 

All the knowledge accumulated not only in the last dec-
ade but from the foundation of the time series makes 
the Sargasso Sea in general, and BATS in particular, one 
of the locations of choice when testing global models of 
biogeochemical cycles, or when testing new approaches 
and equipment that would improve our measurements. 
Studies include, for example, the contribution of zoo-
plankton to global biogeochemical cycles, combining in 
situ measurements and satellite estimates (Archibald et 
al., 2019), the calibration of compound-specific isotope 
analysis of amino acids (Doherty et al., 2021), developing 
a machine-learning model to relate hydrography and 
primary productivity in the ocean (D’Alelio et al., 2020), 
or modelling the controls on carbon export in the ocean 
(Yumruktepe et al., 2020), to name a few. The continuous 
use of data originating in the Sargasso Sea highlights the 
relevance of this location for the scientific community. 

frontal structures (Andersen et al., 2011). At BATS, recent 
image-analyses-based technology using a zooscan (Gorsky 
et al., 2010) has advanced our understanding of the zoo-
plankton community beyond biomass measurements. 
Image data also detected an increase in biomass and was 
able to associate the increase in the specific groups with 
the increase of temperatures in the 2002-2010 period 
(Ivory et al., 2019); future research should address the 
group-specific response to the decay in general biomass 
during the last decade. More extended studies have re-
flected some cycles in specific groups of taxa with possible 
impact on biogeochemical cycles (Stone and Steinberg, 
2014, 2016). Using images also allows for calculating total 
biomass and derived physiological calculations with appli-
cations for biogeochemical cycle models, especially after 
developing a local, taxonomically specific, size-image-bio-
mass calibration set for this region (Maas et al., 2021). In 
recent years, but already far away from the foundational 
(Venter et al., 2004), molecular techniques to describe 
planktonic communities have significantly increased com-
pared to those using morphology. In the Sargasso Sea, 
this technique has allowed the description of separate 
communities that form a seasonal succession related to 
the hydrographic changes and identify such communities’ 
main components and indicators (Blanco-Bercial, 2020). 
These successional changes were also associated with 
the measured carbon and nitrogen export, indicating a 
measurable link between the seasonality in community 
composition and its impact on biogeochemical cycles. 
Future work, merging both sources of high-throughput 
data (imaging and molecular), should improve our under-
standing of the zooplankton community at BATS.

Experimental work on the zooplankton in the 
Sargasso Sea has continued, focusing primarily on the 
copepod Pleuromamma xiphias. Studies have focused on its 
circadian cycle and its potential impact on biogeochem-
ical cycling (Maas et al., 2018; Tarrant et al., 2021), as well 
as the interaction between the diel vertical migration pat-
tern of this species, their production of exudates and the 
response of the microbial community to these dissolved 
organic compounds in depth (Maas et al., 2020). These 
studies have shown variability in the diel physiological 
rhythm depending on the season and the environmental 
conditions, with implications in the larger scale role of the 
zooplankton as a critical player in the vertical transport 
of carbon to sequestration depths. They have also shown 
the relevance of active flux (the amount of carbon, 
nitrogen, and other organic compounds that are released 
directly at depth) driven by the zooplankton, in contrast 
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5.1  Marine biogeochemical cycles  
in the Sargasso Sea 
N.R. Bates 

The global ocean is responding to environmental change 
that includes warming, changes in the water (or hydro-
logical) cycle and ocean nutrient availability (e.g., Boyce 
et al., 2010; Singh et al., 2013) that controls the growth 
and accumulation of marine phytoplankton which in turn 
provide the support for the marine food web. The re-
sponse of marine ecosystems and the biogeochemistry of 
essential elements such as carbon, oxygen, and nutrient 
compounds to environmental changes demands detailed 
observations and improvements in understanding the 
crucial physical, biological and chemical processes that 
control them. 

Long-term ocean time series are a powerful tool for 
investigating ocean physics and biogeochemistry, effects 
on the global carbon cycle, and responses to ocean 
change. The original and continuing theme of the BATS 
program has been improving our scientific understanding 
of the “time-varying” components of the ocean carbon cycle 
and related biogenic elements of interest (e.g., carbon, nitrogen, 
phosphorus, silica). This also includes identifying the relevant 
physical, chemical and ecosystem properties responsible for 
this variability. Critical evaluation of seasonal, interannual 
and longer-scale dynamics of vertical mixing, control of 
ecosystem productivity by carbon and nutrient cycles, net 
exchange of carbon dioxide (CO2) between the atmos-
phere and the ocean, and distribution of many biogenic 
elements within the sea requires long–term sustained 
observations (Michaels and Knap, 1996). 

The Bermuda Atlantic Time-series Study (BATS) 
project was established in the late 1980s by NSF to sup-
port the monitoring of and experimental work on the 
physics, chemistry, and biology of the ocean at a location 
approximately 85 km to the southeast of the island of 
Bermuda in the North Atlantic Ocean (Michaels and 
Knap, 1996; Steinberg et al., 2001; Lomas et al. 2013; 
Bates and Johnson, 2020, 2023). Since then, the BATS 

site has been sampled monthly to bimonthly during more 
than 480 cruises to date, with laboratories, research and 
logistical support, and ship support (R/V Atlantic Explorer) 
based at the Bermuda Institute of Ocean Sciences (BIOS; 
Bates and Johnson, 2023) 

5.2  Ecosystem and biogeochemistry  
changes in the Sargasso Sea 
N.R. Bates 

In the late 1950s and early 1960s, Hydrostation S data 
were used to define seasonal cycles and interannual varia-
tions of basic hydrography and biology of the upper ocean 
(Be, 1960; Menzel and Ryther, 1960). Ocean productivity 
theories occurred during the 1960s, when pioneering 
work by Menzel and Ryther (1960) and Dugdale and 
Goering (1967) at Hydrostation S led to the formu-
lation of the new production concept, allowing total 
primary productivity to be separated into a regenerated 
and ‘new’ component. Numerous studies have recent-
ly documented the dynamics of phytoplankton (e.g., 
Haidar and Thierstein, 2001; Lomas et al., 2013; Wang 
and Malanotte-Rizzoli, 2014; Krumhardt et al., 2016), 
zooplankton (Steinberg et al., 2012) and even Sargassum 
weed (e.g., Laffoley et al., 2011; Huffard et al., 2014). Since 
the late 1960’s, many studies have sought to elucidate 
seasonal oxygen cycling (e.g., Jenkins, 1982; Jenkins and 
Goldman, 1985; Cianca et al., 2013), inorganic nutrient 
dynamics (e.g., Klein and Coste, 1984; Knap et al., 1986; 
Jickells et al., 1989; Michaels et al., 1993; Lipschultz et al., 
2002; Bates and Hansell, 2004; Palter, 2005; Lozier et al., 
2011; Ren et al., 2012; Singh et al., 2013, Fawcett et al., 
2014, 2015, 2018) and new/export production rates (e.g., 
Lomas et al., 2010). The marine genomic understanding 
of the Sargasso Sea, prompted by the paper of Venter et 
al. (2004), has expanded to genomic discovery of bac-
terioplankton, virus and Archaea at Hydrostation S (e.g., 
Morris et al., 2004; Biers et al., 2009; Ghai et al., 2010; 
Tucker et al., 2010; Thrash et al., 2010; Thrash et al., 2011; 
Sun et al., 2011; Pathak et al., 2012; Treusch et al., 2012; 

CHAPTER 5

Biolochemical cycles and air-sea interactions  
in the Sargasso Sea
D.S. Grundle, N.R. Bates, S. Murdock and R.J. Johnson 
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5.3  Ocean deoxygenation  
in the Sargasso Sea 
N.R. Bates 

The upper-ocean record of dissolved oxygen (DO) shows 
a decline of ~17.8 ± 2.4 μmoles kg−1 over the past 40 years 
at the Bermuda Atlantic Time-series Study (BATS) site 
(Bates and Johnson, 2020; Figure 11), with short-term 
year-to-year variability. The loss of oxygen in the surface 
and the euphotic zone is ~6.6% or ~1.5% per decade 
(Bates and Johnson, 2023). The decline of oxygen in the 
Sargasso Sea over the past forty years is similar to that 
shown for global ocean deoxygenation (ODO) of ~2.5 
to 6 μmoles kg−1 decade−1) in the thermocline (Bates and 
Johnson, 2023) and elsewhere across the North Atlantic 
Ocean (Stendardo and Gruber, 2012; Montes et al., 2016). 

Bates and Johnson (2020) also report the apparent 
oxygen utilisation (AOU) rates in the Sargasso with AOU 
representing the difference between measured oxygen 
concentration and oxygen concentration at saturation in 
seawater with the same physical and chemical properties. 
AOU, as a calculated parameter, offers a few clues as it 
reflects changes in oxygen due to the combined effect 
of biological processes such as primary production and 
respiration, but also diffusion, circulation, and ventilation. 
Bates and Johnson (2020) assumed that the contribution 
of nitrification and denitrification to AOU is considered 
minor in surface waters. The trend in AOU in the upper 
500m is about −0.54 μmoles kg−1 year−1, which is slightly 
higher than the contemporaneous decrease in DO. 

Such changes in dissolved oxygen in the Sargasso Sea 
are synergistic with ocean warming and ocean acidifica-
tion (OA). And also connected to complex causes such 
solubility effects (Garcia and Gordon, 1992), ocean phys-
ics and stratification (Stramma et al., 2010; Stramma and 
Schmidko, 2019), air-sea heat exchange, gas exchange, 
ocean primary production (Levin and LeBris, 2015), 
changes in microbial production and pathways (Lonberg 
et al., 2016), zooplankton biomass changes (Bednarsk et 
al., 2016), and expansion of the oxygen minimum zone 
(Rabalais et al., 2014; Duarte et al., 2016). 

Tagklis et al. (2020) have suggested a modulation 
of North Atlantic Ocean deoxygenation over decadal 
time scales. The warming of the North Atlantic increases 
solubility, decreasing oxygen. However, this effect is partly 
counteracted by the reduction of primary production 
and weakening of carbon export from the surface/eu-
photic zone and its remineralization at depth (i.e., higher 
oxygen levels; Tagklis et al. (2020). Lomas et al. (2022) 

Nelson and Carlson, 2012; Davies et al., 2012; Zhao et al., 
2013; Vergin et al., 2013a,b; Mizuno et al., 2014; Carini et 
al., 2014). 

From the 1980s to the early 2000s, chlorophyll a 
biomass and rates of in situ primary production observed 
offshore at BATS increased overall (Lomas et al., 2010; 
Bates, 2017; D’Alelio et al., 2020) with specific taxa such 
as coccolithophores (calcifying phytoplankton) growing 
at BATS (Krumhardt et al., 2016). During this timeframe, 
rates of primary production have almost doubled, and 
chlorophyll biomass has increased by ~22% per decade 
at BATS (Lomas et al., 2013), concurrent with significant 
increases in zooplankton biomass (Steinberg et al., 2012; 
Ivory et al., 2019). Furthermore, nitrate values in the mixed 
layer almost doubled over the past two and a half decades 
while suspended particulate organic matter (sPOM) and 
dissolved organic carbon increased by ~30% and 2% per 
decade, respectively, to the early 2010s (Bates, 2017). 

However, from the early 2000s to the present, rates 
of primary production have decreased by >25% (Lomas 
et al., 2022; D’Alelio et al., 2020). A significant challenge 
will be understanding if primary production decreases in 
step with warming, increased stratification, and nutrient 
reduction or if its reduction is mitigated to some degree 
by changes in ecosystem community structure (larger cells 
to pico-nano eukaryotes) and new nitrogen/phosphorus 
controls. In the subtropical gyre region of the North 
Atlantic Ocean, warming, salinification, deoxygenation, 
ocean biology changes, and acidification have accelerated 
in their pace of change (e.g., Bates and Johnson, 2020; 
Lomas et al., 2022). Oceanographic data collected pro-
vide critical information about ocean changes and what 
these changes might mean to the future of our oceans. 
From the late 1980s, surface and upper ocean subtropical 
waters of the North Atlantic Ocean have grown warmer 
(+1.2°C) and saltier (+0.11), lost oxygen (~8% over the 
past 40 years) but gained anthropogenic carbon dioxide 
(CO2; 72% increase). Ocean biology and community 
structure have also changed, with primary production 
decreasing while organic carbon export has been main-
tained (Lomas et al., 2022; Ivory et al., 2019). In the recent 
decade, hydrographic changes have accelerated (Bates 
and Johnson, 2020, 2022). Fundamental questions and 
challenges remain about understanding present and fu-
ture ocean function, prediction and modelling. Will these 
changes continue into the 2020s, and how will ocean 
ecology and biogeochemistry respond? 
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dissolved organic carbon (DOC). In stratified regions of 
the ocean (lower latitudes), net primary production re-
sults in a drawdown of dissolved inorganic carbon (DIC) 
and partial pressure of CO2 (pCO2), which increases pH, 
allows for the influx of CO2 from the atmosphere and an 
accumulation of organic matter as POC and DOC. 

As living biomass is produced, some particles be-
come senescent and form sinking aggregates, while 
other particles are consumed by herbivores and sinking 
faecal pellets (POC) are produced. These sinking aggre-
gates and pellets remove carbon from the surface to be 
remineralized at depth via decomposition by bacteria or 
consumption by zooplankton and fish. In addition, DOC 
produced by phytoplankton or animal excretion in surface 
waters can also be transported downward by subduction 
or convective mixing of surface waters. Finally, vertically 
migrating zooplankton that feed in the surface waters at 
night and return to deep waters during the day actively 
transport dissolved and particulate material to depth, 
where a portion is metabolized (e.g., Fasham, 2003). 

The portion of organic carbon produced in the 
surface ocean that can be exported and remineralized 
back to CO2 in the deep ocean is the most crucial factor 
in the exchange of CO2 between the atmosphere and 
the ocean. Although approximately 80% of the globally 
exported carbon is POC, DOC can represent 30%–50% 
of carbon export in the upper 500 m of the water column 
at specific ocean sites. 

The biological pump of carbon refers to the pro-
cesses that convert CO2 (thereby drawing down DIC) to 
organic matter by photosynthesis and removing organic 
carbon to depth (where it is respired) via sinking, mixing, 
and active transport mechanisms. As shown in Fig. 8, the 
combined effect of the solubility and biological pump 
increases DIC and pCO2 and decrease pH at depth in the 
Pacific Ocean. Once stored at intermediate and deep 
parts of the ocean, CO2 is effectively removed from an 
exchange with the atmosphere for centuries to thousands 
of years, depending on global ocean circulation patterns. 

The gross export of organic matter from the surface 
waters is estimated at approximately 11 Pg C year-1. Of 
this, only about 2% of the organic matter exported from 
the surface waters reaches the seafloor and is stored in 
the abyssal sediment. In fact, most of the exported organ-
ic matter is remineralized back to DIC in the upper 500 m 
of the water column and released back to the atmosphere 
on timescales of months to years via upwelling, mixing, 
or ventilation of high density water at high latitudes. It is 
that the fraction of exported organic matter that reaches 

have shown that the stratification of the upper ocean 
has increased in the Sargasso Sea. Furthermore, rates of 
primary production have declined over the last couple of 
decades. In addition, Leonelli et al. (2021) reported that 
the oligotrophic gyre of the North Atlantic Ocean has 
expanded its area over time and suggested lower nitrate 
supply in winter to the region. However, despite these 
changes, organic carbon export have maintained their 
rates at a similar magnitude over the last few decades due 
to “nutrient trapping” below the euphotic zone. This has 
been postulated to occur structure, leading to increases in 
the stoichiometric N:P and C:P ratios of particulate mat-
ter produced through photosynthesis (Lomas et al., 2022) 

5.4  Export of organic matter  
in the Sargasso Sea 
L. Blanco-Bercial and N.R. Bates 

The global carbon cycle in the ocean depends on the 
movement of particulate organic carbon (POC) from the 
surface to deep waters. Depending on the depth reached 
by the POC and hydrographic and biological processes, it 
can be again transformed into carbon dioxide (CO2) in a 
layer with direct exchange with the atmosphere, or it can 
be stored in-depth for thousands of years to geological 
times in a process called carbon sequestration. Only a 
minimal portion of the carbon captured in the epipelagic 
gets transferred to the deep ocean as sinking particles 
or actively as migrating animals below the sequestration 
critical depth. 

5.4.1 Concepts of export production in the Sargasso Sea. 
Although the standing stock of marine biota in the ocean 
is relatively small (i.e., 3 Pg C), the biological and biogeo-
chemical processes that influence biota, ecosystems and 
growth are critical to the carbon cycling and exchanges 
between atmosphere and ocean of the active ocean car-
bon reservoirs, the most significant and rapid fluxes are 
those associated with photosynthetic production (pri-
mary production) on the land and in the ocean (Tanhua 
et al., 2013; Sarmiento and Gruber, 2002). Marine 
phytoplankton are responsible for more than a third of 
the total gross global photosynthetic production (i.e., 50 
Pg C year-1). In the sea, photosynthesis is limited to the 
euphotic zone, the upper 100–150 m of the water col-
umn where light can penetrate. Net primary production 
(primary production in excess of respiration) converts 
CO2 to organic matter that is stored as particulate or-
ganic carbon (POC; in living and detrital particles) and as 
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consumption, trapped in mucus webs, etc.) or attached 
to larger phytodetrital aggregates, would also facilitate 
the contribution of pico and nanoplankton to sinking 
particles (Amacher et al., 2013; Lomas and Moran, 2011; 
Lomas et al., 2022;), contributing to up to 10% of the 
POC in the Sargasso Sea. The small size of these plank-
ton would have limited their contribution to carbon flux 
otherwise, although they are one of the main contribu-
tors to primary production in the Sargasso Sea. Another 
zooplankton contribution to the high vertical POC flux 
at depth is the active (i.e., not driven by gravity alone) 
flux linked to diel vertical migration. When the migrators 
travel to the deep layers and stay there during the day-
time, many still carry in their digestive system contents of 
epipelagic origin. The continuous digestive activity then 
produces in-depth, below the 500 m layer, POC in the 
form of faecal pellets with contents derived from surface 
feeding (Tarrant et al., 2021). 

Although only reported for Pleuromamma xiphias 
(Tarrant et al., 2021), other zooplankton, such as krill, 
travel even to deeper layers during the daytime (Niimi 
et al., 2022). The quantitative contribution of this active 
flux to depth below the sequestration horizon, relative to 
the total POC, is something to be addressed in the future. 
The particles interact with the resident community once 
in the mesopelagic and below. This community partici-
pates in the disaggregation and repackaging the sinking 
particles, sometimes reducing the flux, but others create 
larger particles even at depth after feeding and producing 
faecal pellets. Often, intact faecal pellets can be detected 
at 1,500 m and 3,200 m depth (Shatova et al., 2012), 
representing ~ 5% of the measured carbon flux. Those 
pellets were, however, likely originated by the resident 
community at depth, feeding on the passing flux instead 
of representing those formed by the surface community 
or even active migrators such as Pleuromamma xiphias 
(Shatova et al., 2012). 

Over the last three decades, despite the ongoing 
environmental changes, the POC flux to the deep ocean 
in the Sargasso Sea has been stable (Lomas et al., 2022). 
Despite the changes in the nutrient stoichiometry, no 
changes are observed in the carbon flux at BATS. The 
possible explanation could include a shift in the phyto-
plankton community towards a higher proportion of 
cyanobacteria, which would balance the changes in nutri-
ent availability and stabilize the carbon flux, but also the 
contribution to the accelerated flux of larger zooplank-
ton or nekton, which would have been favoured by the 
increasing temperatures and stratification (Lomas et al., 

the deep ocean (>1000 m) that becomes important for 
long-term atmospheric CO2 regulation (e.g., Sarmiento 
and Gruber, 2006). 

The primary factors that affect the efficiency of the 
biological pump include nutrient supply and plankton 
community structure. An efficient biological pump means 
that export mechanisms remove a significant fraction of 
the system’s net production and, importantly, carbon 
from the surface waters. Net primary production is lim-
ited by the availability of other inorganic nutrients such 
as nitrogen, phosphorus, silicon and iron, as well as the 
physical stratification of surface waters. The complexity 
of nutrient cycling and its supply required to support 
primary production (i.e., for new and regenerated pro-
duction) adds uncertainty to the current understanding of 
the dynamics of the biological pump (e.g., Fasham, 2003). 

In the ocean, food web structure also plays an essen-
tial role in determining the size distribution of the organic 
particles produced and whether the organic carbon and 
associated nutrients are exported from or recycled within 
the surface waters. The production of large, rapidly set-
tling cells, faecal pellets and particles typically makes the 
most significant contribution to the biological pump of 
carbon relative to the production of small, suspended 
particles. Factors such as the number of trophic links, the 
size of the primary producers (from larger cells to smaller 
picoplankton), the interaction between zooplankton 
and phytoplankton, the processes of aggregation and 
disaggregation of particles in the upper ocean, and the 
role of bacteria and viruses in processing organic matter. 
All these are important factors that determine the overall 
contribution of sinking particles to the biological pump of 
carbon (e.g., Sarmiento and Gruber, 2006). 

5.4.2 Carbon export in the Sargasso Sea. 
In the Sargasso Sea, the flux of POC is dominated by 
phytoplankton-derived (phytodetrital) particles, fecal 
pellets (from zooplankton and nekton), and fecal ag-
gregates (more or less degraded fecal pellets, that have 
attracted other particles). Meanwhile, in the fall, phyto-
detrital aggregates dominate the POC flux to depth; in 
spring, despite the large production and phytoplankton 
biomass, the dominant flux at depth is dominated by 
faecal aggregates (Cruz et al., 2021). Furthermore, most 
of the particles shared signatures of the zooplankton 
microbiome, suggesting that they had already been 
processed or altered by the resident zooplankton in their 
sinking processes. The aggregation processes, medi-
ated by zooplankton activity in different ways (direct 
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bon Pump–the suite of biological processes that mediates 
carbon export to the deep ocean. Export pathways that 
were poorly quantified a decade ago–physical export of 
dissolved organic carbon (DOC), active carbon trans-
port by diel migrant zooplankton, food web influences 
on the partitioning of primary production between POC 
and dissolved organic carbon (DOC), and changes in 
ecosystem-level nutrient use efficiency are ensconced as 
significant mechanisms of carbon export to the ocean 
interior (e.g., Carlson et al., 1994; Steinberg et al., 2000, 
2001; Lomas et al., 2002, 2013). Notably, over the past 
several decades, export production has remained steady 
while primary production has decreased (Lomas et al., 
2022) with significant changes in ecosystem community 
structure. 

More recently, glider surveys around the BATS site 
indicate very short-lived and patchy pulses of chlorophyll 
and diel migrating zooplankton biomass associated with 
physical signatures infer nutrient inputs and ecosystem 
responses (R. Curry, unpublished glider data). The hy-
pothesis that deep ocean nutrient ratios are controlled by 
the elemental requirements of sinking surface plankton, 
resulting in similar elemental ratios in both the surface 
plankton communities and deep-ocean dissolved nutri-
ents, remains a central tenet in our understanding of 
ocean biogeochemistry (Redfield, 1934). The assumption 
of constancy in C:N:P Redfield ratio in plankton biomass 
is being challenged by regional field observations and lab-
oratory studies (e.g., Weber and Deutsch, 2010; Martiny 
et al., 2013; Teng et al., 2014; Lomas et al., 2021) providing 
some understanding of the controls on these cellular 
ratios. The observed global C:N:P ratio mean is ~140:20:1 
in particulate matter but ranges from slightly less than 
Redfield at the poles (~120:13:1) to nearly twice Redfield 
(~200:32:1) in the subtropics. Furthermore, the N:P ratio 
in POM ranges from ~28 to 42 seasonally in the Sargasso 
Sea, with the lowest values in spring. 

Understanding the connections between elemental 
ratios in surface plankton, the residual nutrient pool in 
the surface ocean, and the deep nutrient pools is essential 
to the ocean’s biogeochemistry, including, but not limited 
to, future predictions of the future of the biological car-
bon pump. 

5.5  References 

Amacher, J., Neuer, S., and Lomas, M., 2013. DNA-based 
molecular fingerprinting of eukaryotic protists and cyano-
bacteria contributing to sinking particle flux at the Bermuda 
Atlantic time series study. Deep Sea Research Part II: Topical 
Studies in Oceanography, 93, 71–83. 

2022). Future research on the long-term trends in POC 
export to the deep ocean should also include the effect 
of events such as tropical storms and hurricanes. Such 
large storms cause the mixing of the surface oligotrophic 
waters with the cooler and nutrient-rich deeper waters. In 
the Sargasso Sea, hurricanes significantly affect the POC 
export to the deep ocean, detectable in the 1,500 m and 
3,200 m layers. The increase of phytodetrital material 
and particles of zooplankton origin is also accompanied 
by a shift in the lipid composition of the falling particles 
and an increase of labile compounds in the deep ocean, 
reflecting the link between the surface and the meso- and 
bathypelagic zones (Pedrosa-Pàmies et al., 2018, 2019). 
Although these events have been generally deemed rare 
and have limited impact on the long-term trends, the pro-
jected increase in the frequency and intensity of storms in 
the subtropical North Atlantic Ocean might significantly 
impact the export of carbon to the deep ocean. 

5.4.3 Chlorophyll and primary production changes  
in the Sargasso Sea. 
From the 1980s to the early 2000s, chlorophyll biomass 
and rates of in situ primary production observed offshore 
at BATS increased overall (Lomas et al., 2010; Bates, 2017; 
D’Alelio et al., 2020) with specific taxa such as coccolitho-
phores (calcifying phytoplankton) growing at BATS 

(Krumhardt et al., 2016). During this timeframe, 
rates of primary production have almost doubled, and 
chlorophyll biomass has increased by ~22% per decade 
at BATS (Lomas et al., 2013), concurrent with significant 
increases in zooplankton biomass (Steinberg et al., 2012; 
Ivory et al., 2019). Furthermore, nitrate values in the mixed 
layer almost doubled over the past two and a half decades 
while suspended particulate organic matter (sPOM) and 
dissolved organic carbon increased by ~30% and 2% per 
decade, respectively, to the early 2010s (Bates, 2017). 
However, from the early 2000s to the present, rates of 
primary production have decreased by >25% (Lomas et 
al., 2022; D’Alelio et al., 2020). A significant challenge will 
be understanding if primary production decreases in step 
with warming, increased stratification, and nutrient re-
duction or if its reduction is mitigated to some degree by 
changes in ecosystem community structure (larger cells 
to pico-nano eukaryotes) and new nitrogen/phosphorus 
controls. 

5.4.4 Export production changes. 
One of the significant advances made during the BATS 
program is a re-evaluation of the ocean’s Biological Car-
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6.1  Introduction 
N.R. Bates 

The question of why carbon is an essential and critical ele-
ment is relevant to understanding the Sargasso Sea marine 
carbon cycle and the global carbon cycle (e.g., Schlesinger, 
1997; Fasham, 2003). As an element and constituent of 
numerous types of chemical forms, carbon has several 
unique properties that make it a necessary component 
of life, energy flow, chemical equilibria and regulation of 
aqueous and marine systems and climate regulation. 

Carbon is found in the Earth system in many differ-
ent inorganic and organic forms. Importantly, it forms 
complex, stable carbon compounds, such as proteins 
and carbohydrates, which are the fundamental building 
blocks of life. Photosynthesis provides marine plants 
(phytoplankton) with the ability to transform energy 
from sunlight and transform carbon dioxide (CO2) into 
organic matter. In the ocean, photosynthesis by pelagic 
phytoplankton primarily converts inorganic carbon and 
nutrients into complex organic carbon materials and in-
fluences the CO2-carbonate chemical system (e.g., Zeebe 
and Wolf-Gladrow, 2003; Dickson et al., 2007; Millero, 
2013), the pH of seawater and uptake of anthropogenic 
CO2 (e.g., Sabine et al., 2004; DeVries et al., 2019; Gruber 
et al., 2019), and exchange of CO2 (and other gases) at 
the air-sea interface (e.g., Wanninkhof, 1999; Takahashi 
et al., 2009; Liss and Johnson, 2014; Bakker et al., 2016). 
All organisms, including autotrophs and heterotrophs, 
then catabolize these organic compounds to their in-
organic constituents via respiration, yielding energy for 
their metabolic requirements. As discussed in Chapter 
Four, the evolution of molecular biology/genomic tools 
and “big data” synthesis have produced new insights into 
the microbial ecology of the global ocean, including the 
Sargasso Sea (Moran et al., 2022). Production, consump-
tion, flow and transformation of these organic materials 
provide energy and resources for all trophic states of the 
ocean ecosystem, including higher trophic levels of juven-
ile fish to marine mammals. 

Carbon in its inorganic gaseous phases such as 

carbon dioxide (CO2), carbon monoxide (CO), and 
methane (CH4). Each of these gases has important green-
house properties that influence the climate system. Such 
greenhouse gases, including water vapour in the atmos-
phere, alter the balance of energy inputs and outputs in 
the Earth system. As a result of the natural occurrence of 
greenhouse gases, the lower part of the Earth’s atmos-
phere warms, critical for maintaining liquid water and 
life on Earth. In the last century, human activities have 
caused a rapid increase in greenhouse gas concentrations 
in the atmosphere, thereby impacting the world’s climate 
through the effects of global warming and its myriad 
impacts (e.g., global water cycle changes, sea level rise, re-
duction of sea ice and the cryosphere glacial ice mass; e.g., 
Schlesinger, 1997; Fasham, 2003; Mackenzie and Lerman, 
2010). As discussed earlier in chapter three, changes in 
the climate system have also contributed to the warming 
of the global ocean and +1.2°C warming of the Sargasso 
Sea (Bates and Johnson, 2020), salinification, and deoxy-
genation of the subtropical gyre.

Carbon dioxide also has a profound impact on sea-
water chemistry, with impacts already reported for the 
Sargasso Sea. Anthropogenic carbon uptake by the ocean 
has also changed ocean chemistry by absorbing CO2 in a 
gradual process termed ocean acidification (e.g., Caldeira 
and Wickett, 2003; Doney et al., 2009). In the past few 
decades, international research efforts have substantially 
improved scientific understanding of the global carbon 
cycle, and in particular, the functioning and dynamics of 
the global ocean carbon cycle and the impact and effects 
of ocean acidification (Riebesall et al., 2010; Gattuso and 
Hansson, 2011). 

In the marine environment, biological and chemical 
processes react to global environmental change and in-
fluence climate by helping to regulate the concentration 
of CO2 in the atmosphere (e.g., Mackenzie and Lerman, 
2010; Figure 6.1). The following topics are discussed, in-
cluding (1) the critical importance of the ocean to the 
global carbon cycle (Sarmiento and Gruber, 2002, 2006; 
Bates, 2019; Bakker et al., 2016; Friedlingstein et al., 2020, 
2022; 2023); (2) the ocean carbon cycle, the chemistry 

CHAPTER 6

The marine carbon cycle and ocean acidification
N.R. Bates 
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organic compounds such as oil, natural gas, and coal 
(fossil fuels), which have been mobilized in the age of 
the Anthropocene. Carbon in the lithosphere is generally 
transformed into other carbon reservoirs. This occurs 
on timescales of millions of years and through slow 
geological processes such as chemical weathering (e.g., 
predominantly siliciclastic rocks such as igneous and 
metamorphic, and carbonate rocks such as limestones), 
sedimentation, subduction, and volcanic eruptions (i.e., 
smaller fluxes each year; Figure 6.1). The lithosphere is 
considered a relatively inactive component of the global 
carbon cycle (although fossil fuels have been added to 
the active reservoirs at high rates during the last century) 
and not contributing to societally relevant climate and 
environmental changes in the Anthropocene.

The Earth’s active carbon reservoirs contain ap-
proximately ~41,000 Pg of carbon (1 Pg = 1015 g C), 
which is partitioned between the atmosphere (~750 Pg 
C), the terrestrial biosphere (~2,200 Pg C), and the ocean 
(~38,070 Pg C; Figure 6.1). The absolute sum of carbon 
found in the active reservoirs of carbon is in near steady 
state by slow geological processes. But rapid biogeo-
chemical processes over societally relevant time-scales 
are driving the redistribution of carbon among the active 
reservoirs. 

Human activities over the past century, such as the 
use of fossil fuels, cement manufacture, deforestation and 
terrestrial habitat changes, have substantially increased 
the total amount of carbon stored in the atmosphere. 

of carbon dioxide in seawater and ocean acidification; (3) 
the mechanisms of carbon exchange between the ocean 
and atmosphere; (4) recent perturbations in the marine 
carbon cycle of the Sargasso Sea and, (5) the roles of the 
“solubility,” “biological,” and “carbonate” pumps in the 
ocean carbon cycle. 

6.2  The global carbon cycle 
N.R. Bates 

There are complex transformations and fluxes of inorgan-
ic and organic carbon between the major components of 
the Earth system. Carbon, in its various forms, is stored in 
four primary Earth system reservoirs (or pools), including 
the atmosphere, lithosphere, biosphere, and hydrosphere 
(Mackenzie and Lerman, 2010; Williams and Follows, 
2011). Each carbon reservoir contains various organic 
and inorganic carbon compounds ranging in size and 
mobility within the sediment-atmosphere-terrestrial 
biosphere-ocean system. The exchange and storage times 
for each carbon reservoir can vary from hours (in the case 
of ocean production of organic matter and its remineral-
ization by bacteria, Moran et al., 2022) to millions of years 
(in the case of many sediments and rocks). 

The lithosphere contains the most substantial 
amount of carbon (1023 g C), which is primarily buried 
in the form of calcium carbonate (CaCO3) minerals 
(e.g., CaCO3, CaMgCO3, and FeCO3) found in siliciclastic 
and limestone sediments (Figure 6.1). It also contains 

FIGURE 6.1. Reservoirs and fluxes of 
carbon in the earth system. The values and 
arrows denote size of reservoir and fluxes 
of the natural carbon cycle are denoted in 
black. The values and arrows denote size 
of reservoir and fluxes of the perturbed 
carbon cycle are denoted in red. Figure 
prepared by N.R. Bates and modified from 
various sources (e.g., Sarmiento, J. L. and 
Gruber, N. (2002). Sinks for anthropogenic 
carbon. Physics Today 55 (8), 30, https://
doi.org/10.1063/1.1510279; Mackenzie, 
F.T. and Lerman, A. (2010). Carbon in 
the geobiosphere: Earth’s outer shell. 
Dordrecht: Springer, pp. 402; Tanhua, T., 
Bates, N.R., and Kortzinger, A. (2013). 
The marine carbon cycle and ocean 
anthropogenic CO2 inventories, In: Ocean 
circulation and climate, J. Church et al. 
(eds). Elsevier Press: Amsterdam, pp. 103. 

https://doi.org/10.1063/1.1510279
https://doi.org/10.1063/1.1510279
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knowledge about the uptake of anthropogenic carbon 
into the terrestrial biosphere. 

6.3  The ocean carbon cycle and  
carbon dioxide chemistry 
N.R. Bates 

If we ignore the comparatively inert (on timescales 
relevant to the Anthropocene) lithospheric carbon 
pools, the ocean is the largest carbon reservoir of the 
atmosphere–terrestrial biosphere– ocean system. Ocean 
carbon occurs in different inorganic and organic forms, 
including dissolved CO2, bicarbonate (HCO3

-), carbonate 
(CO3

2-) and organic carbon compounds. The preindustrial 
ocean contained more than 60 times as much inorganic 
carbon as the atmosphere. This large reservoir and its 
complicated internal ocean dynamics are the primary 
influence on the atmospheric CO2 content over time 
scales of centuries and millennia. Therefore, even small 
changes in the natural components of the marine carbon 
cycle may be expected under the evolving anthropogenic 
forcing through changes known as ocean warming, ocean 
eutrophication, ocean acidification, and ocean deoxygen-
ation, bear the potential to significant feedback to the 
Earth’s climate system. The large size of the marine carbon 
reservoir relative to the atmosphere and the fact that CO2 
is one of the most soluble of the major gases in seawater 
results in the global ocean having a substantial capacity to 
absorb CO2 and buffer changes in the atmospheric CO2 
content, including anthropogenic CO2 (e.g., Mackenzie 
and Lerman, 2010; Sarmiento and Gruber, 2006; Williams 
and Follows, 2011; Bates, 2019). 

The chemistry of carbon dioxide in seawater gives 
rise to a rather complex chemical system, often called the 
seawater CO2-carbonate system (or marine CO2 system 
or marine carbonate system). The seawater CO2-car-
bonate system is responsible for ~95% of the acid-base 
buffering capacity of seawater. This equilibria chemistry 
essentially controls the pH of seawater (e.g., Zeebe 
and Wolf-Gladrow, 2001; Millero, 2013). As a basis for 
understanding the seawater CO2-carbonate system in the 
Sargasso Sea and its changes over the last few decades, it 
is essential to understand the basic concepts of the chem-
ical equilibria of CO2 in seawater. For example, relatively 
small changes in the proportion of bicarbonate (HCO3

-) 
and carbonate (CO3

2-) have a substantial impact on pH, 
the activity of hydrogen ions and calcium carbonate 
(CaCO3) mineral saturation states. And, in turn, on direct 
and indirect influence on ocean biology and ecosystems. 

Furthermore, perturbed the exchanges of carbon be-
tween the atmosphere, the terrestrial biosphere, and the 
ocean (Figure 6.1; Mackenzie and Lerman, 2010; Williams 
and Follows, 2011). In particular, the release of CO2 from 
fossil fuel use, cement manufacture, and deforestation 
since the beinning of the industrial age (nineteenth cen-
tury) has increased the partial pressure of atmospheric 
CO2 from 280 ppm to present-day values of 400 ppm, an 
increase of ~30% in the last century (Figure 6.1; Sabine et 
al., 2004; Gruber et al., 2019). 

In the era of the Anthropocene, human activities 
currently cause the release of approximately 6–8 Pg of 
“anthropogenic” carbon into the atmosphere every year. 
About half of the anthropogenic CO2 remains in the 
atmosphere, while the residual carbon is transferred to 
the ocean and the terrestrial biosphere. Those carbon 
reservoirs that remove and sequester CO2 from the 
atmosphere are called active carbon “sinks” on societally 
relevant timescales (Figure 6.1; Mackenzie and Lerman, 
2010). The partitioning of anthropogenic carbon dioxide 
between the functional oceanic and terrestrial sinks is 
challenging to quantify yearly. 

Quantifying controls on the partitioning is necessary 
for understanding the dynamics and complexities of the 
global carbon cycle. Oceanographers estimate that 70% 
of the anthropogenic CO2 is absorbed by the ocean each 
year, based on current understanding of ocean circula-
tion and ecosystem processes, and the remainder by the 
terrestrial biosphere. The best estimate of the ocean’s 
present amount of anthropogenic carbon is ~155 Pg C 
in 2010, representing only about 45% of the cumulative 
fossil fuel emissions of 350 Pg C in 2009 (Sabine et al., 
2004; Sarmiento and Gruber, 2006). From our know-
ledge of seawater CO2 chemistry and the timescale of 
ocean ventilation, it can be predicted that millennia 
from now, in a future steady state, the ocean will account 
for the storage of approximately 80% of all cumulative 
emissions of anthropogenic CO2. This fraction will be 
further enhanced toward 95% when equilibration with 
carbonate sediments is also considered (e.g., Mackenzie 
and Lerman, 2010). The marine carbon cycle is a critical 
elemental cycle of the ocean and, due to its interaction 
with the atmospheric CO2 concentration, is of funda-
mental importance for the Earth’s climate. Quantifying 
the magnitude of the oceanic sink for anthropogenic CO2 

is dependent on understanding the interplay of various 
chemical, physical, and biological factors influencing the 
global ocean. Future improvement of knowledge about 
ocean carbon cycle dynamics, in turn, helps constrain 
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+ 2[CO3
2-], plus minor constituents such as borate (BO4) 

and hydrogen ions (H+). The pCO2 or fCO2 of seawater 
measures the contribution of CO2 to total gas pressure. 
Of the four measurable parameters, pCO2 or fCO2, and 
pH are highly influenced by temperature and pressure 
changes in the ocean, while DIC and TA are independent 
of such environmental changes (e.g., Zeebe and Wolf-
Gladrow, 2001; Dickson et al., 2007). 

The amount and proportions of inorganic carbon 
species in seawater are controlled not only by the chem-
ical reactions outlined above but also by various physical 
and biological processes, including (1) the exchange of 
CO2 between ocean and atmosphere, (2) the solubility 
of CO2, (3) photosynthesis and respiration, and, (4) the 
formation and dissolution of calcium carbonate 

(CaCO3) (e.g., Williams and Follows, 2011; Millero, 
2013). Changes in DIC and TA concentrations influence 
the solubility of CO2 in seawater (i.e., the ability of sea-
water to absorb CO2). With the addition of acid (i.e., H+), 
the chemical reactions shift toward a higher concentration 
of CO2 in seawater, and pH decreases (seawater becomes 
less alkaline). If a base is added to seawater, or CO2 taken 
up by marine phytoplankton through photosynthesis, for 
example, then pH will rise (seawater becomes more alka-
line). Uptake of anthropogenic CO2 into the global ocean 
causes shifts in the seawater CO2-carbonate system which 
affects all species and all but one measurable parameter, 
such that CO2, HCO3

-, H+, DIC and pCO2 increase, CO3
2- 

and pH decrease while TA remains unchanged. The 
uptake, accumulation and storage of anthropogenic CO2 
in the global ocean results in a change in ocean chemistry 
and a decrease in pH, termed ocean acidification (OA; 
Caldeira and Wickett, 2003; Riebesell et al. 2010; Gattuso 
and Hansson, 2011; Millero, 2013; Gruber et al., 2019).

6.4  The marine carbon cycle  
and its perturbation 
N.R. Bates 

The current understanding of the state of the marine 
carbon cycle (Figure 15) is reasonably well constrained. 
Physically, the ocean can be thought of as two concentric 
spheres, the surface ocean and the deep ocean, separat-
ed by a density discontinuity called the pycnocline (e.g., 
Schlesinger, 1997; Sarmiento and Gruber, 2002, 2006). 
The surface ocean occupies the upper few hundred 
meters of the water column and contains approximately 
970 Pg C as DIC (Figure 10) of which a small percentage 
is living biota and dead detritus. The absorption of CO2 

The chemical basis of the seawater CO2-carbonate 
system is the hydration reaction of CO2 with water to 
form carbonic acid (H2CO3) and subsequent dissociation 
chemical reactions. This hydration reaction is slow, and 
most of the CO2 in seawater remains in a physically dis-
solved state rather than in the combined form of carbonic 
acid. The marine carbonate system thus encompasses 
four inorganic carbon species, CO2, H2CO3, HCO3

-, and 
carbonate CO3

2-, which are connected through chemical 
equilibria that have been thermodynamically character-
ized to a high degree of accuracy. The concentration of 
dissolved CO2 in seawater is relatively minor because 
CO2 reacts with water to form a weak acid, carbonic acid 
(H2CO3). As a diprotic acid, H2CO3 rapidly dissociates 
(within milliseconds) in two steps, which leads to the 
formation of two ionic species, bicarbonate (HCO3

-) and 
carbonate (CO3

2-). The speciation within this acid-base 
system is a function of pH. These reactions provide a 
chemical buffer, maintain the pH of the ocean within a 
small range, and constrain the amount of atmospheric 
CO2 that can be taken up by the ocean (e.g., Zeebe and 
Wolf-Gladrow, 2001; Dickson et al., 2007). 

In simple terms, for every 20 molecules of CO2 ab-
sorbed by the ocean, 19 molecules are rapidly converted 
to HCO3

- and CO3
2-. Over the relatively narrow pH range 

of seawater (approximately 7.8 to 8.2), most inorganic 
carbon is found in the form of HCO3

- (~90%), followed 
by CO3

2- (~10%) and finally CO2/H2CO3 (<1%). The 
concentration of inorganic carbon species and other 
chemical species of interest (e.g., H+, OH-, BO4) are ex-
pressed in the form of [CO2], [H2CO3], [HCO3

-], [CO32-] 
and [H+] with the brackets denoting chemical concentra-
tion (e.g., Zeebe and Wolf-Gladrow, 2001; Millero, 2013). 

The amount of dissolved CO2 in seawater (i.e., [CO2] 
cannot be directly determined analytically (Dickson et 
al., 2007). However, the chemical characterization of 
the seawater CO2-carbonate system is achieved through 
a knowledge of acid-base equilibrium and kinetics and 
measurement of two of four commonly observable 
carbonate parameters, such as (1) dissolved inorganic 
carbon (DIC); (2) total alkalinity (TA); (3) pH (i.e., -log10 
H+); and, (4) partial pressure or fugacity of CO2 (i.e., pCO2 
or fCO2), and temperature, salinity, and pressure data 
(with relevance to the Sargasso Sea, please see Bates et 
al., 1996 a,b; Bates et al., 2014; Bates and Johnson, 2020).

Seawater DIC refers to the total amount of CO2, 
HCO3

- and CO3
2- in seawater. The alkalinity of seawater 

(i.e., TA) is a measure of the bases present in seawater, 
consisting mainly of HCO3

-, and CO3
2- (e.g., TA is ~[HCO3

-] 
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longer-term interannual trends globally. These are: (1) 
BATS (Bermuda Atlantic Time-series Study), located 
near Bermuda (31°40’N, 64°10’W) in the NW Atlantic 
Ocean; (2) Hydrostation S, (32°10’N, 64°30’W) located 
near Bermuda in the NW Atlantic Ocean, (3) ALOHA 
(A Long-term Oligotrophic Habitat Assessment) or 
HOT site, located near Hawaii (22°45’N, 158°W) in the 
North Pacific Ocean; and; (4) ESTOC (European Station 
for Time-series in the Ocean Canary Islands (ESTOC), 
located near Gran Canaria in the NE Atlantic Ocean; (5) 
Irminger and, (6) Icelandic Seas (Bates et al., 2014; Lange 
et al., 2023). 

Such long-term observations at time series show 
upward trends of dissolved inorganic carbon (DIC) and 
seawater pCO2 due to the uptake of anthropogenic CO2 
(e.g., Bates et al., 2014). The anticipated rate of change in 
surface ocean CO2 due to the accumulation of anthropo-
genic CO2 in the atmosphere and the surface ocean 
buffer factor (assuming that near-surface waters in the 
subtropical gyres have residence times long enough to 
equilibrate entirely with the anthropogenic perturbation 
in atmospheric CO2) can be theoretically calculated. An 
equilibrium rate of dissolved inorganic carbon (DIC) in-
creases due to anthropogenic CO2 of +0.9 μmoles kg-1 
yr-1 was calculated for the subtropical gyres including 
the Sargasso Sea (Bates et al., 2002; 2014; Gruber and 
Sarmiento, 2002; Bates and Johnson, 2020, 2022). Any 
assessment of long-term trends in oceanic CO2 is com-
plicated by sizeable seasonal variability of the inorganic 
carbon cycle due to processes such as seasonal temper-
ature, salinity, and density changes, vertical and horizontal 
mixing, biological production, diurnal warming/cooling, 
and storm events (e.g., Bates et al., 2002; Gruber et al., 
2002; Dore et al., 2003; Keeling et al., 2004; Brix et al., 
2004; Bates, 2012; Bates et al., 2012; Bates and Johnson, 
2020). Interpretation of oceanic CO2 time-series data 
is further complicated by variability imparted by spatial 
heterogeneity in the ocean as a result of mesoscale and 
sub-mesoscale phenomena (e.g., chapter 2.5) and merid-
ional and zonal physical gradients. 

6.5.2 Marine carbon cycle changes in the surface waters 
of the Sargasso Sea. 
The Sargasso Sea has also absorbed human-produced car-
bon dioxide (anthropogenic CO2) from the atmosphere, 
with anthropogenic CO2 concentrations almost doubling 
from the 1980s to the 2010s (Bates and Johnson, 2020). 
Both BATS and Hydrostation S data have contributed 
to broader views of global ocean carbon cycling and 

by the ocean through gas exchange occurs in the mixed 
layer which is in direct contact with the atmosphere. The 
uptake of anthropogenic CO2 from the atmosphere re-
sults in increases in partial pressure of CO2 (pCO2) across 
the global ocean (e.g., Takahashi et al., 1999, 2009; Bates 
et al., 2014; Bakker et al., 2016; Friedlingstein et al., 2019, 
2021, 2022, 2023). The surface ocean typically reaches 
equilibrium with the atmosphere within 1 year. The partial 
pressure of CO2 in the surface ocean is slightly less than or 
higher than that of the atmosphere. This depends on the 
controlling physical and biological variables of the ocean 
as described above, and the uptake of CO2 thus changes 
temporally and spatially with changing environmental 
conditions. The deep ocean represents the largest ocean 
volume and is supersaturated with CO2, with a DIC stock 
of 37,100 Pg C (Fig. 10), or 50 times the DIC contained 
in the atmosphere (Schlesinger, 1997; Sarmiento and 
Gruber, 2006; Mackenzie and Lerman, 2010; Bates, 2019). 

The marine carbon reservoir receives carbon in vari-
ous forms from the terrestrial system through river runoff 
as particulate and dissolved organic and inorganic carbon, 
which in turn are exported into shelf and deep-sea sedi-
ments. The estimated input/output balance of 0.6 Pg C 
year-1 is assumed to drive a natural sea-to-air flux of CO2, 
both in the preindustrial and current ocean, which is sim-
ilar to the riverine flux of carbon entering the ocean each 
year. The anthropogenic CO2 uptake in the global ocean 
of currently about 2.2 Pg C year-1, and in the opposite 
direction to the natural sea-to-air flux. The resulting net 
air-to-sea flux of CO2 of 1.6+/- 0.9 Pg C year-1 is in good 
agreement with an independent flux estimate based on a 
global surface ocean pCO2 climatology that includes more 
than 5 million pCO2 measurements from the past four 
decades compiled into data repositories such as the Sur-
face Ocean Carbon Atlas (SOCAT; Bakker et al., 2016). The 
observational constraints on the air–sea flux of both nat-
ural and anthropogenic CO2 uptake by the global ocean 
provide additional constraint for estimating the land sink 
of CO2 and land use changes over time (e.g., Sabine et al., 
2004; Khatiwala et al., 2013; Gruber et al., 2019).

6.5  Marine carbon cycle and ocean 
acidification trends in the Sargasso Sea 
N.R. Bates 

6.5.1 Ocean time-series. 
Although quite a few open-ocean and coastal ocean 
CO2 time-series have been initiated, only six open-ocean 
time-series sites are of sufficient length to evaluate 
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shows temperature). Rates of uptake of CO2 by the ocean 
determined by observations at BATS and Hydrostation 
S in the Sargasso Sea is an essential component for 
understanding the global ocean carbon cycle and climate 
change (Bindoff et al., 2007; Rhein et al., 2013; Bakker et 
al., 2016; Friedlingstein et al., 2019, 2022, 2023). In addi-
tion to air-sea CO2 gas exchange insights gained at BATS 
and Hydrostation S, oceanographic data have played an 
essential role in helping the scientific community under-
stand dynamics of another important climate-relevant 
gas in the upper ocean with its sampling programs for 
DMS (e.g., Cropp et al., 2004; Le Clainche et al., 2004; 
Toole and Siegel, 2004; Bailey, 2008; Belviso, 2009; Le 
Clainche et al., 2010; Polimene et al., 2012; Belviso et al., 

trends (Dore et al., 2009; Pelejero et al., 2010; Schuster 
et al., 2013; Bakker et al., 2014; Bates et al., 2014; Bates 
and Johnson, 2020, 2022), anthropogenic CO2 storage 
(Tanhua et al., 2013), ocean acidification trends (e.g., 
Bates, 2007; Bates et al., 2012; 2014), and even con-
tributed to better understanding of calcification on the 
Bermuda reef (Bates, 2002; Bates et al., 2010; Andersson 
et al., 2014; Yeakel et al. 2015; Bates, 2017; Smith and 
Warren, 2019; Griffin et al., 2022). 

Over the past forty years, the surface ocean CO2 
concentrations have increased at a similar rate to the in-
crease of atmospheric CO2, and these data constitute the 
longest record of ocean CO2 changes in the global ocean 
(Bates et al., 2014; Bates and Johnson, 2020; Figure 6.2 

FIGURE 6.2. Hydrographic 
and seawater CO2–carbonate 
properties at the BATS site 
(1988–present) with earlier 
data (1983–1988) from 
Hydrostation S. Observed data 
(left vertical axis; open blue 
symbols) and anomalies (right 
vertical axis; orange symbols) 
are shown. Regression lines are 
from anomaly data plotted in 
the right vertical axis. a Surface 
temperature and anomalies (°C). 
b Surface salinity and anomalies. 
c Surface dissolved oxygen (DO) 
and DO anomalies (μmoles kg−1); 
the dashed line shows the trend 
from 1990. d Surface DIC and 
salinity normalised DIC (nDIC; 
μmoles kg−1). e nDIC and CANT 
values (μmoles kg−1). Credit. Bates 
and Johnson, 2020.
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nDIC have significantly increased at 1.26 ± 0.04 and 1.07 
± 0.03 μmoles kg−1 year−1, respectively, over the past 40 
years. The difference between DIC and nDIC trends indi-
cates that salinity changes contributed about 20% of the 
changes in DIC.

Earlier studies at BATS, elsewhere off Hawaii and the 
Canary Islands (e.g., Bates, 2001; Bates et al., 2002; Bates, 
2007; Dore et al., 2009; Gonzalez-Davila et al., 2010; Bates 
et al., 2012, 2014), have previously attributed the increase 
in DIC to the oceanic uptake of anthropogenic CO2 from 
the atmosphere (Khatiwala et al., 2013; Bates et al., 2014; 
Gruber et al., 2019). Bates and Johnson (2020) used the 
TrOCA method (Touratier and Goyet, 2004; Touratier 
et al., 2007; Yool et al., 2010; Bates, 2018) to determine 
whether the remaining 80% of the observed DIC increase 
is due to oceanic anthropogenic CO2 uptake. The TrOCA 
method has limitations in use for anthropogenic CO2 
quantification. Nevertheless, the TrOCA method pro-
vides a valuable tracer of ocean chemical changes over 
time (Figure 6.4). TrOCA anthropogenic carbon concen-
tration (CANT) surface values in the Sargasso Sea exhibit 
seasonal ranges of ~30–40 μmoles kg−1. Notably, CANT 
has increased by ~38 μmoles kg−1 (+72%) over the past 
forty years, and anthropogenic CO2 concentration has 
almost doubled in the upper ocean. The rate of increase 
of CANT and nDIC are nearly identical (1.03 ± 0.05 vs. 

2012; Amrani et al., 2013; Vila-Costa et al., 2014; Levine et 
al., 2015; Masotti et al., 2015).

6.5.3 Inorganic carbon changes in the surface waters  
of the Sargasso Sea. 
The observations near Bermuda provide the longest re-
cord of seawater CO2–carbonate chemistry in the global 
open ocean and Sargasso Sea (Bates and Johnson, 2020). 
Surface TA shows similar seasonal patterns to salinity (see 
Chapter Two). As a result of salinification in the Sargasso 
Sea over time, a slight increase in alkalinity has been evi-
dent over the past forty years The change in alkalinity in 
the Sargasso Sea over time is due to the change in the 
balance of evaporation and precipitation, and ocean 
circulation change in the North Atlantic as salinity nor-
malised alkalinity (nTA) shows statistically insignificant 
changes over time (Bates and Johnson, 2020, 2023).

In the Sargasso Sea, surface ocean DIC exhibits typ-
ical summer to wintertime seasonality of ~30–40 μmoles 
kg−1 (salinity normalised DIC also shows a similar pat-
tern but with reduced seasonality; Figure 6.3; Bates and 
Johnson, 2020, 2023). Such seasonality was evident in 
the 1980s through to the present time (e.g., Bates et al., 
1996a,b; Bates, 2001, 2007; Bates et al., 2012; Bates, 2012) 
but with DIC changing over time due to the uptake of an-
thropogenic CO2 from the atmosphere. Surface DIC and 

FIGURE 6.3. Seawater CO2–carbonate properties at BATS (1988–present) with earlier data (1983–1988) from 
Hydrostation S. a Scatter plot of DIC (μmoles kg−1). b Scatter plot of nDIC anomalies (μmoles kg−1). Credit: Bates and 
Johnson, 2023.
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acidity has increased by about 30% from the 1980s to 
2010s, with chemical conditions in the Sargasso Sea clear-
ly different to past states for at least a few million years. 
The chemical conditions suitable for pelagic calcifiers in 
the open ocean have also reduced over time.

Over the past 40 years, the Sargasso Sea has also ab-
sorbed human-produced carbon dioxide (CO2) from the 
atmosphere, almost doubling the amount of CO2 in the 
upper waters (Bates et al., 2012, 2014; Bates and Johnson, 
2020). Due to the increase in DIC, there has been a 72% 
increase in anthropogenic CO2 content (CANT) (Figure 
6.4). 

In the Sargasso Sea, the typical pH of surface waters 
in the 1980s ranged from higher winter values of ~8.2 
to summertime lows of ~8.08–8.10 (Figure 19). Notably, 
the ocean remains mildly alkaline in this century (~7.98–
8.05). Concurrently with the ocean surface changes in 
DIC, CANT, fCO2 and ß values, pH has also declined by 
approximately 0.07 from 1983 to 2020 (Figure 6.5; Bates 
and Johnson, 2020, 2023). The mean rate of pH change 
is ~0.0019 ± 0.0001 year−1 over the past forty years (Bates 
and Johnson, 2023). This is a more negative rate than 
previously reported, representing a ~40% increase in 
hydrogen ion concentration since 1983. 

Ocean pH has decreased by 0.1, and ocean acidity 
has increased by nearly 30%, with present-day ocean 

1.07 ± 0.03 μmoles kg−1 year−1). This indicates that ocean 
uptake of anthropogenic CO2 has significantly changed 
ocean carbon chemistry over the past four decades at 
least.

6.5.3 Ocean acidification. 
The BATS and Hydrostation S ocean data allow direct 
detection of the signal of ocean acidification in North 
Atlantic Ocean surface waters. As noted earlier, CO2 dis-
solved into seawater creates carbonic acid, which, in turn, 
rapidly dissociates into bicarbonate [HCO3

-] and then 
carbonate [CO3

2−]. Chemical equilibria reactions keep the 
average contributions of [HCO3

-], [CO3
2−] and [CO2]aq 

to DIC about 88%, 11% and 1%, respectively. Further-
more, pH and [CO3

2−] decrease as seawater absorbs CO2, 
a process termed ocean acidification (OA). This change in 
ocean chemistry is potentially impactful for those organ-
isms that secrete calcium carbonate shells, skeletons, and 
tests. And for marine ecosystems where calcification and 
pH controls on biogeochemical processes are essential 
factors. 

Data collected at Hydrostation S and BATS indicate 
that ocean pH decreased substantially over the past 
forty years, such that the seasonal chemical conditions 
observed in 2020 are now outside the range seen only 
a few decades before (Bates and Johnson, 2020). Ocean 

FIGURE 6.4. c Scatter plot of CANT (μmoles kg−1). d Scatter plot of of CANT anomalies (μmoles kg−1). e Surface fCO2 
(μatm). f Surface fCO2 anomalies (μatm). Dashed lines for contours are included.
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6.5.4 Marine carbon cycle changes in deeper waters of the 
Sargasso Sea.
In deeper subtropical mode waters (STMW), the mean 
rate of change of nDIC (1988-2001) was significantly 
higher than surface waters, increasing at a rate of 2.2 +/-
0.26 μmoles kg-1 year-1 (Bates et al., 2002; Bates, 2012). 
The STMW of the North Atlantic Ocean is formed each 
winter by cooling and convective mixing of surface waters 
at the northern edges of the subtropical gyre and south 
of the Gulf Stream (Klein and Hogg, 1996; Hazeleger and 
Drijfhout, 1998). The shallow depths of the subtropical 
gyre (~250-400 m deep) are ventilated during STMW 
formation, and the STMW layer is found throughout the 
subtropical gyre. This water mass is classically defined by 
temperatures ranging from 17.8° to 18.4°C, by a salinity of 
~36.5 ± 0.05, and by a minimum in the vertical gradients 
of potential density (or isopycnic potential vorticity) (e.g., 
Klein and Hogg, 1996; Jenkins, 1998; Hanawa and Talley, 
2001; Alfutis and Cornillon, 2001; Maze and Marshall, 
2011). The non-conservative increase of CO2 does not 

chemistry less favourable for the formation of calcium 
carbonate by coccolithophores and shelled pteropods. 
Over a few decades, the CO2 and pH chemical conditions 
have reached numbers outside of the seasonal ranges 
observed in the 1980s and beforehand. The combined 
BATS/Hydrostation “S” CO2 time-series (from 1983) is 
globally the longest continuous record of open ocean 
carbonate chemistry that shows significant impacts due 
to the uptake of anthropogenic CO2, increase in ocean 
CO2 inventories and chemical changes due to ocean acid-
ification (OA; Bates et al., 2012, 2014; Bates and Johnson, 
2020), and data to challenge the assumptions of inorgan-
ic carbon dynamics and controls in the North Atlantic 
Ocean (Friedlingstein et al., 2020, 2022). The changes in 
seawater pH over the past forty years or so are also re-
flected in changes in the boron content of Bermuda coral 
calcium carbonate (Goodkin et al., 2015). Such changes 
in the CO2-carbonate equilibria and pH have direct and 
indirect impacts on ocean ecology and function in the 
Sargasso Sea (Lomas et al., 2013). 

FIGURE 6.5. Seawater CO2–carbonate properties at BATS (1988–present) with earlier data (1983–1988) from 
Hydrostation S. a Surface pH. b Surface pH anomalies; c. pH changes over time. Credit. Bates and Johnson, 2020, 2023.
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pteropods and foraminifera also contributes substantively 
to carbon export to the deep ocean. Extensive cocco-
lithophore blooms in other regions of the global ocean 
(e.g., Bering Sea, Gulf of Maine, off Iceland) can signifi-
cantly impact the ocean carbon cycle (e.g., Robertson et 
al., 1994; Bates et al., 1996a; Murata and Takizawa, 2002; 
Murata, 2006; Harley et al., 2010; Balch et al., 2022). In 
the Sargasso Sea, episodic coccolithophore blooms have 
been observed, accompanied by significant decreases in 
ocean alkalinity observed (Bates et al., 1996b). Unlike 
other taxonomic classes of marine phytoplankton, 
coccolithophores can increase seawater pCO2 content 
and thus contribute to a negative coccolithophore-CO2 
feedback (Riebesall et al., 2000; Ridgewell et al., 2007) 
that has important implications for the role of the global 
ocean in the uptake of anthropogenic CO2, modulation 
of atmospheric CO2 and climate responses over the next 
few centuries (Gattuso and Hansson, 2012). 

An additional process considered part of the bio-
logical pump (depending on how it is defined) is the 
formation and sinking of CaCO3 by calcifying organisms. 
This includes calcareous skeletal material produced by 
specific marine phytoplankton taxa (e.g., coccolithophor-
es) and pelagic animals (e.g., pteropods and foraminifera). 
Calcification is a biogeochemical process by which marine 
organisms combine calcium and carbonate ions to form 
shells, tests and other calcium carbonate structures. The 
resulting CaCO3 from biological processes tends to be 
dense and, therefore, sinks out of the surface water as 
particles as a contribution to export production (Figure 
6.1). The global CaCO3 flux is about 1.9 Pg C year-1 or 
about 20% of organic carbon export. However, unlike 
organic matter, CaCO3 is not remineralized as it sinks; in-
stead, it only begins to dissolve, especially in intermediate 
and deep waters, which are undersaturated with respect 
to CaCO3 (Ω <1). However, recent studies indicate that 
a substantial portion of exported calcium carbonate 
begins to dissolve in relatively shallow waters that are 
oversaturated (Ω > 1). Complete dissolution of CaCO3 
minerals (typically calcite) typically occurs at depths of 
approximately 1–4 km (in the North Pacific Ocean) to 
5 km (in the North Atlantic Ocean). This depth zone is 
known as the carbonate compensation depth. CaCO3 is 
typically found in sediments shallower than the carbonate 
compensation depth. Globally, the CO2 sink in sediment-
ary rock is four times greater than carbon in organic 
sediments (e.g., Mackenzie and Lerman, 2010). 

result from remineralization of organic matter or density 
variability, but rather, weak wintertime mixing and lack of 
STMW ventilation, which appear associated with an NAO 
positive phase (Bates et al., 2002; Gruber et al., 2002). 
Since 1988, ~0.6-2.8 Pg (1015g) of CO2 has accumulated 
within the gyre STMW, representing a long-term oceanic 
sink of CO2 (>10 years). The accumulation of CO2 in 
STMW should continue until winters with more vigorous 
mixing (associated with an NAO negative phase) entrain 
STMW CO2 into surface waters, ultimately releasing CO2 
into the atmosphere. Interannual variability in the uptake 
of CO2 into STMW thus provides another factor and 
feedback controlling the global ocean uptake of CO2. 

In the last decade, the rate of formation of STMW 
has slowed down and, in some years, stopped entirely 
(Stevens et al., 2020). This change in the subtropical gyre 
suggests that uptake and storage of inorganic carbon has 
also reduced over the last decade (2010s) compared to 
the 2000s (Bates, 2012).

6.6  Ocean calcium carbonate and trends  
in the Sargasso Sea 
N.R. Bates 

6.6.1 Introduction 
Precipitation or calcification (i.e., the formation of cal-
cium carbonate or CaCO3 in shells, tests, or skeletons of 
organisms) and dissolution of CaCO3 are defined by the 
production of calcium carbonate using dissolved calcium, 
[HCO3

-], [CO3
2−] and CO2 (Zeebe and Wolf-Gladrow, 

2003). In these chemical reactions, calcification/CaCO3 
precipitation reduces TA, and dissolution increases TA. 
The saturation states for common CaCO3 minerals such 
as calcite (Qcalcite) and aragonite (Qaragonite) can be comput-
ed from any two of measured seawater CO2-carbonate 
parameters (i.e., DIC, TA, pCO2 and pH; e.g., Zeebe and 
Wolf-Gladrow, 2003; Dickson et al., 2007; Williams and 
Follows, 2011). 

The saturation states for calcite (Qcalcite) and aragonite 
(Qaragonite) are defined by the solubility product of calcite 
and aragonite, respectively. The value of W indicates 
whether CaCO3 minerals are likely to form in seawater 
(Q > 1) or dissolve in seawater (Q < 1). In general terms, 
calcification (i.e., CaCO3 precipitation) produces CO2, 
which can increase pCO2 and decrease pH. Dissolution of 
CaCO3 generates [HCO3

-] and [CO3
2−] with the uptake of 

CO2 (e.g., Zeebe and Wolf-Gladrow, 2001). 
Production of calcium carbonate (CaCO3) by calci-

fying marine phytoplankton such as coccolithophores, 
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to ocean uptake of anthropogenic CO2 (e.g., Yeakel et 
al., 2015; Bates, 2017; Courtney et al., 2017; Smith and 
Warren, 2019; Griffin et al., 2022). Similar seasonal net 
dissolution of reef systems has also been observed in the 
Florida reef tract. Comparison of Hydrostation S data 
with paleo-proxies such as Sr/Ca ratios in Bermuda corals 
have extended time-series records back over centennial 
scales to the Little Ice Age (Goodkin et al., 2005; 2008) 
with recent analysis of boron isotopes in corals, a paleo–
proxy for ocean pH, extending our observational record 
of pH (e.g., Bates et al., 2014) back in time (Goodkin et 
al., 2015).

In the Sargasso Sea, there are other records of calcium 
carbonate production, particularly coccolithophores, at 
the same time as a reduction in primary production (Gao 
et al., 2012; Lomas et al., 2022). Recent studies report 
declines in coccolithophore production (Krumhardt et 

6.6.2 Sargasso Sea trends 
In the Sargasso Sea, the rate of pH change is ~0.0019 +/- 
0.0001 year-1 (Bates and Johnson, 2020). Both Qcalcite 
and Qaragonite exhibit seasonal changes of ~0.3 to 0.5 
(Figure 6.6), while Qcalcite and Qaragonite have de-
creased by 0.52 and 0.35 in the past forty years at rates of 
0.014±0.001 year-1 and 0.009±0.001 year-1, respectively 
(Bates and Johnson, 2020, 2023).

6.6.3 Insights into coral reef status and other ecological 
components in the North Atlantic Ocean.
The observations at Hydrostation S and BATS also pro-
vide a critically important context for understanding 
the present status of calcification and dissolution of the 
Bermuda coral reef system. While Bermuda’s coral reefs 
remain relatively healthy, the reef system now experi-
ences seasonal net dissolution for several months due 

FIGURE 6.6. Seawater CO2
–carbonate properties at BATS (1988–present) with earlier data (1983–1988) from 

Hydrostation S. e Surface Ωaragonite. f Surface Ωaragonite anomalies. c. Ωaragonite anomalies changes over time. 
Credit. Bates and Johnson, 2020.
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winters, westerlies weaken that usually prevail between 
Florida and Cape Hatteras (west of the Azores High). The 
reduction of wind stress and heat exchange lead to the 
development of warm water surface anomalies in the 
subtropical gyres (e.g., Cayan, 1992a,b) with a magnitude 
of ~0.2 to 0.4°C (e.g., Davies et al., 1997; Kapala et al., 
1998; Stevens et al., 2020). 

Although the NAO is the dominant mode of mid-
latitude atmospheric variation, dynamical relations 
between El Ninõ and the Atlantic climate have long been 
documented (e.g., Enfield and Mayer, 1997; see refer-
ences in Penland and Matrosova, 1998). For example, 
the Gulf Stream position shifts northwards after El Niño 
events and during NAO-positive phases with a lag of 
~2 years (e.g., Taylor et al., 1998; Taylor and Stephens, 
1998). Within 4-12 months of El Niño warming in the 
Pacific Ocean, warming is observed in the tropical North 
Atlantic, Caribbean Sea and the SE subtropical gyre (e.g., 
Penland and Matrosova, 1998). The mechanism for this 
apparently relates to a reduction in cloud cover in the 
drier, more stable Atlantic atmosphere (e.g., Davies et al., 
1997; Jones and Thorncroft, 1998). The ocean carbon 
cycle of the Sargasso Sea is influenced by NAO and ENSO 
(e.g., Gruber et al., 2002; Bates, 2002; Bates, 2012) 

6.8  Air-sea gas exchange 
N.R. Bates 

6.8.1 Solubility of gases, including CO2. 
As background for understanding the changes in air-sea 
CO2 gas exchange in the Sargasso Sea, the basic concept of 
solubility and chemical buffering of seawater (i.e., Revelle 
factor) is given here. The solubility of CO2 in seawater is 
an essential factor in controlling gas exchange between 
the ocean and the atmosphere. Thermodynamics and 
Henry’s law equations determine the relationship be-
tween solubility and seawater properties (e.g., Zeebe and 
Wolf-Gladrow, 2003). In simplest terms, S is the solubility 
of the gas in a liquid, k is the solubility constant (k is a 
function primarily of temperature), and P is the overlying 
pressure of the gas in the atmosphere, such that S = kP. 

Seawater properties such as temperature, salinity, 
and partial pressure of CO2 determine the solubility of 
CO2. For example, at 0°C in seawater, the solubility of 
CO2 is double that in seawater at 20°C. Thus, import-
antly, colder water will tend to absorb more CO2 than 
warmer water. Henry’s law also describes the relationship 
between the pCO2 or fCO2 in solution and its concen-
tration (i.e., [CO2]). Colder waters tend to have lower 

al., 2016; Lv et al., 2017). Other records of carbonate 
production in the Sargasso Sea also show decreases over 
time, especially in the last couple of decades (Conte and 
Weber, 2014; Smart et al., 2014; Salmon et al., 2015; Conte 
et al., 2019). There is also a decoupling of organic and in-
organic carbon production in the Sargasso Sea (Estapa et 
al., 2015) with as-yet-determined influences for bacteria 
and microbial ecology (Lomas et al., 2012; Moran et al., 
2022). The unknown impact of Sargassum weed in the 
North Atlantic subtropical gyre (e.g., Koch et al., 2013; 
Hodgkins et al., 2017; Xu et al., 2017; Fidai et al., 2020) 
was one the primary focus of the Laloffey et al., (2011) 
scientific case for the protection of the Sargasso Sea. 

6.7  Climate variability influences  
on the Sargasso Sea 
N.R. Bates 

Variability in the marine carbon cycle and ocean carbon 
sources and sinks has been studied most thoroughly in 
the tropical Pacific Ocean in connection with the El Niño 
Southern Oscillation (ENSO). El Niño-La Niña changes 
have profound impacts on weather and climate globally. 
By contrast, little is known about the contribution of the 
subtropical and subpolar gyres to atmospheric CO2 vari-
ations, even though these gyres cover more than half of 
the world’s oceans. Natural modes of climate variability, 
such as the North Atlantic Oscillation (NAO), El Niño-
Southern Oscillation, and Arctic Oscillation (AO), also 
have regional (particularly in Europe) and global impacts 
on weather and climate. 

The dominant mode of atmospheric and climate 
variability in the North Atlantic Ocean region is the NAO, 
which is a dipole meridional oscillation in atmospheric 
pressure between the Iceland Low and Açores High 
(Hurrell, 1995; Hurrell and Van Loon, 1997; Hurrell et 
al., 2002; Bates, 2012). The NAO is linked to the Arctic 
Oscillation (AO), a tripolar oscillation between the North 
Pacific and North Atlantic, centred over the Arctic region 
(Visbeck et al., 2001). The NAO has significant effects 
on climate and atmospheric variability. Strong eastward 
airflow between the Iceland Low and Açores High carries 
storms towards western Europe from North America. 
If the NAO index is negative, storm tracks are thought 
to shift southward, cooling surface waters, enhancing 
18°C mode water formation and deepening winter 
mixed layers (Rodwell et al., 1999). In western Europe, 
for example, there is an increase in winter storms and 
precipitation during these periods. During positive NAO 
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solubility and the strength of the wind blowing on the 
sea surface. As wind speed increases, the rate of air–sea 
CO2 exchange) or oxygen and other gases) also increas-
es. The turbulence in surface waters caused by breaking 
waves also contributes to gas exchange. This occurs as air 
bubbles dissolve, following entrainment into the mixed 
layer of the ocean. The detailed process underlying 
gas exchange is the subject of scientific research (e.g., 
Wanninkhof, 1992; Liss and Johnson, 2014). 

In cold waters, seawater pCO2 tends to be lower than 
atmospheric pCO2, thus driving the direction of CO2 gas 
exchange from the atmosphere to the ocean (Takahashi 
et al., 2009). In warmer waters, seawater pCO2 tends to 
be higher than atmospheric pCO2, and CO2 gas exchange 
occurs in the opposite direction, from the ocean to the 
atmosphere. Although tropical waters tend to be sources 
of CO2 to the atmosphere, factors (QQQ values of 8–10) 
and have the largest capacity to absorb CO2 from the 
atmosphere (if the tropical water has high pCO2 due to 
ocean warming and upwelling of CO2 rich water did not 
counteract this process; for example, Sabine et al., 2004).

6.8.4 The atmosphere-ocean exchanges of CO2 in the 
Sargasso Sea 
The Sargasso Sea is an essential region for uptake of CO2 
from the atmosphere with distinct seasonal variability 
in uptake and release of CO2 (Bates et al., 1996; Bates, 
2001, 2002; Bates, 2007; Takahashi et al., 2009; Bates 
et al., 2012; Bates et al., 2014; Bates and Johnson, 2020, 
2022). The annual net ocean uptake of CO2 in the sub-
tropical gyre of the North Atlantic off Bermuda appears 
to be increasing in contrast to other parts of the North 
Atlantic Ocean (especially in the subpolar gyre; Watson 
et al., 2009; Schuster et al., 2009; and the global ocean 
Friedlingstein et al., 2019, 2021, 2022, 2023). 

6.8.5 Ocean CO2 and buffering in the Sargasso Sea
Bates and Johnson (2020) have shown that surface sea-
water fCO2 exhibits substantial seasonality with typical 
ranges of ~40-60 µatm (Figure 6.7). Such changes sea-
sonally reflect the underlying variability of temperature 
and DIC (similar patterns are observed for pCO2).

The uptake of anthropogenic CO2 by surface waters 
results in an increase in DIC, and surface seawater fCO2 
exhibited significant gain over the forty years. The rate 
of change of fCO2 is 1.9 +0.08 µatm year-1 (Bates and 
Johnson, 2020, 2023). This represents an increase of 
nearly 25% from 1980 to 2023. Thus, the winter and 
summer fCO2 values in the 2020s are outside the range 

pCO2 or fCO2 than warmer waters. In simple terms, for 
every 1°C temperature increase, seawater pCO2 or fCO2 
increases by about 4.0%–4.2%. Seawater pCO2 (and 
fCO2) is also influenced by complicated thermodynamic 
relationships between the different inorganic carbon spe-
cies (see above). For example, a decrease in seawater DIC 
or temperature acts to decrease pCO2, while a decrease 
in alkalinity acts to increase pCO2 (Zeebe and Wolf-
Gladrow, 2001).

6.8.2 Chemical buffering of CO2 in seawater 
The chemical buffering of CO2 in the global ocean is an 
important carbon sink. As CO2 is absorbed by seawater, it 
is scavenged by ocean chemistry and converts to HCO3

2- 
and CO3

2–. In simple terms, the amount of CO2 added to 
seawater is much greater than the increase in seawater 
dissolved CO2 due to the chemical equilibria and trans-
formation to more prevalent carbonate species (i.e., 
HCO3

2- and CO3
2–). The capacity of seawater to absorb 

atmospheric CO2 (due to a perturbation or uptake of 
anthropogenic CO2) is known as the Revelle factor (or 
buffer factor, b, which relates the change in pCO2 (or 
fCO2) to DIC after chemical equilibration of the seawater 
CO2-carbonate system to its new state. The Revelle factor 
of surface waters is highly variable, ranging from ~8–10 in 
the tropics to ~12–15 in the polar and subpolar regions 
(e.g., Sabine et al., 2004).

6.8.3 Gas exchange at the ocean-atmosphere interface 
Carbon dioxide is transferred across the air-sea interface 
by molecular diffusion and turbulence at the ocean sur-
face. The flux (F) of CO2 between the atmosphere and 
ocean is driven by the concentration difference between 
the reservoirs and expressed as F = Dp CO2Kw. Dp CO2 
is the concentration difference between the ocean and 
atmosphere, and Kw is the transfer coefficient across the 
air–sea interface, termed the piston velocity or gas trans-
fer velocity. The physical and biological process impacting 
the gas exchange of CO2 and other gases are complicated 
and involves processes such as diffusion, turbulent mix-
ing, waves breaking and entrainment of air bubbles, and 
biological processes that influence the distribution of or-
ganic matter and surfactants in the air–sea interface (e.g., 
Wanninkhof, 1999; Liss and Johnson, 2014). 

In simple terms, the rate of transfer of CO2 between 
the ocean and atmosphere is driven by the concentration 
difference between the ocean and atmosphere, and 
turbulence at the ocean surface is typically a function of 
wind speed. The gas transfer velocity of CO2 is related to 
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The ocean’s ability to absorb CO2 from the atmosphere 
decreases with higher b values, and the chemical buffering 
capacity reduces. In the Sargasso Sea, the seasonality of 
QQQ is ~0.4. Wintertime values are higher than sum-
mertime values. Lower b conditions reflect the underlying 
capacity for seawater to absorb CO2, yet the lowest fCO2 
occurs in winter and coincides with seasonally higher 
QQQ values (Bates and Johnson, 2020). Notably, the 
Revelle factor, b, is increasing over time (~0.54±0.04; 
Figure 6.8). Such changes in ocean chemistry illustrate 
that the ocean’s capacity to absorb CO2 from the 
atmosphere is gradually declining (~6% since 1980). This 
provides additional future feedback when assessing the 
fate of anthropogenic CO2 in the atmosphere. This also 
includes its transfer to the ocean. 

Recently, Landschutzer et al. (2017) reported that 
winter to summer fCO2 difference has grown from the 

observed in the 1980s (Bates and Johnson, 2023). 
The increasing trend of seawater fCO2 observed in the 

Sargasso Sea is similar to observed changes in atmospher-
ic fCO2. Over shorter time scales, similar trends in surface 
seawater fCO2 have been reported elsewhere (Bates et al. 
2014). Given that surface and atmospheric fCO2 increases 
have tracked each other over time, this suggests that air-
sea CO2 gas exchange has not changed significantly. The 
implication is that the ocean CO2 sink in the subtropical 
gyre remained unchanged over the past forty years. Earlier 
studies have concluded that the increases in fCO2 largely 
reflect the uptake of anthropogenic CO2 and increasing 
DIC. There are minor influences due to the small changes 
in temperature, salinity and alkalinity over time (Bates et 
al., 2014; Bates and Johnson, 2020). 

The Revelle factor (QQQ) reflects the underlying 
chemical state that can facilitate air-sea CO2 exchange. 

FIGURE 6.7. Seawater CO2–carbonate properties at BATS (1988–present) with earlier data (1983–1988) from 
Hydrostation S. e Surface fCO2. f Surface fCO2 anomalies. a. Surface fCO2 changes over time. Credit. Bates and 
Johnson, 2020. 
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properties, which in turn affects the atmospheric radia-
tive balance and climate (i.e., Charlson et al., 1987).

There is a need to quantitatively understand bio-
genic sulfur dynamics in the oceans and the role of DMS 
in structuring past, as well as future, global climates. To 
accomplish this, a better understanding of the fates of 
the DMS and dimethylsulfoniopropionate (dissolved and 
particulate DMSP) pools in the ocean is required. The task 
is difficult because the biological and chemical processes 
involved in the cycling of biogenic sulphur are broad and 
complex. Short-term (UV inhibition, nutrient pulses) and 
long-term (light regime, nutrient regime, temperature) 
stressors impact the biogeochemical cycling processes 
of the oceanic sulphur pool. Because the oceans account 
for > 50% of the global source of reduced sulfur to the 
atmosphere, it is critical to understand the various res-
ervoirs and cycling processes. In the Sargasso Sea, early 
measurements of oceanic DMS and DMSP have provided 
the only long-term time series for DMS in the deep ocean 
(Dacey et al., 1998; Toole et al., 2008). The observed 
decoupling of DMS concentration from any measure 
of its precursors (i.e., DSMP) embodies the ‘DMS sum-
mer paradox’ hypothesis (Simó and Pedrós-Alió, 1999; 
Belviso et al., 2012; Polimene et al., 2012; Vila-Costa et al., 
2014; Levine et al., 2015; Masotti et al., 2015). The DMS’ 
summer paradox’ is a reoccurring phenomenon in the 
Sargasso Sea. 

The continuing development of more precise and 
accurate measurement techniques is also imperative, as 
demonstrated by the significant reduction in DMSPd 
concentrations. Time-series data such as these are essen-
tial for understanding present global ocean dynamics and 
modelling and predicting future fluctuations in physical, 
chemical, and biological processes.

1980s to the 2010s. The rates were +1.5 to +3.8 µatm per 
decade, with the BATS site in the Sargasso Sea (+1.5 µatm 
per decade) and the Hawaii Ocean Time Series (+3.8 
µatm per decade) in the North Pacific Ocean. These 
changes have been attributed to the long-term increase 
in CO2, [CO2]aq in the surface ocean and the increase in 
the Revelle factor. 

At the BATS-Hydrostation S site, the mean win-
ter-to-summer fCO2 difference increases from the 1980s 
to the 2010s simultaneously with increasing [CO2]aq and 
Revelle factor. The increase in mean winter-to-summer 
fCO2 difference is 4.1 µatm per decade.  

The diverging winter and summer fCO2 conditions 
are associated with the reduction in winter length (i.e., 
the season with water less than 22°C has decreased from 
157.7±10.8 days in the 1980s to 124.7±24.7 days in the 
2010s; Bates and Johnson, 2020). The increase in sum-
mer length and higher rate of warming (the season with 
water higher than 25°C) has increased from 121.0±23.4 
days in the 1980s to 140.3±11.3 days in the 2010s; 
Bates and Johnson, 2020). The BATS-Hydrostation S 
winter-to-summer fCO2 difference also substantially in-
creased by ~10 µatm in the 2010s (due to summertime 
warming and higher fCO2).

6.8.6 Dimethylsulphide (DMS) summer paradox and the 
Sargasso Sea 
Dimethylsulphide (DMS) is produced through biogeo-
chemical processes in the surface ocean food web. DMS 
is the primary source of natural sulfur to the atmosphere, 
where the gas is oxidized to sulphate and methane 
sulfonate aerosols (Shaw, 1983), which act as cloud con-
densation nuclei. Variability in oceanic DMS production 
and ventilation to the atmosphere has the potential to 
alter aerosol abundance, cloud coverage, and cloud 

FIGURE 6.8. Seawater CO2–carbonate properties at BATS (1988–present) with earlier data (1983–1988) from 
Hydrostation S. a. Surface Revelle factor changes over time. Credit. Bates and Johnson, 2020.
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