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Abstract The upwelling associated with the ocean's overturning circulation is hard to observe directly.
Here, a large data set of surface A'*C measurements is compiled in order to show where deep water is
brought back up to the surface in the ocean basins north of the Antarctic Circumpolar Current (ACC).
Maps constructed from the data set show that low-A'*C deep water from the ACC is drawn up to the surface
in or near the upwelling zones off Northwest Africa and Namibia in the Atlantic, off Costa Rica and

Peru in the Pacific, and in the northern Arabian Sea in the Indian Ocean. Deep water also seems to be
reaching the surface in the subarctic Pacific gyre near the Kamchatka Peninsula. The low-A'*C water drawn
up to the surface in the upwelling zones is also shown to spread across the ocean basins. It is easily seen, for
example, in the western Atlantic off Florida and in the western Pacific off New Guinea and Palau. The
spreading allows one to estimate the volumes of upwelling, which, it turns out, are similar to the volumes of
large-scale upwelling derived from inverse box models. This means that very large volumes of cool
subsurface water are reaching the surface in and near the upwelling zones—much larger volumes than
would be expected from the local winds.

Plain Language Summary The deep layers of the ocean are filled with cold dense water that
sinks from the surface near Antarctica and in the northern North Atlantic. This process is understood
reasonably well. The countervailing process—the way that the dense water is brought back up to the surface
—is not as well understood. Oceanographers now agree that the ocean's deep water is drawn back up to the
surface (“upwelled”) mainly around Antarctica as part of the wind-driven overturning in the Antarctic
Circumpolar Current (ACC). But cool water is also known to reach the surface in upwelling zones around
the ocean's margins. Here we map the upwelling north of the ACC with the radioactive isotope carbon-14
and show that the deep water upwelled to the surface around Antarctica seems to be drawn up to the
surface a second time in the upwelling zones. The water drawn up to the surface in the upwelling zones then
flows back to the North Atlantic and sinks again to complete the cycle.

1. Introduction

'4C is a radioactive isotope that is produced in the atmosphere and decays primarily in the ocean. The ocean
is therefore deficient in *C in relation to the atmosphere. Oceanic *C deficits have long been used to estab-
lish an age or turnover time for the water in the deep ocean.

Here we consider a less well-known '“C application—the deficits at the ocean'’s surface. Our goal is to see
what surface '“C deficits can reveal about the upwelling portion of the ocean’s overturning circulation.
We are aided in this task by the fact that the *C deficits in upwelled water can persist at the surface for
10 years or more owing to the slow gas exchange process for 4C (Broecker & Peng, 1974).

14¢ is reported as AMC, the per mil departure of the measured *C/**C ratio in a sample from a standard
reference ratio after a correction for isotopic fractionation (Stuiver & Polach, 1977). The reference ratio is
the atmospheric "*C/"*C ratio during the late nineteenth century. The ocean's surface waters had an average
deficit of about 50%. before the nuclear weapons tests of the 1950s and early 1960s (Broecker & Peng, 1982).
Some areas of the ocean had smaller deficits while other areas had larger deficits, most notably the areas
near Antarctica.
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The ocean's overturning is now thought to consist of two counterrotating meridional cells that are called,
somewhat prosaically, the “lower cell” and the “upper cell” (Lumpkin & Speer, 2007; Speer et al., 2000).
The upwelling in both cells occurs along the sloping isopycnals of the Antarctic Circumpolar Current
(ACC) around Antarctica (Marshall & Speer, 2012). The deep water that reaches the surface via the lower
cell flows to the south and sinks again to become Antarctic bottom water. The focus here is on the deep
water that reaches the surface via the upper cell, which eventually becomes deep water again in the
North Atlantic.

The deep water drawn up to the surface via the upper cell moves away from Antarctica initially in the surface
Ekman layer. It then combines with water from the subtropical gyres and drops below the surface again as
the mode and intermediate waters that are formed along the northern flank of the ACC (Tudicone et al.,
2008; Sloyan et al., 2010). Inverse box models suggest that 8-10 Sv of water in this density class is drawn
up to the surface again in the tropical Atlantic and eastern Pacific (Lumpkin & Speer, 2003; Sloyan et al.,
2003; Wunsch, 1984). The inverse models are not very specific, however, about how and where the upwelling
takes place.

Our goal in this paper is to map the surface distribution of A™C in order to determine where the upwelling
north of the ACC occurs. The task is nominally fairly simple: Find the surface waters with the lowest A™*C
values; the areas with the lowest A'*C should be the areas of upwelling. Indeed, the lowest A'*C values are
found in or near the upwelling zones off Peru and Kamchatka in the Pacific, off Northwest Africa and
Namibia in the Atlantic, and in the northern Arabian Sea in the Indian Ocean. This will seem odd to most
oceanographers because the upwelling in these areas is thought to come from relatively shallow depths and
is not usually associated with the ocean's large-scale overturning.

The present paper is focused on the A'"*C measurements and the construction of the maps. It begins with a
brief review of the upwelling off Peru (section 2). The bomb C problem is discussed in sections 3 and 4. Our
maps are presented in sections 5-7. A companion paper by the same authors (Toggweiler et al., 2019) takes
up the question of how the upwelling occurs.

2. Peru Upwelling

A precursor for this study was carried out by Toggweiler et al. (1991), hereon TDB91. TDB91 used the surface
AMC to examine the upwelling in a vintage circulation model from the 1980s. They were able to draw on
eight “prebomb” observations from the tropical Pacific to test the model.

The overturning in the model delivered deep water up into the thermocline, which was then funneled up to
the surface along the equator via the equatorial divergence. The model therefore predicted that the surface
waters near the equator would be low in A™C. TDB91 showed, however, that the water upwelled via the
equatorial divergence is not low A'*C and argued that all the low-A"*C water in the equatorial zone comes
from the area off Peru instead. TDB91 then traced the water off Peru back to the Subantarctic Mode Water
(SAMW) that forms along the ACC in the South Pacific.

This result was consistent with the idea, new at the time, that deep water is drawn up to the surface around
Antarctica and spreads to the north below the thermocline on its way back to the North Atlantic (Sloyan &
Rintoul, 2001; Talley, 2008; Toggweiler & Samuels, 1993). In this context, TDB91 showed that the subantarc-
tic water on its way back to the North Atlantic is drawn up to the surface a second time off Peru.

The SAMW-Peru connection is not immediately obvious because the water upwelling off Peru is warmer
than SAMW. This led TDB91 to argue that SAMW is warmed a few degrees by mixing during a long traverse
from the ACC; they also showed how the same mixing would have a small effect on the A'*C due to the weak
coupling between the A'C contents of the atmosphere and upper ocean during prebomb time. The insensi-
tivity to mixing makes A'*C a better indicator of the origin of the water. (For more information on this point,
the reader should consult the discussion related to Figure 16 in TDB91).

TDB91 were able to determine that the SAMW in the South Pacific had a prebomb A'C of —76 to —81%.
This range compared favorably with the A'C values in a coral from the Galapagos Islands (Druffel,
1981). With the larger data set in this paper, we can now say that the —76 to —81%. range seems to charac-
terize the surface A™C in all the upwelling areas where prebomb measurements are available.
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SAMW is a mixture of upwelled deep water from the area south of the
ACC and upper-ocean water from the subtropical gyres (Iudicone et al.,
2008). In this regard, TDB91's —76 to —81%o. range lies about half way
between the prebomb A'*C values in the polar surface waters south of
the ACC and in the subtropical waters north of the ACC.

3. Anthropogenic Perturbations

Relatively few observations were available to TDB91 because of the
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nuclear weapons tests that took place in the 1950s and early 1960s. The

1900 1910 1920 1930

1940

,7 _ bomb tests added a spike of new '*C atoms to the atmosphere that altered
‘ ::’::2 Rico the steady state distribution before the bomb tests. Most of what is known
Bermuda South about A'*C in the ocean comes from seawater samples that were collected
after the bomb tests. TDB91 drew upon corals and shells that grew in the

1950 1960 1970 1980 1990 2000 2010 ocean before the bomb tests had begun.

Year

The bomb tests also occurred in the midst of a slow, long-term decline in

; 14 :
Figure 1. Surface A™"C recorded by three Atlantic corals. The records are  the surface A*C due to the burning of fossil fuels. Figure 1 shows the fos-

from the Florida Keys (Druffel & Linick, 1978; Druffel unpublished), the
south coast of Puerto Rico (Kilbourne et al., 2007), and the south coast of

sil fuel and bomb perturbations in three corals from the North Atlantic.

14, - .
Bermuda (Druffel, 1989; Goodkin et al., 2012). The average A "C at the three locations was about —45%o. in 1900. The

surface A'*C then declined to —55%, during the first half of the twentieth

century due to the burning of fossil fuels. The invasion of bomb 'C into
the ocean began about 1955. The surface A'*C then jumped up dramatically and reached +150%o during
the 1970s. The first ocean-wide survey of A*C took place around this time (Broecker et al., 1985).

A much more detailed survey was carried out 20 years later as part of the World Ocean Circulation
Experiment (WOCE). Figure 2 shows the surface A'*C values in the Pacific Ocean during WOCE. The high-
est AMC values (red shades) are along 30°N and 30°S. The lowest values (dark blue shades) are along the
southern edge of the map at 60°S and in the northwest near Kamchatka. The lowest values in the tropical
Pacific (green shades) are south of the equator and close to Peru.

The WOCE surveys took place at an opportune time with respect to A'*C. In 1965, shortly after the end of the
bomb tests, the A™C gradient between the atmosphere and surface ocean peaked at about 700%o. **C was
flooding into the ocean at this time. By 1990, the average atmosphere—ocean gradient had fallen back to
50%o, that is, the same gradient that prevailed during prebomb time (Figure 5 in Druffel et al., 2010). But
the gradient continued to shrink due to the ongoing burning of fossil fuels. After 2000, the A'C of the atmo-
sphere began to fall below the surface A™C levels in many parts of the ocean and **C stopped entering the
ocean in those areas. So the WOCE surveys took place at a time between the bomb era and the fossil fuel era
when 'C was entering the ocean at the same low rates that prevailed during prebomb time.

Here, information is compiled from dozens of new coral and shell locations to produce a prebomb data set
that can be directly compared to the WOCE data set. The spatial patterns during the two time periods are
found to overlap very well. The focus here will be on three time windows with the largest numbers of
measurements. These are the prebomb period, 1940-1954, the WOCE era, 1990-1994, and the fossil fuel-
dominated CLIVAR era, 2003-2007, Climate and Ocean: Variability, Predictability and Change.

4. Deficit Maps

The measurement errors for A'*C are not small in relation to the features considered in this paper. The error
for an individual sample varies from 2%. to 7%.. Seawater observations also tend to be fairly noisy because
they are subject to weather-related water mass changes (McDuffee & Druffel, 2007) and to seasonal mixing
with subsurface waters (Druffel et al., 2010).

To improve the signal-to-noise ratio, we have identified 143 “regions of interest” where multiple AC
measurements are available. All the measurements from a given region and time period are averaged
together. The regional averages are then normalized by subtracting the contemporary A'*C value from
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Figure 2. Surface distribution of AMC for the Pacific Ocean from seawater samples collected between 1991 and 1996
during the World Ocean Circulation Experiment.
Okinawa in the western North Pacific. Our maps are constructed from these differences—called “deficits”
from here on.
The normalization highlights the fact that the A™C differences across the
ocean basins are similar during all three time periods. The differences on
LI B — our maps are mostly negative (deficits), because most areas of the ocean
" Pre-Bomb are lower in A'C than Okinawa.

60N

1940- 54\§

More details about the normalization and the observations within each
region can be found in the Supporting Information S1. Each of our regions
is given a number. Okinawa, for example, is Region 18 in the Pacific
(Table S2). It had a prebomb A*C of —41%o (Table S5) and has a deficit
of zero, by definition. The area off Peru is Region 45. According to
TDB91, the SAMW upwelling off Peru should have had a prebomb A'*C
of —76 to —81%o. Subtracting —41%. (for Okinawa) leads us to expect a def-
icit of —35 to —40.

Our deficit maps for the Atlantic are shown below in Figures 3-5.
Our maps for the Pacific are shown in Figures 6-8, and those for the
Indian are shown in Figures 9 and 10. The deficits on the maps are
divided into four sizes, small, medium, large, and extra large and are

40

60S ! | | I

color coded accordingly. Small deficits have a red background. They
are typically found within the subtropical gyres. Extra large deficits
have a blue background and are generally confined to the subpolar
zones. Our medium and large deficits have orange and green
backgrounds, respectively.

Our maps are meant to show how the surface A'*C is influenced by the
=l time-mean circulation and overturning. To be sure, the AY¥Cata parti-
cular time and location is also influenced by the temporal variability of
TR B T A the circulation itself and by the temporal changes associated with the

100W 80

Figure 3. A'C deficits in the Atlantic during prebomb time (1940-1954).
Okinawa reference = —41%o. The deficits with orange backgrounds range

60 40 20W 0 20E bomb transient. The A™C is also subject to measurement error.
Nevertheless, the impact of the time-mean overturning seems quite clear
when our maps are considered together. The areas of upwelling stand

from —11 to —20. The deficits with green backgrounds are larger (more out, in particular, as areas with persistently low values across all three

negative) than —20.

time periods.
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5. Deficit Maps for the Atlantic Ocean
5.1. Prebomb Period (1940-1954)

Our deficit map for the Atlantic during the prebomb period appears in
Figure 3. All the measurements used to make this map are from corals
and shells. There is only one small (red) deficit on the map, the —7 value
from Bermuda.

The largest deficit on the map is the —36 (green) value off northern Africa.
This value comes from four shells collected in the core area of the
Northwest Africa Upwelling Zone (Chavez & Messié, 2009; Ndeye,
2008). The water upwelling in the area is known to have a South
Atlantic origin (Mittelstaedt, 1983; Pastor et al., 2012). The —36 value falls
within the —35 to —40 range expected for SAMW.

A deficit of —27 also appears off South Africa. This value comes from a

60S

shell collected several hundred kilometers to the south of the core area
of the Benguela Upwelling Zone off Namibia (Dewar et al., 2012;
Hardman-Mountford et al, 2003; Nelson & Hutchings, 1983).
Additional data from this area during 2011-2015 show that the core area
of the upwelling zone had a larger deficit at this time than the area off
South Africa (see pages 8-9 and Figure S7 in the supporting information).

The map in Figure 3 also includes a number of medium (orange) deficits
in the Caribbean Sea and Gulf of Mexico. These values reflect a general
pattern that holds in all three ocean basins. Large deficits near the upwel-

!
100W 80

Figure 4. A'C deficits in the Atlantic during the World Ocean Circulation
Experiment (WOCE) era (1990-1994). Okinawa reference = 116%o. The
deficits with red backgrounds range from —9 to +13. Orange deficits range

60

| |
40 20W 0 20E ling zones in the east give way to medium-sized deficits in areas far away

to the west. The decrease seems to reflect the spreading of water away
from the upwelling areas and the impact of gas exchange, which slowly
chips away at the deficits from the upwelling areas.

from —11 to —20. Green deficits range from —21 to —50. The blue deficitsare  An east-west contrast of opposite sign is found in the northern North

larger than —50.

Atlantic. The deficits off Norway and Great Britain, in this case, are in

the medium range, —13 and —14, respectively. The deficits in the western

North Atlantic, meanwhile, clump together around —29. The medium
values in the east reflect the impact of gas exchange on the tropical surface waters that are carried northward
by the Gulf Stream and the North Atlantic Current. The larger deficits in the west are due to upwelling
and/or winter convection in the Slope Sea area north of the Gulf Stream (Tanaka et al., 1990) or in the
Labrador Sea.

5.2. WOCE Era (1990-1998)

The WOCE sampling in the Atlantic took place over 9 years, so two maps have been prepared. The main map
in Figure 4 is for the years 1990-1994. The second map is for the years 1997-1998; it appears in the support-
ing information as Figure S5. The Okinawa reference value for the map for 1990-1994 is 116%o.

The main map in Figure 4 has observations from many more locations than the prebomb map in Figure 3. In
particular, it includes five small deficits from the subtropical gyres. Three of the small deficits are positive—
the local A™C is higher than at Okinawa—most notably the +13 value along 25°N in the middle of the
North Atlantic.

A number of the deficits from 1990-1994 are quite similar to the prebomb deficits from the same areas.
Bermuda, for example, has a prebomb deficit of —7 and a WOCE deficit of —3. The Florida Keys have a pre-
bomb deficit of —17 and a WOCE deficit of —20. Puerto Rico has a prebomb deficit of —19 and a WOCE def-
icit of —25, NE Brazil has a prebomb deficit of —23 and a WOCE deficit of —26. SE Brazil has a prebomb
deficit of —14 and a WOCE deficit of —12. The similarities show that there is a good correspondence between
the deficits during the two time periods in the tropics.

The similarity only holds, however, between 30°N and 30°S. The WOCE map has a number of extra large
(blue) deficits in the North Atlantic that are much larger than the deficits in these areas during prebomb
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CLIVAR
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time. A prebomb deficit of —13 off Norway, for example, gives way to a
deficit of —56 during WOCE. A prebomb deficit of —15 in the
Mediterranean Sea gives way to a deficit of —55 WOCE. These shifts are
a consequence of the winter mixing in these areas and the fact that the
water mixed up from below remained relatively uncontaminated with
bomb *C into the 1990s.

Again, the most important deficits are the large (green) deficits in the
tropical Atlantic. The largest of these are the —44 and —45 values off
southern Africa and the —40 value off Northwest Africa. The —40 value
off Northwest Africa comes from seven water samples that were
collected at different distances from the coast. Four of the seven were
collected inshore of the Cape Verde Islands within 250 km of the coast.
They would have a deficit of —45 by themselves. The other three sam-

20

a0}

60S

I | |

ples were collected beyond the Cape Verde Islands about 1,200 km from
_18 | the coast. The three offshore samples would have a deficit of —33
by themselves.

The deficits on the opposite (eastern) side of the tropical Atlantic range

+4 -4 =5 =I5 u from —26 (NE Brazil and Guiana Current) to —20 (Florida Keys). Two

deficits from the equatorial zone, —25 and —29, fall in between.
Basically, the whole tropical Atlantic was low in AC during WOCE.
. As in the prebomb map, the deficits shrink from east to west. Again,
the decline seems to reflect the spreading of the low-A'*C water from
the coast of Africa and the impact of gas exchange, which chips away

!
100W 80

| |
40 20w 0 20E at the deficits from the upwelling areas.

Figure 5. A'C deficits in the Atlantic during the CLIVAR era (2003-2005).  The area along the equator has a deficit that is only 3%. and 4%o larger
Okinawa reference = 84%o.. The deficits with red backgrounds range from  than the deficits to the south and north, respectively. These are not signif-

—5 to +9. Orange deficits range from —10 to —14. Green deficits range
from —15 to —30. Blue deficits are larger than —30.

icant differences. Like the results in TDB91, they show that the equatorial
divergence is not a source of low-A"*C water. The deficits in the equatorial
zone clearly seem to arise off Africa instead.

5.3. CLIVAR Era (2003-2005)

The Atlantic CLIVAR map in Figure 5 is based on samples collected during 2003-2005. The CLIVAR map
has eight small deficits along 30°N and 30°S. The Okinawa reference value for this time period is 84%o.

The range of the deficits during CLIVAR is smaller than the range during WOCE. This reflects the change-
over from the bomb era to the fossil fuel era. Sometime around the year 2000 areas like Okinawa stopped
taking up **C from the atmosphere. Bomb '“C, meanwhile, continued reaching the surface from below in
the upwelling zones. The combination has reduced the A'C differences across the ocean basins.

The area along the equator has a deficit of —15 during this time period, which is slightly less negative than
the contemporary deficits to the north and south. Again, these small differences are not significant. They
simply reinforce the point made above that the equatorial divergence is not a source of low-A"*C water.

The CLIVAR map provides evidence for a large temporal change north of Iceland. During prebomb time the
surface waters north and south of Iceland had deficits of —18 and —22, respectively. During WOCE both
areas had deficits of —81. As mentioned above, similar changes are seen across the northern North
Atlantic and are attributed to winter mixing. During CLIVAR, however, the deficit south of Iceland
decreased back to —24 while the deficit north of Iceland remained at —78.

The temporal change would seem to be due to a change in circulation north of Iceland (Scourse et al., 2012).
The shelf area north of Iceland is subject to extensive changes as older and fresher polar water from the East
Greenland Current and younger, saltier Atlantic water from the Irminger Current take turns dominating the
shelf area over time (Eiriksson et al., 2011; Jonsson & Valdimarsson, 2012; Knudsen et al., 2004; Massé et al.,
2008). The —78 deficit during CLIVAR may therefore be due to a recent invasion of low-A"*C polar water
onto the shelf.
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Figure 6. AMC deficits in the Pacific during prebomb time (1940-1954). Okinawa reference = —41%o.. The deficits with
red backgrounds range from —7 to +1. Orange deficits range from —10 to —19. Green deficits range from —20 to —39.
Blue deficits are larger than —40. The —38 deficit off Peru has an asterisk because the shells from which the deficit

was derived were collected before 1940.

6. Deficit Maps for the Pacific Ocean
6.1. Prebomb Period (1940-1954)

Our prebomb map for the Pacific appears in Figure 6. Again, all the measurements used to make this map
are from corals and shells. Okinawa, by definition, has a deficit of zero. Apart from Okinawa itself, the pre-
bomb map has two small (red) deficits in the subtropical gyres, one from Kure Atoll (—7) at 28°N and one
from Easter Island (+1) at 27°S. The area near Hawaii has a medium (orange) deficit of —10. Unlike the pre-
bomb map for the Atlantic in Figure 3, the prebomb map for the Pacific has three extra large (blue) deficits
along the coast of North America.

The area off Peru has a prebomb deficit of —38. This value comes from four shells that were collected off the
coast of Peru in 1908 and 1926 and analyzed by Jones et al. (2009) (see page 12 of the supporting informa-
tion). (The Peru deficit appears on the map with an asterisk because the four shells grew in the ocean before
1940). The measured deficit fits very well with the deficit expected from TDB91, —35 to —40. The Galapagos
Islands to the north have a prebomb deficit of —27.

The most important deficits on the map are the large and medium deficits that stretch across the Pacific
between 18°S (Fiji and Tahiti) and 13.5°N (Guam). The band covers an enormous area that stretches all
the way across the Pacific. As in the Atlantic, the deficits shrink from east to west. They also grade lower
from south of the equator to north of the equator, that is, from —21 and —20 at Tahiti, Fiji, and Vanuatu
to —17, —14, and —13 at Palmyra, Palau, and Guam, respectively. As in the Atlantic, the deficits near the
equator do not stand out against the deficits coming into the region from the east.

As mentioned above, the prebomb map also has three extra large deficits off Kodiak Island, Vancouver
Island, and Southern California. These deficits are substantially larger than the deficits in the equatorial
band. The surface waters in these areas are therefore presumed to have a deeper source than the water that
is drawn up to the surface off Peru. The Pacific section of the supporting information (pages 13 and 14) shows
that the low-A'*C water in all three areas seems to have been drawn up from the deep ocean initially near
the Kamchatka Peninsula.
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Figure 7. AMC deficits in the Pacific during the World Ocean Circulation Experiment (WOCE) era (1990-1994). Okinawa
reference = 116%.. The deficits with red backgrounds range from —8 to +14. Orange deficits range from —9 to —20. Green
deficits range from —21 to —49. Blue deficits are larger than —50.

6.2. WOCE Era (1990-1994)

The WOCE map for the Pacific in Figure 7 is mostly based on seawater samples. The subtropical gyres were
well sampled during this time period and provide a number of small (red) deficits for the map. The red def-
icits are notably positive in the South Pacific.

The medium (orange) deficits in the western half of the equatorial Pacific are similar to the deficits in the
prebomb map. The large (green) deficits in the eastern Pacific, however, are larger. The Galapagos
Islands, for example, have a deficit of —49 in Figure 7 compared to —27 in Figure 6. The Peru upwelling zone
has a deficit of —60 compared with a prebomb deficit of —38. So, while the Peru-Galapagos difference
remained about the same, the surface waters in both areas were 22%. lower in A*C during WOCE, in rela-
tion to Okinawa, than they were during prebomb time.

The larger WOCE deficits in the eastern Pacific are most likely due to the fact that the SAMW reaching Peru
has a transit time of about 30 years (Rodgers et al., 2003). If so, the water upwelling off Peru in the early 1990s
would have last been in contact with the atmosphere during the early years of the bomb era. As such, the
water upwelling off Peru during WOCE would have had some bomb '*C but not as much as the surface
waters near Okinawa. This would account for the larger deficits during WOCE.

The area north of the Galapagos Islands in Figure 7 had a deficit during WOCE of —41. This value comes
from five water samples collected between 2° and 9°N along ~88°W. Two of these samples were collected
within the Costa Rica Dome (Wyrtki, 1964). The Dome samples would have a deficit of —53 by themselves,
which is much larger than the deficit from the other three samples, —32. Kessler (2006) argues that the water
drawn up to the surface in the Costa Rica Dome is closely related to the subantarctic water that is drawn up
to the surface off Peru.

The map in Figure 7 has a number of extra large deficits in the subarctic zone. The largest by far is the —135
value from the area near the Kamchatka Peninsula. The Gulf of Alaska has a deficit of —96. These areas are
located near the western and eastern centers of the North Pacific's subarctic gyre, respectively. The cyclonic
circulation about the western gyre center, in particular, and the general divergence of the Ekman transport,
seem to be drawing deep water directly up to the surface in this area from the deep North Pacific.
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Figure 8. AMC deficits in the Pacific during the CLIVAR era (2003-2007). Okinawa reference = 84%.. The deficits with
red backgrounds range from —6 to +11. Orange deficits range from —10 to —17. Green deficits range from —18 to —39.

Blue deficits are larger than —40.

6.3. CLIVAR Era (2003-2007)

Our CLIVAR map for the Pacific in Figure 8 has a number of extra large deficits in the North Pacific but is
devoid of observations in the eastern tropical Pacific. A sequence of positive deficits along 32.5°S matches the

sequence of WOCE deficits in

this area. The deficits in the central and western sectors of the equatorial

Pacific are smaller than the WOCE deficits in these areas, as one would expect from the changeover from
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Figure 9. AC deficits in the Indian Ocean during the prebomb era (1940-
1954). Okinawa reference = —41%o. Two orange deficits in the Indonesian
seas have values of —15 and —21. All the prebomb deficits in the Indian
Ocean are larger than —21. The green deficits range from —22 to —31. The
blue deficits are larger than —32. The five deficits with asterisks are based on
shell samples collected before 1940.

the bomb era to the fossil fuel era.

7. Deficit Maps for the Indian Ocean

Two maps have been constructed for the Indian Ocean, one for the pre-
bomb period (Figure 9) and one for the WOCE era (Figure 10). The most
striking feature of the two maps is a tendency toward large and extra large
deficits. There are basically no small deficits anywhere in the Indian
Ocean during either time period. Our color scale has been shifted to
accommodate the larger values.

7.1. Prebomb Period

Our database for the Indian Ocean has prebomb observations from only
eight locations. We have therefore added five observations from shells that
were collected before 1940 and analyzed by Southon et al. (2002; see pages
18 and 19 in the supporting information). These values appear with aster-
isks on the prebomb map in Figure 9.

The northern Arabian Sea is a well-known upwelling area (Smith &
Bottero, 1977) and our prebomb map has four deficits from this area.
The four deficits range from —32 to —37 and are therefore similar in mag-
nitude to the prebomb deficits off Northwest Africa and Peru.

The water drawn up to the surface in the Arabian Sea comes from a low-
oxygen zone that extends from the base of the euphotic zone down to
~1,000 m (Morrison et al., 1999). Studies of the oxygen balance show
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Figure 10. AMC deficits in the Indian Ocean during the World Ocean Circulation Experiment (WOCE) era (1994-1996).
Okinawa reference = 108%.. Two deficits along 30°S have values of —13 and —16. Orange deficits range from —20 to —39.
Green deficits range from —40 to —59. The blue deficits in the Arabian Sea have values of —60 or larger.

that the input of oxygen comes mainly from an inflow of intermediate-depth water from the ACC (McCreary
et al., 2013; Olson et al., 1993; Swallow, 1984). According to Swallow (1984), the upwelling in the Arabian
Sea is the most likely “sink” for the inflow from the south.

Swallow (1984) describes the equatorial region as a “holding tank” in which the inflow from the south shifts
off to the east under the Equatorial Counter Current and then back to the west in subsurface equatorial jets.
The dissolved oxygen of the inflow is reduced during the diversion by the rain of organic matter from above
and by mixing with older water below. As a result, the inflow from the south is fairly low in oxygen before it
reaches the Arabian Sea.

The rest of the Indian Ocean has prebomb deficits between —22 and —28. The smallest deficit in this group is
from Cocos atoll at 12°S, which lies along the path of the Indonesian Throughflow from the Pacific
(Andrews, Asami, et al., 2016; Toggweiler & Trumbore, 1985). While the —22 deficit from Cocos atoll and
the —21 deficit in Lombok Strait are similar, the rest of the prebomb deficits in this part of the Indian
Ocean are larger. This suggests that the Throughflow is not the source of the large prebomb deficits in the
Indian Ocean.

7.2. WOCE Era (1995)

The observations used to construct the WOCE map in Figure 10 are from samples collected between
December 1994 and January 1996. The Okinawa reference value for this time period is 108%.. The smallest
deficits have values of —13 and —16.

The WOCE map has six extra large deficits in the Arabian Sea. The largest, —78, is from the border area
between Yemen and Oman. This area is near the core of the upwelling zone off Oman (Smith & Bottero,
1977). The next largest deficit, —71, is from an upwelling area off the west coast of India (Luis &
Kawamura, 2004). The largest deficit outside of the Arabian Sea, —56, is offshore from a minor upwelling
center off Central Sumatra at 4°S (Susanto et al., 2001). Overall, the WOCE map features a fairly continuous
gradation from extra large deficits in the Arabian Sea to medium-sized deficits along 30°S.
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The WOCE deficits in the Arabian Sea are notably larger than those in the prebomb map in Figure 9. As we
did for the eastern Pacific, we would attribute the WOCE deficits to a transit time from the ACC to the
upwelling zone in the Arabian Sea of 30 years or more. A long transit time would be consistent with the
equatorial holding-tank idea in Swallow (1984).

The WOCE deficits between 10°S and 30°S are also substantially larger than the contemporary deficits in
the western equatorial Pacific (Figure 7). This reinforces the view above that the Pacific water flowing
through the Indonesian Seas is not the source of the deficits in the Indian Ocean. This leaves the Arabian
Sea as the most likely source. It would appear that the upwelling in the Arabian Sea has a very large influ-
ence on the surface A™C across the entire Indian Ocean (Southon et al., 2002).

8. Discussion

Three findings emerge from the observations above that lead to our three main conclusions. The first is that
the largest '“C deficits north of the ACC are associated with the upwelling zones along or near the ocean's
margins. There are no conspicuous **C minima anywhere else. Thus, most of the upwelling north of the
ACC would appear to be taking place in or near the upwelling zones along the margins.

The second finding is that the water reaching the surface in these areas had levels of A'C before the
bomb tests that seem to match the prebomb A'¥C of the SAMW in the South Pacific. Thus, most of
the water upwelling north of the ACC would seem to be mode or intermediate water from the ACC.
The water upwelling off Kamchatka, in the Gulf of Alaska, and off California and Mexico would be excep-
tions in this regard.

The third finding is that the **C deficits from the upwelling areas seem to extend across the ocean basins.
This implies that the spreading from the upwelling areas is fairly rapid, which implies, in turn, that the
volumes of water drawn up to the surface in the upwelling areas per unit time are quite large—too large,
it would seem, to be explained by the alongshore winds blowing over the upwelling zones themselves.

8.1. Rates of Upwelling and the Upwelling Mechanism

The upwelling along the ocean's margins is thought to be driven by winds that blow parallel to the coast.
Detailed knowledge of the direction and strength of the wind can be used to estimate the volume of upwel-
ling. Messi€ et al. (2009) have estimated the volumes of upwelling for four major upwelling systems. They
found that 2 Sv is drawn up to the surface between 6°S and 16°S off Peru, 1.7 Sv is drawn up between 18°
and 28°S off Namibia, 1.7 Sv is drawn between 12° and 22°N off Northwest Africa, and 1 Sv is drawn up
between 34° and 44°N off California. Smith and Bottero (1977) estimated that 8 Svis drawn up to the surface
off Oman during July, August, and September. Eight Sv of upwelling over 3 months is equivalent to 2 Sv of
upwelling over a full year.

These figures seem at odds with the results in our maps. It seems unlikely, for example, that 2 Sv of upwelling
off Peru plus a smaller amount in the Costa Rica Dome (Wyrtki, 1964) could maintain 'C deficits that
extend across the entire equatorial Pacific. Our suspicion in this regard can be crudely quantified because
the exchange of CO, between the ocean and atmosphere continually reduces the deficits generated by the
upwelling. If one knows the gas exchange rates and the area over which they operate, one can estimate
the volume of upwelling.

As shown in Figure 6, the water upwelling off Peru during prebomb time was 38%. lower in A'*C than the
surface waters at Okinawa. The surface waters between 18°S and 13.5°N in the equatorial band were about
19%o lower on average. Thus, the gas exchange in the band seems to have reduced the initial deficit by half.
We take this to mean that gas exchange and the upwelling had equal and opposite effects on the
surface A™C.

A 50-m surface layer contains about 100 moles/m? of CO,. The average gas exchange rate for the equa-
torial zone in Figure 6 is about 12 moles-m 2year ' (as shown in Figure 3 in Toggweiler et al., 1989).
This means that the CO, in the upper 50 m is turned over every 8.3 years by gas exchange (100
moles/m?> + 12 moles-m ~>-year " = 8.3 years). An upwelling of 6 m/year would be required to accomplish
the same thing (50 m + 6 m/year = 8.3 years). The low-A"*C waters of the equatorial Pacific cover about

TOGGWEILER ET AL.

2601



Journal of Geophysical Research: Oceans 10.1029/2018]C014794

55 x 10'*> m>. So ~10 Sv must be brought up from below to maintain the deficit against gas exchange
(6 m/year x 55 x 10" m? = 3.3 x 10" m>/year = 10.5 Sv).

In making this calculation we assume that the equatorial zone has no other sources of low-A'*C water
besides the eastern margin. Following TDB91, we assume that the thermocline water upwelling along the
equator is higher in A™C and is therefore not a source of low-A'*C water. We implicitly include the
upwelling in the Costa Rica Dome and along the Chilean margin in the eastern margin source.

Similar calculations can be made for the Atlantic and Indian Ocean. The area covered by low-A'*C water is
not as great in the Atlantic, but the gas exchange rate is higher. As shown earlier, the entire Indian Ocean
north of 30°S seems to be influenced by the low-A'C water that is drawn up to the surface in the
Arabian Sea.

An alternative approach is to simply consider the thickness of the SAMW-containing layer in the South
Pacific and the time required to fill or drain this layer with SAMW. The SAMW layer is several hundred
meters thick in the south and thins toward the equator. The fill/drain time would seem to be about 30 years,
given that the SAMW off Peru had some bomb **C during WOCE. With a volume of ~11 x 10" m? (i.e., 70 x
102 m? x 150 m), the implied inflow/outflow is ~11.5 Sv, which is much closer to 10 Sv than to 2 Sv.

Similar amounts of throughput emerge from inverse box model studies. Lumpkin and Speer (2007) con-
structed an overturning stream function for the Atlantic from the transports across six zonal sections and
the air-sea fluxes between the sections. They found that 16 Sv enters the Atlantic in the mode and intermedi-
ate water density class and is made into North Atlantic Deep Water (NADW) in the North Atlantic. They also
found that ~10 Sv of the inflow is shifted up to the surface somewhere south of 24°N in the tropical Atlantic.
(The remaining 6 Sv passes through the tropical Atlantic below the surface with minimal alteration.)
Wunsch (1984) determined earlier that 7-10 Sv of low-A'*C water enters the tropical Atlantic from the
south, upwells to the surface and then leaves the tropical Atlantic to the north.

Sloyan et al. (2003) have examined the upwelling of mode and intermediate waters in the Pacific with an
inverse box model of the equatorial zone. They determined that 9 Sv of mode and intermediate water reaches
the surface somewhere between 95°W and the American coast. In the Indian Ocean, Shi et al. (2002) have
examined the transports across 9°N into and out of the Arabian Sea. They found a net inflow above 500 m
(via the Somali Current) that balances 9.5 Sv of upwelling to the north of the section.

The inverse models and the surface A'*C are therefore in broad agreement in regard to the volumes of upwel-
ling: ~10 Sv of mode and intermediate water from the ACC seem to be reaching the surface in each ocean
basin in the tropics. The two approaches point in different directions, however, in regard to the mechanism.

The inverse models call upon diapycnal mixing to explain the upwelling. Large amounts of diapycnal mixing
are called upon, in particular, to transform the relatively dense inflows from the ACC into lighter water
(Lumpkin & Speer, 2003; Sloyan et al., 2003). Once transformed, the lighter water can, in theory, be dis-
placed up to the surface by the denser water flowing in.

The surface A'*C, on the other hand, suggests that much of the upwelling occurs along the margins in areas
where the mode and intermediate waters are drawn directly up to the surface. The water upwelling in these
areas can be transformed by air-sea fluxes. So, if all the upwelling is indeed taking place in areas like these,
the need for diapycnal mixing is greatly reduced. But some other mechanism is then needed to account for
the volumes of upwelling.

It is important to emphasize that our observations are quite sparse and do not provide an unambiguous map-
ping of the upwelling areas and the intensity of the upwelling. The upwelling in the real ocean could be dis-
persed away from the margins in a way that would limit the role of air-sea fluxes in the transformation of the
mode and intermediate waters from the ACC.

8.2. Two Kinds of Upwelling

Given all the information above, it would seem that there are two kinds of upwelling at work in or near the
upwelling zones. One is a response to the winds in the upwelling zones themselves. The other is associated
with the overturning of NADW. (SAMW reaching the surface in the upwelling zones is a clear sign of
the latter.)
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Figure 11. Sea surface temperature errors in the coupled model in Galbraith et al. (2011). Areas with large positive sea
surface temperature errors in the model coincide with the areas with large AM™C deficits in Figures 4 and 7.

The volumes of upwelling associated with the second type of upwelling are much larger than the volumes of
upwelling associated with the first. As a result, there is a great deal of “extra upwelling” in or near the upwel-
ling zones, that is, more upwelling than expected from the local winds. The extra upwelling accounts for the
extensive spreading of the low-A'*C water in our maps.

In our companion paper, we simulate the surface A™C in two low-resolution ocean general circulation
models. Interestingly, the extra upwelling does not develop in either model. As might be expected, the
missing upwelling is reflected in other properties. Figure 11 is a map of the departure of the simulated sea
surface temperatures (SSTs) from the observed SSTs in one of the models. Not enough cool water is drawn
up to the surface and the simulated SSTs offshore from the upwelling areas are too warm. Overly warm SSTs
in these areas are a common deficiency in climate-scale coupled models (Wang et al., 2014). So what are the
models missing? What accounts for the extra upwelling?

Model studies by Lu et al. (1998) and McCreary et al. (2002) have tried to plug this gap. The models in ques-
tion are limited to the Pacific basin and are not general circulation models (GCMs) in the usual sense. Ten
sverdrups of relatively dense subantarctic water are added to the model domains in the south and 10 Sv of
light near-surface water are removed in the vicinity of the Indonesian Seas. The water removed via the
Indonesian Seas is assumed to end up in the North Atlantic. The McCreary et al. model also shows how
the subantarctic inflow is transformed off Costa Rica and Peru into the near-surface outflow.

The “extra upwelling” is put into the Lu et al. and McCreary et al. models via the imposed inflows and
outflows (and the fact that the outflow has a lower density). But imposed inflows and outflows do not fully
explain what the extra upwelling actually is and what typical GCMs are doing wrong.

We argue in the companion paper that the extra upwelling develops when the warm buoyant water in the
western tropics is drawn away to the North Atlantic. Typical GCMs fail to produce the extra upwelling
because very little of the warm buoyant water in the western tropics is drawn away.

9. Conclusions

The overturning of NADW is defined these days in terms of upwelling in the Southern Ocean and the for-
mation of deep water in the North Atlantic (Marshall & Speer, 2012). The radioactive isotope C is used here
to show that the deep water upwelled in the Southern Ocean is upwelled to the surface again in the ocean
basins to the north of the ACC. Most of the upwelling is found to take place in well-known upwelling
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areas around the margins of the ocean basins. The big surprise is the volumes of upwelling, which are more
commensurate with the ocean's large-scale overturning than the Ekman divergence in the upwelling areas
themselves. Something similar is seen in the North Pacific, where deep water with a very low A'*C is drawn
up to the surface in the western part of the subarctic gyre. This water becomes incorporated into the
California Current and is upwelled again off Southern California and Mexico in a second stage that is ana-
logous to the second upwelling seen in the tropics.

Inverse box models of the ocean’s overturning circulation also find large volumes of upwelling in the same
general areas but they call upon diapycnal processes to transform the relatively dense water below into the
lighter water found near the surface (Lumpkin & Speer, 2003; Sloyan et al., 2003). We would argue that these
transformations take place instead near the ocean's margins, and that the transformations occur mainly at
the surface via air-sea fluxes. Shifting the upwelling toward the margins diminishes the need for diapycnal
processes but begs the question—what sort of process can account for the volumes of upwelling? There must
be an aspect of the ocean'’s large-scale circulation in which large volumes of subantarctic water flow into the
upwelling zones and are then drawn away.
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