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Earth system models (ESMs) project that global warming sup-
presses biological productivity in the Subarctic Atlantic Ocean
as increasing ocean surface buoyancy suppresses two physical
drivers of nutrient supply: vertical mixing and meridional circu-
lation. However, the quantitative sensitivity of productivity to
surface buoyancy is uncertain and the relative importance of the
physical drivers is unknown. Here, we present a simple predic-
tive theory of how mixing, circulation, and productivity respond
to increasing surface buoyancy in 21st-century global warming
scenarios. With parameters constrained by observations, the the-
ory suggests that the reduced northward nutrient transport,
owing to a slower ocean circulation, explains the majority of the
reduced productivity in a warmer climate. The theory also informs
present-day biases in a set of ESM simulations as well as the
physical underpinnings of their 21st-century projections. Hence,
this theoretical understanding can facilitate the development of
improved 21st-century projections of marine biogeochemistry and
ecosystems.

ocean circulation | biogeochemistry | global warming

The Subarctic Atlantic Ocean hosts a highly productive marine
ecosystem (1, 2) which contributes to a major regional sink

of anthropogenic CO2 (3) and sustains valuable fisheries along
its margins (4). However, Earth system models (ESMs) project
that biological productivity will decline rapidly in the Subarc-
tic Atlantic Ocean relative to other oceans as greenhouse gases
increase (5, 6). Consistent with these projections, observations
suggest that Subarctic Atlantic Ocean productivity has declined
during the industrial era (7), but future declines may be far more
dramatic (5, 6).

Studies have attributed these rapid regional declines in Sub-
arctic Atlantic Ocean productivity to particularly substantial
reductions in the depth of surface mixing layers and a slower
Atlantic meridional overturning circulation (AMOC), which led
to a vertical decoupling of the surface productivity from the
essential nutrients at depth (5, 6, 8). Based on evidence that
nutrient transport in the AMOC is important for North Atlantic
Ocean productivity (6, 9, 10), some studies recently suggested
that the slowing meridional nutrient transport in the North
Atlantic Ocean nutrient stream (11–15) (which occurs in con-
junction with a slower AMOC) is a stronger physical driver of
North Atlantic Ocean productivity declines in 21st-century pro-
jections than shoaling surface mixing layers (16, 17). However,
the mechanisms that lead to productivity decline in ESMs can
be hard to disentangle (5, 6, 16–20), and the relative impor-
tance of the physical drivers for the projected 21st-century
productivity declines in the Subarctic Atlantic Ocean is not well
understood.

Here, we use a two-box theoretical model of the physical
and biogeochemical dynamics in the Subarctic Atlantic Ocean
to predict and understand the physical drivers of biogeochem-
ical change under increasing ocean surface buoyancy, which
results from ocean surface warming and freshening as atmo-
spheric greenhouse gas concentrations increase (5, 19). We also
use the box model to interpret sophisticated ESM simulations

of marine physical and biogeochemical dynamics in the Sub-
arctic Atlantic Ocean, including the present-day dynamics and
21st-century warming scenarios.

We start by considering the upper layer of our model, which
represents the surface mixed layer of the Subarctic Atlantic
Ocean, with parameters optimized to reflect present-day con-
ditions (Materials and Methods). The annual cycle is the dom-
inant timescale of biogeochemical variability here (21, 22) and
therefore an important target for constraining biogeochemi-
cal models and improving process understanding. For example,
consider the horizontally averaged dynamics of surface nitrate
NO−3 . Although a significant fraction of net primary productiv-
ity reflects recycling, nitrate consumption primarily reflects new
productivity associated with physical resupply of nutrients that
are lost via export of organic material from the surface layer
(23). Every winter, after the sun retreats toward the Southern
Hemisphere, the Subarctic Atlantic Ocean cools and turbu-
lence mixes water vertically over depths of hundreds of meters
(Fig. 1A). As a result, the nitrate concentration is relatively high
at the surface and fairly well mixed vertically over the top several
hundred meters (Fig. 1 A and D). As the sunlight increases, the
surface mixed-layer depth Ds shoals, and the marine ecosystem
consumes the nitrate in the surface mixed layer (Figs. 1 C and D
and 2B) at a rate

∂Ns

∂t
≈−PROD

Ds
, [1]

where Ns is the nitrate concentration in the surface mixed layer
and PROD is the rate of consumption of nitrate by the ecosys-
tem, i.e., new productivity. As the nitrate is drawn down to
relatively low concentrations during summer, new productivity
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Fig. 1. The box model is optimized to represent observed nitrate NO−
3 concentrations and vertical mixing over the entire Subarctic Atlantic Ocean, from

70◦W to 10◦E and from 45◦N to 75◦N. (A) A map of the late-winter-maximum surface NO−
3 concentrations from the 2013 World Ocean Atlas (24) and

the corresponding March mixed-layer depth (black contours) based on all in situ Argo profiles from 2000 to 2017 (25). (B) A hydrographic section of NO−
3

obtained in August 2013 (26). (C and D) The seasonal cycle of NO−
3 in the World Ocean Atlas (24), which is represented by colored shading in D. The

mean (black) and 10 to 90% range (gray shading) of the observed mixed-layer depths are plotted in D. Modeled values (red dashes) of surface NO−
3 (C)

and mixed-layer depth (D) are plotted for comparison. A few isopycnals are marked by white contours in A and B. The dominant terms in the present-day
nitrogen budget in the Subarctic seasonal thermocline are indicated in B (12, 14).

slows (Figs. 1 C and D and 2B). But, as the sunlight reduces again,
and the mixed-layer depth Ds deepens during the fall, waters of
the seasonal thermocline, which have relatively high nitrate con-
centrations Nd , are entrained into the surface layer. Thus, the
surface nitrate concentration increases (Fig. 1 C and D) at a rate

∂Ns

∂t
≈
(
wen

Ds

)
(Nd −Ns), [2]

where the entrainment velocity wen ≈ ∂Ds/∂t .
To understand changes in productivity on longer timescales,

we also need to consider the model’s lower layer, which repre-
sents the seasonal thermocline that lies between the summer and
the winter mixed-layer depth. This layer holds the essential reser-
voir of nitrate that is tapped each winter to resupply the surface

layer and sustain relatively high rates of new productivity com-
pared to that in subtropical oceans (2, 22) (Fig. 1 C and D). As a
result of the relatively large nitrate reservoir, the seasonal cycle
of the nitrate concentration Nd in the seasonal thermocline is
far smaller in amplitude than Ns at the surface (Fig. 1D). Yet,
over an annual cycle, there is a net loss of nitrate via entrain-
ment into the surface layer during fall that is not balanced by
the subduction of nitrate from the surface layer into the seasonal
thermocline during spring. A near-equilibrium state is sustained
by a physical transport of nitrate and remineralization of the pro-
duction that is exported from the surface layer above into nitrate
in the seasonal thermocline.

On interannual and longer timescales, new productivity is con-
strained by the integrated nitrate budget from the surface to the
bottom of the seasonal thermocline (12). A fraction of the new

A B

Fig. 2. Future climate scenarios forced by slower overturning and/or shallower winter mixing demonstrate that overturning is the primary driver of lower
new productivity. (A and B) The annual new production in each year (A) and the seasonal cycles of new productivity at the beginning and end of the
scenarios (B). In all three scenarios, surface buoyancy increases at a rate of 4.3× 10−5 m·s−2·y−1, which is equivalent to a warming of about 0.05 ◦C/y or a
freshening of about 0.005 practical salinity units per year. Note the different y-axis ranges.
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production is exported below the maximum winter mixed-layer
depth, Dw , and thereby lost from the seasonal thermocline. In
an equilibrium state, this export to depths below Dw has to be
replenished by physical transport processes. Integrated over the
upper Subarctic Atlantic Ocean, the physical resupply of nitrate
is dominated by advection via the AMOC, which leads us to
an approximate mean budget equation for the upper Subarctic
Atlantic Ocean:

PRODe−Dw/δ ≈ Ψmax

A
∆N . [3]

Here, δ is the e-folding depth scale over which production is
remineralized and e−Dw/δ is approximately the fraction of new
production that is exported below Dw and lost from the seasonal
thermocline, which we henceforth call the x ratio; ∆N =Nsub −
Nd is the nitrate deficit between the subpolar seasonal thermo-
cline Nd and subtropical thermocline Nsub (Fig. 1B), Ψmax is the
maximum value of the AMOC streamfunction at the subtropical/
subpolar boundary (45◦N), and A≈ 11× 106 km2 is the area of
the Subarctic Atlantic Ocean (from 45◦ to 75◦N).

By fitting the time-dependent two-box model to the present-
day seasonal cycle via optimization, we obtain a model solution
that captures the nitrate dynamics of both the surface and
seasonal thermocline, as described above (Figs. 1 and 2). SI
Appendix, Figs. S1–S3 show several additional diagnostics of the
optimal solution, including the contributions of each process to
the seasonal cycle, i.e., Eqs. 1 and 2, and the approximately
cyclo-stationary equilibrium, i.e., Eq. 3.

ESMs project that new productivity in the Subarctic Atlantic
Ocean will decline over the 21st century in global warming sce-
narios. The two physical drivers that explain this decline are
captured by the box model and highlighted by Eq. 3: 1) A shoal-
ing of the winter mixed-layer depth Dw leads to an increase
in the x ratio such that a larger fraction of the new produc-
tion is lost from the seasonal thermocline. 2) A slowing of the
AMOC volume transport Ψmax leads to a reduction in the resup-
ply of nitrate from the subtropics. For example, in an ensemble
of simulations of the Community Earth System Model (CESM)
(27) the mean winter mixed-layer depth Dw and the meridional
volume transport Ψmax are reduced by about 45 and 54%, respec-
tively, from 2020 to 2100 in a high-emissions scenario (Fig. 3),
and qualitatively similar reductions are found in several other
ESMs (17). Similar changes in Dw and Ψmax are also predicted
by the box model (Fig. 3), which uses a simple first-principles
analytic expression (28, 29) to characterize how increasing sur-
face buoyancy drives physically coupled declines in Dw and
Ψmax in 21st-century global warming scenarios (Materials and
Methods).

To separate and quantify the effects of declining Dw and Ψmax

on new productivity, we ran the optimized box model through
an increasing-buoyancy scenario, which is a simple analog of
the high-emissions scenario simulated in the CESM, with dif-
ferent combinations of physical responses: declining Dw with
fixed Ψmax, declining Ψmax with fixed Dw , and declining Ψmax

and Dw (Fig. 2). The results show that declining Dw and Ψmax

both contribute to reduced productivity, with the slowing merid-
ional transport being the increasingly dominant driver of the
declining productivity as the surface buoyancy increases. By
the end of the 80-y-long integration, the new production is
reduced by 0.11 mol N·m−2·y−1 if only the mixed-layer shoaling
is applied versus 0.26 mol N·m−2·y−1 if only the AMOC slow-
ing is applied. If both drivers are applied, the new production is
reduced by 0.37 mol N·m−2·y−1. Even though the model dynam-
ics are inherently nonlinear, we therefore empirically find that
the effects of AMOC slowing and mixed-layer shoaling approxi-
mately add up linearly. In addition, both physical drivers induce
qualitatively similar changes in the seasonal cycle of productivity

Fig. 3. Model results show the relationship between a shallower winter
mixed layer Dw , a slower ocean meridional circulation Ψmax , and reduced
new productivity PROD in a warming climate. The background gradient rep-
resents the annual new production in equilibrium box model solutions, the
three thin black lines are the transient box model solutions in Fig. 2, and
the white dotted line is the average over the Subarctic Atlantic Ocean of
an ensemble of CESM simulations of the high-emissions representative con-
centration pathway (RCP8.5) scenario from 2020 to 2100. Circles are marked
every 5 y in the transient simulations, with the fill colors again denoting the
annual new production. Note that the fill colors are barely distinguishable
from the background shading, indicating that 1) the transient simulations
are well approximated by the model’s equilibrium solution and 2) the ESM
results are well approximated by the predictions of the two-box model.

by reducing the peak and shortening the duration of high spring-
time productivity. The slowing AMOC has a relatively stronger
effect than the shoaling mixed layer on both the peak and dura-
tion, and the effects of the two drivers on seasonal productivity
are approximately additive. Hence, the effects of slowing AMOC
and shoaling mixed layers on productivity can be separated with
little ambiguity in the box model.

To quantify the potential impact of a wide range of different
changes in Ψmax and Dw on new productivity, Fig. 3 shows equi-
librium results from the box model as a function of both Ψmax and
Dw . Most notably, we find that both the transient box model and
the CESM ensemble mean closely follow the equilibrium box-
model prediction over the parameter space considered. This is
because Eq. 3 holds quite well throughout the transient scenarios
(SI Appendix, Fig. S4D).

To test the robustness of our results, we have quantified the
sensitivity of the equilibrium new productivity response to global
warming to the most poorly constrained box model parameters.
Within observational constraints, the net decline in the annual
new production at higher surface buoyancy is relatively robust
to the box model parameters (SI Appendix, Fig. S5). The x ratio
e−Dw/δ and nitrate deficit ∆N are the most important features
of the present-day solutions that control how the physical drivers
impact productivity under increasing buoyancy. In particular, if
the present-day x ratio and nitrate deficit are reduced, then the
shallowing winter mixed layer Dw and hence increasing x ratio
have a somewhat greater impact while the slowing meridional
circulation Ψmax and hence declining advective nitrate trans-
port ΨmaxNsub have a smaller impact, but the net decline in
productivity is fairly similar. Nevertheless, declining meridional
nitrate transport is the dominant driver of equilibrium productiv-
ity declines at the end of the 80-y increasing-buoyancy scenario
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shown in Figs. 2 and 3 for all parameter combinations that we
considered.

The compensation between sensitivity in the x ratio and
nutrient advection may partially explain why ESMs robustly
project that new productivity in the Subarctic Atlantic Ocean
declines as buoyancy increases, despite substantial differences
in the underlying physical and biogeochemical model dynam-
ics (5, 17–19). For example, as shown in SI Appendix, Figs. S1
and S4, the CESM has a higher nitrate concentration in the
seasonal thermocline and a smaller nitrate deficit than is con-
sistent with observations. In addition, the x ratio in the CESM,
as inferred from e−Dw/δ ≈ 0.33, is lower than for our box
model tuned to observations, where e−Dw/δ ≈ 0.53, because
the remineralization depth scale is about half as long in the
CESM (δ≈ 250 m) compared to the box model (δ= 500 m).
In fact, the box model suggests that the higher present-day
nitrate concentration in the seasonal thermocline in the CESM
is associated with the smaller present-day nitrate deficit, which
approximately compensates for the lower x ratio in Eq. 3. As a
result, the annual new production is similar in the box model
and the CESM and both have a similar sensitivity to changes in
the meridional transport Ψmax. However, other ESMs may dif-
fer somewhat from observations and the CESM with regard to
the nutrient deficit, the x ratio, and other variables that influence
Subarctic Atlantic Ocean productivity declines in 21st-century
scenarios (for nutrients, mixed layers, and overturning, see ref.
17). Future analysis of other ESMs could quantify the relevant
variables identified by the two-box model to better understand
how the drivers of Subarctic Atlantic Ocean productivity decline
differ across models.

The physics and biogeochemistry of the Subarctic Atlantic
Ocean are projected to undergo rapid change in the coming
decades if atmospheric greenhouse gas concentrations continue
to increase at current or faster rates. Here, we present a simple
predictive theory of the physical and biogeochemical response of
the Subarctic Atlantic Ocean to increasing surface buoyancy. The
emerging hypotheses are as follows: 1) The simple box model
and Eq. 3 capture the most essential dynamics of the productivity
response to global warming; numerous other physical, chemical,
and ecological changes (5, 18, 19), many of which occur in the
CESM, are secondary effects. And, 2) the slower nutrient stream
suppresses Subarctic Atlantic Ocean productivity in global warm-
ing; the shoaling winter mixed layer and the vertical decoupling
of surface productivity from the local deep nutrient reservoir are
an important but secondary effect. These results not only provide
fundamental insight into the dynamics of the coupled physical/
biogeochemical marine systems, but also provide insights into the
underlying dynamics of an ensemble of ESM simulations. Such
fundamental theoretical understanding of the expected and sim-
ulated physical and biogeochemical changes can underpin the
development of more accurate and precise projections of the
next 10 to 100 y.

Materials and Methods
Two-Box Model. The model (30) simulates the average nitrate concentra-
tion NO−

3 in two layers, both of which are above the late-winter maximum
surface mixed-layer depth Dw , in the Subarctic Atlantic Ocean. The region
has meridional extent L≈ 2,750 km, zonal extent W ≈ 4,000 km, and area
A = LW ≈ 11 million km2 (roughly 70◦W to 10◦E and 45◦ to 75◦N). The cou-
pled governing equations for the evolution of the nitrate concentrations as
a function of time in each layer are as follows:

∂Ns

∂t
=−

aPROD

Ds︸ ︷︷ ︸
EXPORT PRODUCTION

−
(

wen

Ds
H (wen)

)
(Ns−Nd)︸ ︷︷ ︸

ENTRAINMENT

−
(

v

L
+
κh

L2

)
(Ns−Nsub)︸ ︷︷ ︸

MERIDIONAL TRANSPORT

−
κz

D2
s

(Ns−Nd)︸ ︷︷ ︸
VERT MIX SEAS PYC

, [4]

∂Nd

∂t
= +

bPROD

Dd︸ ︷︷ ︸
REMINERALIZATION

−
(

wen

Dd
H (−wen)

)
(Ns−Nd)︸ ︷︷ ︸

SUBDUCTION

−
(

v

L
+
κh

L2

)
(Nd −Nsub)︸ ︷︷ ︸

MERIDIONAL TRANSPORT

+
κz

(DsDd)
(Ns−Nd)︸ ︷︷ ︸

VERT MIX, SEAS PYC

−
κz

(Ds + Dd)Dd

(
Nd −Naby

)
︸ ︷︷ ︸

VERT MIX, MAIN PYC

. [5]

Export Production and Remineralization. The nitrate concentration Ns in
the surface layer with time-varying thickness Ds is drawn down by the
ecosystem, which is implicit (as in ref. 31). That is,

PROD =
µm

kz
ln
(

kI + I0
kI

)
Ns

kN + Ns
, [6]

where µm represents the maximum nitrate consumption rate and kN is
the half-saturation concentration for nitrate uptake. The light limitation
function is integrated over Ds, following ref. 21; kI is the half-saturation
irradiance, 1/kz is the e-folding depth, and the annual cycle of photosyn-
thetically available radiation at the sea surface I0 is defined using standard
functions (32) and closely follows satellite observations (30, 33).

Only a fraction a(Ds) of the new production PROD is lost from the sur-
face layer, since a fraction of the new production remineralizes back to
Ns within the surface layer. The remineralization of exported production
back to nitrate at depth is usually represented via power laws or exponen-
tial functions (34). For simplicity, a single exponential function is used to
represent the vertical structure of export, such that

a =
1

Ds

∫ 0

−Ds

ez/δdz =
δ

Ds

(
1− e−Ds/δ

)
, [7]

where δ is the e-folding depth scale over which production is remineralized.
A fraction of the production that is exported from the surface layer is

remineralized in the seasonal thermocline, which has nitrate concentration
Nd and varying thickness Dd ≈Dw −Ds. The fraction of new production that
remineralizes in the seasonal thermocline is given by

b = a
(

1− e−Dd/δ
)
. [8]

The fraction of new production that is exported to depths below Dw and
thereby lost from the seasonal thermocline is given by a− b≈ e−Dw/δ (SI
Appendix, Fig. S6), which we call the x ratio, and may range from about 10
to 60% in the Subarctic Atlantic Ocean (35).

Entrainment, Subduction, and Mixed-Layer Depth. The entrainment velocity

wen =
∂Ds

∂t
+ w(Ds) =

∂Ds

∂t
− v

Ds

L
[9]

is a function of the rate of change of the mixed-layer depth ∂Ds/∂t and the
vertical velocity at the mixed-layer base w(Ds) (36, 37), which is written in
terms of the lateral velocity v associated with the incoming AMOC from the
south using continuity. As the mixed-layer depth Ds gets shallower during
spring, the water formerly in the mixed layer is subducted into the seasonal
thermocline. This has no impact on the nitrate concentration in the surface
layer (hence the Heaviside function H(wen) in Eq. 4), but subduction does
modify the nitrate concentration in the seasonal thermocline during spring
as indicated in Eq. 5.

Rather than include a prognostic model for the annual cycle of the
surface mixed-layer depth Ds, we specify the annual cycle of Ds using
an analytic function with parameters controlling the minimum Db and
maximum Dw .

We tune the summertime minimum mixed-layer depth Ds = Db to pro-
vide the best fit to the observed summer (August) nitrate profile (averaged
horizontally over the Subarctic Atlantic Ocean) from the World Ocean Atlas
2013 (24). Specifically, we fit the observed nitrate profile over the upper
200 m, using a step function:

N(z) =

{
Ns z≤Db

Nd z>Db.
[10]
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Since the true horizontally averaged mixed-layer concentration is best
approximated by the averaged surface value, we prescribe that Ns =

Nobs(z = 0) = 1.3 mmol/m3, but we optimize Db and Nd to minimize
(N(z)−Nobs(z))2 averaged over the top 200 m. The best fit is obtained
for Nd = 11.3 mmol/m3 and Db = 40 m; the latter is hence used in all
our experiments. The maximum late-winter mixed-layer depth Dw is deter-
mined via an optimization procedure described below, and the result
is an annual cycle in Ds that is very similar to the observed spatially
averaged mixed-layer depth as shown in Fig. 1D (the observations are
based on all Argo profiles from the years 2000 to 2017 and published in
ref. 25).

Meridional Nitrate Transport. A northward mean velocity v and horizon-
tal eddy/gyre mixing with diffusivity κh restore upper-ocean nitrate in
the Subarctic Atlantic Ocean toward the high nitrate concentration Nsub

on the same isopycnals in the permanent thermocline at lower lati-
tudes (Fig. 1B) (11, 12, 15–17). In the present climate, the advective
timescale L/v = ADw/Ψmax ∼ 6 y, where Ψmax ≈ 18 sverdrups (Sv) is an
estimate of the northward volume transport in the Atlantic meridional
overturning circulation based on observational constraints (38). This esti-
mate of the overturning seems fairly well constrained (within ±2 Sv) for
the present day and is therefore not considered a tunable parameter.
The horizontal diffusive timescale is less well constrained by observa-
tions but is thought to be at least an order of magnitude longer than
L/Ψmax . Here, we assume κh = 2,500 m2/s, which gives a diffusive timescale
L2/κh∼ 100 y.

The overturning velocity scale is physically coupled to the mixed-layer
depth and the surface buoyancy following ref. 28. In particular, we define
the depth scale of the upper limb of the AMOC or, equivalently, the max-
imum depth of wintertime convection by matching the minimum surface
buoyancy in the Subarctic Atlantic Ocean to the buoyancy profile in the
basin’s lower latitudes (SI Appendix, Fig. S7). Assuming an exponential
low-latitude buoyancy profile bLL = bS exp(z/h) yields an AMOC depth scale

DMOC = h ln bS/bN, [11]

where bN is the surface buoyancy in the northern deep water formation
region. Then, Dw = RwinterDMOC , where Rwinter is a scaling factor that is deter-
mined via optimization to reduce the spatially variable maximum winter
mixed-layer depth to a single representative value Dw .

The overturning streamfunction can be estimated using

∂zzΨ =
1

f0
[bN − bLL] [12]

for −DMOC < z< 0, with the boundary conditions Ψ(0) = Ψ(−DMOC ) = 0.
The solution to Eq. 12 with boundary conditions applied is

Ψ(z) =
bS

f0
[h2(1− exp(z/h)) +

α

2
(DMOC + z)z +

h2(1−α)

DMOC
z], [13]

where α≡ bN/bS, and DMOC is given by Eq. 11.
We are here interested in the total overturning transport, that is, the

maximum of Ψ(z). Unfortunately, analytically solving for the maximum of
Eq. 13 is not straightforward, but, as shown in SI Appendix, Fig. S8, the
maximum value of the overturning streamfunction is very well approxi-
mated as

Ψmax ≈
0.052(bS − bN)

f0(D−2
MOC + 0.073 h−2)

. [14]

Using bS = 0.0205 m/s2, bN = 0.0005 m/s2, h = 500 m, f0 = 10−4 s−1, which
we hold fixed in present-day scenarios, the maximum magnitude of the
AMOC streamfunction Ψmax = 17.9 Sv compares well with observational
estimates (38).

Vertical Diffusion. Vertical mixing in the thermocline restores the nitrate
in the seasonal thermocline Nd toward the abyssal concentration Naby ≈
18 mmol/m3 and mixes nitrate between the model layers. This mixing is
represented via a diffusive process with κz = 2× 10−5 m2/s based on obser-
vations (39). The flushing timescales are D2

b/κz ∼ 3 y for transport from the
seasonal thermocline to the summertime mixed layer and D2

w/κz ∼ 160 y for
transport from the deep ocean to the seasonal thermocline.

Other Sources/Sinks. Additional sources and sinks of nitrate to the seasonal
thermocline and surface mixed layer of the Subarctic Atlantic Ocean, which
include meridional advection and remineralization of oceanic organic nitro-
gen, microbial nitrogen fixation and denitrification, nitrogen deposition
from the atmosphere or sea ice, and riverine/sedimentary input in shallow
water, are thought to be much smaller than the advective nitrate transport
to the seasonal thermocline via the AMOC. Therefore, these sources/sinks
will not impact the results presented here and are omitted from the box
model for simplicity but included (with the exception of coastal riverine/
sedimentary inputs) in the CESM, which is described in more detail below.

21st-Century Scenarios. Global warming scenarios are implemented in the
box model by increasing the surface buoyancies bS and bN, which impact
Dw = RwinterDMOC via Eq. 11 and Ψmax via Eq. 14. For simplicity, both bS and
bN are increased at the same rate, although the results are primarily sen-
sitive to changes in bN. These simple relations are expected to adequately
describe the transient response of Dw and Ψmax to increasing surface buoy-
ancy on timescales from order 10 to 100 y, i.e., over several decades. On
shorter timescales, AMOC variability becomes meridionally incoherent and
is significantly influenced by processes that are not incorporated in this
simple model (38). Similarly, the mixed-layer depth variability will not nec-
essarily be coherent with the circulation on short timescales. Conversely,
on longer timescales of centuries to millennia, the deep ocean will adjust
to changes in buoyancy, thus invalidating the assumptions made in the
physical model (29, 40). In addition, Nsub tends to decline with warming
(6, 17), which is not considered in our box-model warming scenarios but
is accounted for in the CESM. A sensitivity study suggests this effect has
a smaller impact on 21st-century productivity than either declining Dw

or Ψmax (SI Appendix, Fig. S9), but the effect may be more significant
on longer timescales, e.g., due to teleconnections to the Southern Ocean
(6, 10).

Parameter Optimization. Despite the simplicity of the box model, it has
several parameters that are not very well constrained by direct observa-
tional estimates. These include the upstream nitrate concentration in the
subtropical thermocline, Nsub (12 to 22 mmol/m3); the maximum nitrate con-
sumption rate, µm (0.1 to 1.5 mmol/m3/d); the half-saturation constant for
nitrate uptake, kN (0.5 to 8 mmol/m3); the ratio of the winter mixed-layer
depth to the AMOC depth scale, Rwinter = Dw/DMOC (0.05 to 0.5); and the
e-folding depth scale over which remineralization occurs, δ (50 to 750 m).
Hence, we identify the optimal model parameters indirectly by obtaining a
five-dimensional hypercube of 125 model solutions with a range of 12 val-
ues for each parameter given in parentheses above. For each of the 125

parameter combinations, a 115-y simulation is run from initial conditions
with Ns = Nd = 10 mmol/m3 under present-day boundary conditions. The
last annual cycle, when the solution is effectively cyclo-stationary, is used
for model evaluation.

We identify reasonable values for the parameters by comparing these
solutions with observational constraints and minimizing a cost function
that is a sum of squared errors. The set of parameters that minimizes this
cost function and is used to produce the results in Figs. 1–3 is given in SI
Appendix, Table S1.

The first set of constraints is derived from observation-based estimates
of nitrate and new production. The surface nitrate concentration in the
Subarctic Atlantic Ocean reaches a minimum of 1.3 mmol/m3 in August
and a maximum of 9.7 mmol/m3 in February (24). And the best fit to
the nitrate concentration in the seasonal thermocline is obtained for a
value of Nd = 11.3 mmol/m3 (see above). Thus, we define the following
three cost functions: C1 = [(minmonth(Ns)− 1.3)/2]2, C2 = [(maxmonth(Ns)−
9.7)/2]2, and C3 = [(mean(Nd)− 11.3)/2]2. We normalize each difference
by dividing by our estimates of the uncertainty, which we define based
on our judgment of the uncertainties associated with structural differ-
ences between the model formulation and the real system which are at
least as large as the various sampling and measurement uncertainties.
Observational estimates of new production range fairly widely, but it is
unlikely that the true regional and annual average is outside the range
0.1 to 1.4 mol N·m−2·y−1 and it is most likely toward the middle of this
range (2, 22, 41, 42). Based on these references we define a cost function
C4 = [(mean(PROD)− 0.7)/0.7]2.

We find that the parameters are not uniquely defined by the constraints
C1 to C4. The 1,000 solutions with the smallest summed cost do not clus-
ter around a single point in the five-dimensional parameter space, but
rather define a multidimensional subspace of plausible parameter sets (SI
Appendix, Fig. S6). Specifically, the good solutions fall on a diagonal through
µm-kN parameter space covering essentially all values that we consider for
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each of µm and kN. In addition, for given values of kN and µm, there are
good solutions along a diagonal in Dw/δ-Nsub parameter space. In addition,
changes in δ can also be compensated by changes in Dw , independent of
the other parameters.

As a result, we find that three additional constraints are required,
one on kN or µm, one on Nsub or δ/Dw , and one on δ or Dw , if we
want to determine a unique set of most likely model parameters. For-
tunately, laboratory experiments and observations do provide guidance
about the most appropriate values of kN, δ, and Nsub. Observations that
the Subarctic Atlantic Ocean is dominated by larger phytoplankton (43,
44) suggest an additional term for our cost function as C5 = [(kN − 3)/3]2.
Second, observations suggest that the incoming nitrate flux NsubΨmax is
between 300 and 400 kmol/s (11, 12, 16), so we impose the constraint
Nsub = (300–400) kmol s−1/18 Sv = 17 to 22 mmol/m3, which suggests
C6 = [(Nsub− 19.5)/2.5]2. Finally, observations that the attenuation of sink-
ing particulate organic material has a depth scale toward the middle of the
100- to 1,000-m range (34) suggest C7 = [(δ− 500)/300]2. With these three
additional constraints, C5 to C7, we find that the solutions with smallest
summed cost cluster narrowly in all parameters. The best solution (out of
125) has a summed cost

∑7
i=1 Ci = 0.19 and the parameters are listed in SI

Appendix, Table S1. This “best” present-day solution is obtained by running
a 200-y simulation to equilibrium; diagnostics are in Figs. 1 and 2 and SI
Appendix.

We also find that the equilibrium annual new production at higher sur-
face buoyancy is not very sensitive to the specific parameter targets C5 to
C7. To demonstrate this, we simulate the late-time cyclo-stationary response
to an instantaneous increase in surface buoyancy for several different parts
of kN-µm, Nsub-Dw/δ, and δ-Dw parameter space (SI Appendix, Fig. S5); the
relationships between each parameter pair are constrained by C1 to C4 (SI
Appendix, Fig. S6). The overall response to increasing surface buoyancy is
very similar for a fairly wide range of these parameters, and the slowing
meridional nitrate transport is generally more important than the shoaling

mixed layer and the resulting decoupling of the surface mixed layer from
the local deep nitrate reservoir.

CESM. Box-model results are compared with a large ensemble of simula-
tions of the high-emissions RCP8.5 scenario with the CESM, a sophisticated
ESM. The members of this ensemble differ only due to the introduction
of small random noise in the year 1920, and the model and experimental
protocol are described in detail in ref. 27.

All results are averaged over 32 members with valid biogeochemistry and
over the area from 70◦W to 10◦E and 45◦N to 75◦N. New productivity PROD
is approximated by vertically summing the net biogeochemical nitrate ten-
dency over the top 50 m, where this tendency is negative. Below 50 m,
the nitrate tendency is positive due to remineralization, and the vertical
profile of this tendency has an e-folding depth scale similar to the particu-
late organic nitrogen flux δCESM ≈ 250 m (SI Appendix, Fig. S4C). The AMOC
streamfunction Ψ and nitrate flux function are calculated by averaging the
monthly output in potential density space, as described in ref. 16 and shown
in figure 6 in ref. 16. The winter mixed-layer depth Dw is calculated using
the same definition as for the observations (25).

Data Availability. All data and model software are cited in the references
and described in SI Appendix and Zenodo: http://doi.org/10.5281/zenodo.
3757340.
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