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ABSTRACT

ROMS, a high-resolution regional ocean model, was used to study how climate change may affect the

northwestern Atlantic Ocean. A control (CTRL) simulation was conducted for the recent past (1976–2005),

and simulations with additional forcing at the surface and lateral boundaries, obtained from three different

global climate models (GCMs) using the RCP8.5 scenario, were conducted to represent the future (2070–99).

The climate change response was obtained from the difference between the CTRL and each of the three

future simulations. All three ROMS simulations indicated large increases in sea surface temperatures (SSTs)

over most of the domain except off the eastern U.S. seaboard resulting from weakening of the Gulf Stream.

There are also substantial intermodel differences in the response, including a southward shift of the Gulf

Stream in one simulation and a slight northward shift in the other two, with corresponding changes in eddy

activity. The depth of maximum warming varied among the three simulations, resulting in differences in the

bottom temperature response in coastal regions, including the Gulf of Maine and theWest Florida Shelf. The

surface salinity decreased in the northern part of the domain and increased in the south in all three experi-

ments, although the freshening extended much farther south in one ROMS simulation relative to the other

two, and also relative to the GCM that provided the large-scale forcing. Thus, while high resolution allows

for a better representation of currents and bathymetry, the response to climate change can vary considerably

depending on the large-scale forcing.

1. Introduction

The increase in greenhouse gases over the past cen-

tury has contributed to the warming of most of the

world’s oceans, including highly productive coastal

regions responsible for the vast majority of global fish

catch (e.g., Pauly and Zeller 2016). For example,

Belkin (2009) found that 61 of the 63 large marine

ecosystems (LMEs) that are mainly located in coastal

regions exhibited warming from 1982 to 2006, while

Lima and Wethey (2012) found that ;3/4 of coastal

areas experienced an increase in SST, with an overall

rate of 0.258C (10 yr)21, from 1982 to 2010. While broad

warming due to accumulating greenhouse gases is likely

to continue, these trends may be significantly exacer-

bated (or ameliorated) by regional processes such as the

retreat of sea ice, changes in finer-scale features, such as

fronts and eddies, and the effects of small-scale coastal/

bathymetric features on the response to climate change.
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Given that complex ocean current systems and highly

productive marine ecosystems are often located near

land, where climate change–induced warming is ex-

pected to be more intense, greenhouse gas–induced

changes may have an especially pronounced effects in

coastal areas. This could well be the case for the U.S.

East Coast and Gulf of Mexico, given the proximity of

the Labrador Current, Gulf Stream, and Loop Cur-

rent and complex bathymetric features such as the

Laurentian Channel, Gulf of Maine, Georges Bank,

and West Florida Shelf (Fig. 1). Climate change will

influence not only SST but also temperature, salinity,

and currents throughout the water column, which can

subsequently impact marine ecosystems. Thus, models

and datasets with high spatial resolution may be neces-

sary to fully diagnose and simulate the effects of climate

change in the northwest Atlantic and Gulf of Mexico.

Consistent with the potential for regional dynamics

to shape large-scale warming patterns, observational

analyses indicate a range in SST trends along the east

coast of North America. Belkin (2009) found moder-

ate to strong warming for the Scotian Shelf, moderate

warming in the Gulf of Mexico, and modest warming on

the northeast and southeast U.S. shelf between 1982

and 2006, although the warming was very strong for

the northeast United States over the longer period of

1957–2006. Analyses of observations directly adjacent

to the coast suggest weak cooling in the southeast and

somewhat stronger warming for the northeast U.S. coast

(Shearman and Lentz 2010; Lima and Wethey 2012),

where Gulf of Maine SST increased by more than 28C
between 2004 and 2013, nearly the largest increase

over the global ocean during that period (Pershing

et al. 2015).

Large changes are also projected for the North Atlantic

Ocean in the future. Alexander et al. (2018) found that

SSTs increase by approximately 0.38–0.48C (10yr)21 over

the period 1976–2099 for LMEs along the U.S. East

Coast with even stronger warming of 0.58C (10 yr)21 on

the Scotian Shelf based on simulations using the repre-

sentative concentration pathway 8.5 (RCP8.5) scenario

from phase 5 of the Coupled Model Intercomparison

Project (CMIP5) archive. ‘‘Polar amplification,’’ with

enhanced warming at high latitudes and a reduction in

Arctic Sea ice, likely contributes to changes over the

Atlantic through both the atmosphere and the ocean

FIG. 1. ROMS domain with (a) bathymetry (shaded, 25-m interval) at 1.85-km resolution. White lines/transects depict the locations of

cross sections shown for the Laurentian Channel (Fig. 7), Gulf of Maine (Fig. 8), 288N in the Gulf of Mexico (Fig. 9), 308N east of Florida

(Fig. 12), and 708W south of Cape Cod (Figs. 14 and 16). (b) Annual mean surface currents (shaded, interval of 10 cm s21; vector scale is

given) from the ROMS control (CTRL) experiment.
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(e.g., Pedersen et al. 2016; Chen et al. 2014; Coumou

et al. 2018; Sun et al. 2018). In general, the models in-

dicate that ocean warming is greatest near the surface,

which enhances the static stability, as does the surface

freshening of the Atlantic north of ;458N (Capotondi

et al. 2012). The enhanced stratification, particularly at

high latitudes in the North Atlantic, reduces convec-

tion and slows the Atlantic meridional overturning

circulation (AMOC; e.g., Cheng et al. 2013; Collins

et al. 2013). In turn, changes in AMOC influence

temperature and salinity (Drijfhout et al. 2012). In the

CMIP5 models, a decrease in AMOC is associated

with cooling south of Greenland (warming hole), warm-

ing southeast of Nova Scotia, decreased salinity in the

subpolar gyre, and increased salinity in the subtropical

gyre, especially near the southeast U.S. coast (Cheng

et al. 2013). Changes inAMOChave the potential to alter

basinwide circulation patterns that impact the physical/

biological ocean response off the east coast of North

America.

The resolution of the global climate models (GCMs)

used in CMIP5 is relatively coarse, with an ocean reso-

lution on the order of 100 km, which does not resolve

finescale topographic features and may not adequately

represent aspects of the ocean dynamics. For example,

these models do not resolve ocean eddies and simulate

the separation of the Gulf Stream from the coast north

of its observed location at Cape Hatteras (e.g., Bryan

et al. 2007), which can influence the response to in-

creasing greenhouse gases (Winton et al. 2014). Saba

et al. (2016) investigated the response of GCMs de-

veloped at the NOAA/Geophysical Fluid Dynamics

Laboratory (GFDL) with varying atmosphere and

ocean resolutions to a doubling of CO2 (after an increase

of 1% per year). They found that the response to cli-

mate change varied with resolution, especially along the

northeast U.S. coast, where the increase in tempera-

ture was much stronger in the simulation with the finest

resolution: 50 km in the atmosphere and 10km in the

ocean. At this resolution, the SST warming off portions

of the East Coast exceeded 58C,;2.5 times the increase

in the global mean and double that of the coarse-

resolution GCM. The warming was especially strong

in the Gulf of Maine, where very warm water from the

Atlantic entered the gulf at depth through the Northeast

Channel, which was only resolved in the highest reso-

lution simulation. The surface salinity increased along

most of the U.S. East Coast shelf, with strong increases

in bottom salinity along the North and South Carolina

coast and into the Gulf of Maine and Scotian Shelf

via deep channels. Saba et al. (2016) attributed these

changes in temperature and salinity to a decrease in

AMOC and a northward shift of the Gulf Stream.

While the projected changes in the Atlantic temper-

ature, salinity, and currents are generally consistent with

those observed to date (e.g., Boyer et al. 2005; Wu et al.

2012; Knutson et al. 2013; Caeser et al. 2018), both the

observed and simulated changes could reflect decadal

climate variability. In addition, there are large differences

between models in their representation of AMOC, other

atmospheric and ocean processes, and their response to

climate change (e.g., Gregory et al. 2005; Danabasoglu

2008; Cheng et al. 2013; Karspeck et al. 2017). Even

small differences in the basin-scale response to climate

change could result in large differences in coastal re-

gions. Thus, while the high-resolution GCM study of

Saba et al. (2016) is very informative, it is based on a

highly idealized CO2 scenario and represents just one

potential future for the North Atlantic Ocean. Since

high-resolution global models are very computation-

ally intensive, an alternative approach is to dynamically

downscale the large-scale changes obtained from the

GCM simulations using regional ocean models forced

by GCM output along their open-ocean lateral bound-

aries and at the surface. Usually the GCM forcing is bias

corrected, removing the mean difference between

the model and observations in the historical period.

Dynamically downscaled climate change simulations

have been conducted for several regions including the

California Current System (Auad et al. 2006; Xiu et al.

2018), the Bering Sea (Hermann et al. 2016), western

North Pacific (Liu et al. 2016), Australian boundary

currents (Sun et al. 2012), and the Caribbean/Gulf of

Mexico (Liu et al. 2012; van Hooidonk et al. 2015; Liu

et al. 2015). The regional model studies of the Gulf of

Mexico indicate weakening of the Loop Current and

associated warm transient eddies, which reduces the

amount of anthropogenic warming especially in spring,

while surface heating leads to intense warming on the

northeastern shelf in summer (Liu et al. 2015). The ex-

periments conducted by Liu et al. (2012, 2015), however,

used amulti-GCMmean to drive a regional oceanmodel,

and thus retained only the linear component of the

climate change forcing and were not able to assess the

range of the response.

Shin and Alexander (2020) examined the climate

change response of a regional ocean model in the

northwest Atlantic including the Gulf of Mexico and off

the U.S. East Coast. That simulation was driven by

output from the GFDL ESM2M model, a GCM in the

CMIP5 archive, and indicated enhanced warming near

the coast, including warming at depth in the Gulf of

Maine. Here we force the same regional model using

fields from three different GCMs, enabling us to

generate a range of responses and test their robustness.

We also examine a wide range of variables including
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SST, bottom temperature, surface and bottom salinity,

static stability, currents, and eddies, over much of the

northwest Atlantic, from the western Caribbean Sea to

the Gulf of Saint Lawrence. We present the results

for December–February (DJF) and June–August

(JJA), since the energetics of the Gulf Stream are

seasonally dependent (Kang et al. 2016) and the re-

sponse to climate change can differ between winter and

summer (e.g., Alexander et al. 2018). The model and

experiment design are described in section 2, the find-

ings from the regional model are presented in section 3,

and the results are summarized and discussed in

section 4.

2. Models and methods

a. Regional ocean model

We used the Regional Ocean Modeling System

(ROMS; Shchepetkin and McWilliams 2003, 2005) to in-

vestigate the effects of climate change on the northwest

Atlantic. ROMS is a terrain-following primitive equation

model with a free surface using incompressible and hy-

drostatic approximations. The version used here, con-

figured by Kang and Curchitser (2013), has a horizontal

grid spacing of 7 km and 40 vertical sigma levels with

higher resolution near the surface. The domain extends

along the east coast of North America from approxi-

mately 108 to 528N, covering the western Caribbean,

Gulf of Mexico, and the western North Atlantic from

Florida to Newfoundland. It includes the Loop Current,

Florida Current, Gulf Stream, and the southern portion

of the Labrador Current (Fig. 1).

The initial and oceanic boundary forcing for the

control (CTRL) ROMS simulation is based on 5-day

averages from the Simple Ocean Data Assimilation

(SODA, v2.1.6, archived fields are on a 0.58 latitude–
longitude grid with 40 vertical levels; Carton and

Giese 2008), 6-hourly surface forcing from the Co-

ordinated Ocean–Ice Reference Experiments (CORE,

v2; ;1.98 latitude–longitude resolution; Large and

Yeager 2009) and daily freshwater flux from rivers

from the continental discharge database (Dai et al.

2009). The initial conditions and forcing are bilinearly

interpolated to the ROMS horizontal grid and linearly

interpolated with depth (within the ‘‘Pyroms’’ package),

with radiational conditions for flow out of the domain

and nudging of temperature, salinity and in-flowing

currents as a function of depth at the boundaries. The

CTRL simulation is performed using the observed

forcing over a 48-yr period: 1958–2005. This ROMS

configuration well simulates the mean path of the Gulf

Stream and the associated distribution of eddy kinetic

energy (Kang andCurchitser 2013, 2015), the circulation

in the Gulf of Maine (Shin and Alexander 2020), and

temperatures on the continental shelf in the mid-

Atlantic Bight (Chen et al. 2018).

b. Climate change simulations—‘‘Delta method’’

The large-scale climate change forcing is imple-

mented using the ‘‘delta method,’’ in which the dif-

ference betweenmean conditions from a future period

and a recent period is added to observations that vary

with time during the recent period. Since the recent

period’s mean climate and high-frequency variability

are retained from observations, this method removes

the mean bias and retains realistic unforced climate

variability over a range of time scales. However, it

does not allow for a change in variability in the future,

and it assumes that the mean climate state and the

projected change are not highly correlated, in other

words, that the bias is not strongly dependent on

the mean climate state (e.g., Hare et al. 2012). Here,

the delta (D) values were obtained by subtracting the

mean values during 1976–2005 from those in 2070–99,

where the future period is simulated based on RCP8.5,

representing the ‘‘business as usual’’ scenario assuming

little to no stabilization of greenhouse gas emissions

by 2100. Since a key aspect of this study is to perform a

comprehensive analysis of multiple models, which

is computationally intensive, we chose to use the

RCP8.5 scenario as it has the greatest increase in

greenhouse gases in IPCC AR5, and thus should have

the largest signal-to-noise ratio.

The Ds were computed for each calendar month and

then interpolated to daily values, which were then added

to the CTRL initial ocean conditions and to the ob-

served forcing during each year of the CTRL simula-

tion. Like the CTRL, the RCP8.5 (CTRL 1 Dforcing)
ROMS simulations are 48 yr long. The ROMS response

to the inclusion of GCM forcing is obtained from the

average of the RCP8.5 2 CTRL values over the last

30yr of the simulation (1976–2005 in the CTRL), allow-

ing the model time (18 yr) to spin up to the additional

forcing.

An additional benefit of the delta method is that since

both the CTRL and the three experiments use the same

present-day forcing, they include the same linear por-

tion of any model drift (although changes over time in

the CTRL are expected due to observed changes in the

forcing). Indeed, local SST trends in the three experi-

ments are substantially reduced after subtracting out

the CTRL trend. Trends are of both signs over the do-

main, nearly compensating each other, indicating near-

equilibrium conditions in a basinwide sense (not shown).

However, even after subtracting out the trend values from
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the CTRL, local SST trends still remain in the three ex-

periments, especially in the HadGEM-ROMS simulation,

where a strong warming trend occurs off the mid-Atlantic

coast (not shown). Thus, the model is still adjusting and/or

nonlinear process are creating local changes with time in

response to the repeat seasonal cycle forcing.

The surface fields from the GCMs needed to drive

ROMS include near surface air temperature and hu-

midity, evaporation minus precipitation (E-P), sea level

pressure (SLP), zonal and meridional winds, and the

downwelling radiation at the surface. The necessary

ocean fields include sea surface height and temperature,

salinity, and zonal (u) and meridional (y) currents as a

function of depth. Freshwater flux Ds into the ocean

from major rivers are applied at the locations identified

in the Dai et al. (2009) database.

Choosing climate models to drive regional models is

complicated by many factors (e.g., Knutti et al. 2019)

including 1) natural variability, which can cause models

and observations to differ (e.g., Deser et al. 2014),

especially in the Atlantic, which exhibits strong in-

terdecadal variability, 2) ‘‘the best’’ models can differ

by which metrics are chosen (e.g., Gleckler et al. 2008;

Overland et al. 2011), 3) models that most closely

match observations in the present climate may not be

the best at simulating long-term trends and thus the

response to climate change (Jun et al. 2008), and 4) many

models had similar origins and thus are not truly in-

dependent (Sanderson et al. 2015). Thus, we do not

attempt to use a multimodel mean or to define the

best models; rather, we use three different model sim-

ulations under the RCP8.5 climate scenario to in-

vestigate the sensitivity of their response to strong

forcing.

The D values used to initialize and drive ROMS were

obtained fromGCMs used in the fifth IPCC assessment:

theGFDLESM2M, Institute Pierre SimonLaplace (IPSL)

CM5A-MR, and the Hadley Center HadGEM2-CC

(HadGEM). These models were chosen in part due to

their differences in AMOC in both their climatology

and response to anthropogenic forcing and the mag-

nitude of their transient climate response in global

surface temperature (Table 1). For example, the tran-

sient climate response is weak, moderate, and strong in

the GFDL, IPSL, and HadGEM models, respectively.

In addition, all three are Earth system models and thus

could provide the necessary forcing fields in future down-

scaling experiments that include ocean biogeochemistry.

3. Results

a. Temperature

The SST response to projected climate change

(RCP8.5 2 CTRL; shading in Fig. 2) includes warm-

ing over nearly the entire domain in both winter

(DJF) and summer (JJA) for the three GCM-driven

ROMS simulations that are subsequently referred to

as GFDL-ROMS, IPSL-ROMS, and HadGEM-ROMS.

The warming is lessened in and to the south of the Gulf

TABLE 1. The three GCMs used to compute the delta (D) values, or the mean difference between the periods (2070–99) and (1976–

2005), to incorporate the large-scale climate change forcing. The transient climate response, the change in global and annual mean surface

temperature from an experiment in which the CO2 concentration is increased by 1%yr21, is calculated using the difference between the

start of the experiment and a 20-yr period centered on the time of CO2 doubling (Flato et al. 2013). The AMOC values [Sv (1 Sv [
106m3 s21)] are given by the maximum overturning streamfunction value in the Atlantic Ocean. The transient climate response and

AMOC are indicated as weak, moderate, and strong relative to the large set of CMIP5models (Flato et al. 2013; Cheng et al. 2013; Collins

et al. 2013; Heuzé 2017).

Modeling center Model

Atmosphere

resolution Ocean resolution

Transient

climate

response

AMOC strength

1976–2005

DAMOC

strength

NOAA GFDL

(United States)

ESM2M 28 lat 3 2.58 lon;
24 levels

;18 lat 3 18 lon;
meridional resolution

increases from 308N/S

to 1/38 on the equator;

tripolar grid . 658N;

50 levels

1.3;

weak

17.9 Sv;

moderate

26.9 Sv;

strong

IPSL (France) CM5A-MR 1.258 lat 3 2.58 lon;
39 levels

;28 lat 3 28 lon;
meridional resolution

increases to 1/28 on the

equator; 31 levels

2.0;

moderate

12.2;

weak

23.9;

weak

Met Office Hadley

Center (United

Kingdom)

HadGEM2-CC 1.8758 lat 3 1.258 lon;
38 levels

;18 lat 3 18 lon
increases from 308N/S

to 1/38 on the equator;

40 levels

2.5;

strong

16.8;

moderate

24.4;

weak to

moderate
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Stream front, as indicated by the region of strong tem-

perature gradients (contours from the CTRL in Fig. 2),

duringDJF in all threeROMS simulations. This reduced

warming is primarily due to changes in the meridional

ocean heat transport. As the Gulf Stream slows in the

future (i.e., the response opposes the mean current; see

section 3e), it transports less heat northward off the

southeast U.S. coast (Fig. SM1 in the online supple-

mental material). From a heat budget perspective, the

change in the surface currents times the mean SST

gradient is negative, which acts to cool the SSTs

(Fig. SM1). While this process occurs in all three

simulations, it is especially strong in the GFDL-ROMS

experiment. Cooling due to the change in heat transport

is weaker in summer than in winter in all three ROMS

simulations, mainly due to a relaxing of the meridional

SST gradient. Also during summer, a strong shallow

mixed layer forms and the surface layer is decoupled

from the deeper ocean, which results in stronger ther-

modynamic air–sea coupling, reducing the effects of the

change in heat transport on SST.

There are other notable differences among the three

simulations. The IPSL-ROMS and HadGEM-ROMS

simulations exhibit very strong warming (. 48C) in the

northwest part of the domain, while the warming

in GDFL-ROMS is on the order of 28C. Enhanced

coastal warming relative to adjacent ocean waters is far

more extensive in HadGEM-ROMS than in the other

FIG. 2. SST in the CTRL (contours, interval of 28C) and the SST response to climate change (RCP8.5 2 CTRL; shaded, interval of

0.58C) during (top) DJF and (bottom) JJA in ROMS driven by three GCMs, i.e., (a),(d) GFDL-ROMS, (b),(e) IPSL-ROMS, and (c),(f)

HadGEM-ROMS. The surface and boundary conditions for the CTRL are obtained from reanalysis during 1976–2005 (historical period),

with additional forcing added to the CTRL that is derived from the mean difference between 2070–99 and 1976–2005 in the three RCP8.5

experiments.

410 JOURNAL OF CL IMATE VOLUME 33

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/33/2/405/4915984/jcli-d-19-0117_1.pdf by U
.S. D

epartm
ent of C

om
m

erce, Boulder Labs Library user on 29 O
ctober 2020



downscaled simulations during winter, when it extends

along the nearly the entire U.S. coast and into Cana-

dian waters. The simulations, especially GFDL-ROMS

and HadGEM-ROMS, indicate very strong warming on

the outer West Florida Shelf during winter; while Liu

et al. (2015) also found enhanced warming in this region,

it occurred on the inner shelf in summer.

The broad structure of the three SST responses in

ROMS are driven by the basin-scale changes as can be

seen by relating the ROMS response to the changes in

the corresponding GCM. For example, like the ROMS

simulations, the global models indicate reduced warm-

ing in the Gulf Stream region and its extension into the

North Atlantic (with a corresponding decrease in the

currents, section 3e), especially in the GFDL GCM

during winter (online supplemental Fig. SM2). The

three GCMS also indicate intense warming of the sur-

face air temperature over eastern Canada especially in

winter (Fig. 3), partly due to a reduction in sea ice and

snow cover in and around Hudson Bay. The mean winds

from the west (Fig. 3) can transport the additional heat

over the adjacent ocean, where increased air tempera-

ture warms the underlying ocean via the surface heat

fluxes, especially near the coast. The increase in air

temperature over North America corresponds to the

overall climate sensitivity of these three GCMs, which

is relatively weak, moderate, and strong in the GFDL,

IPSL, andHadGEMGCMs (Table 1, Fig. 3), respectively,

as are the increases in SST off the coast of the north-

east United States and southern Canada in the GCMs

(Fig. SM2) and the corresponding ROMS simulations

(Fig. 2).

There are also clear differences between the down-

scaled simulations and the corresponding GCMs that

drove them. In the GFDL and IPSL experiments, the

downscaled simulation exhibits less warming in the Gulf

Stream region when compared with the GCM, while for

HadGEM, the ROMS simulation generally exhibits less

FIG. 3. Surface air temperature change (RCP8.52 historical period; shaded, 1.08C interval) and the surface winds

in the RCP8.5 simulations from 2070 to 2099 (vectors, scale is at bottom right) during DJF and JJA in the (a),(b)

GFDL, (c),(d) IPSL, and (e),(f) HadGEM GCMs. This figure highlights how enhanced warming over North

America, especially over Canada in winter, could be advected by thewinds, warming the coastal ocean in the future.
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warming over much of the domain except along portions

of the eastern seaboard and where the Gulf Stream ex-

tends offshore at approximately 358N relative to the

driving GCM. Differences between the global and re-

gional SST responses to anthropogenic forcing reached

28C in some locations.

The bottom temperature (BT) response in all three

downscaled experiments indicates warming along the

entire continental shelf in both DJF and JJA (Fig. 4).

They also indicate enhanced warming over portions of

maritime Canada, on the shelf in the Gulf of Mexico,

and in a narrow band along the shelf break (in the

vicinity of the 200m isobath) off the southeast U.S. coast

in summer. The increase in bottom temperature in

coastal regions is often greater than at the surface in

all three simulations. For example, the increase in SST

during JJA over the West Florida Shelf is on the order

of 2.58C but for BT it exceeds 3.58C in all three ROMS

simulation. There are also substantial differences in

the detailed BT structure among the three ROMS

simulations, which are clearly influenced by both the

large-scale forcing and small-scale topographic features

(cf. Fig. 4 and online supplemental Fig. SM3). Like SST,

the strongest increase in BT (. 48C) occurs over a broad
region north of Cape Hatteras in HadGEM-ROMS.

At regional scales, which are not resolved by the GCMs,

FIG. 4. Bottom temperature response (RCP8.5 2 CTRL; shaded, interval of 0.58C) during (top) DJF and (bottom) JJA in (a),(d)

GFDL-ROMS, (b),(e) IPSL-ROMS, and (c),(f) HadGEM-ROMS. The 200-m isobath, representing the shelf break, is indicated by the

black curve.
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a strong BT response occurs in the Laurentian Channel

that extends from the shelf break to the mouth of the

Saint Lawrence River in GFDL-ROMS. In contrast, the

strongest increase in BT in IPSL-ROMS and HadGEM-

ROMS is not in the bottom of the Channel, but in

shallower portions of the Gulf of Saint Lawrence and

on the shelf off the coast of Newfoundland and Nova

Scotia.

In many locations along the continental shelf, the

warming at the bottom is greater than at the surface. If

the main source of warming was generated locally

through the atmosphere, then the expectation is that

the warming would be greatest at the surface and de-

crease with depth. However, the source for water at

depth can differ from those at the surface. Along the

northeast coast, much of the source waters originate

(are ventilated) in the Labrador Sea/North Atlantic

and are transported southward at depth along the shelf

(Chen et al. 2018). In all three of our ROMS experi-

ments, the warming due to climate change within or

entering the northern part of the domain is especially

strong. Changes in temperature and/or flow can alter the

heat transport by coastal currents along the shelf, and

thus, the change in temperature can be greater at the

bottom than at the surface. In addition, the ROMS

simulations are much less diffusive than the GCMs and

thus are able to resolve coastally trapped currents,

leading to enhanced warming along the shelf edge rel-

ative to coarse-resolution GCMs (Saba et al. 2016; Shin

and Alexander 2020).

FIG. 5. SSS response (RCP8.5 2 CTRL; shaded, interval of 0.1 PSU) during (top) DJF and (bottom) JJA in (a),(d) GFDL-ROMS,

(b),(e) IPSL-ROMS, and (c),(f) HadGEM-ROMS. SSS values from the CTRL are not shown, because the contours cover over the

response in the northern Gulf of Mexico.
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b. Salinity

The sea surface salinity (SSS) response in ROMS for

the three forcing experiments is shown for DJF and JJA

in Fig. 5. The SSS values exhibit decreased salinity in the

northwest corner of the domain in both summer and

winter. Like the ROMS simulations, the large-scale

salinity changes in the original GCM simulations

indicate a decrease in salinity north of ;408N (online

supplemental Fig. SM4), partly due to increased net

surface freshwater flux into the ocean: the change in

evaporation minus precipitation [D(E-P)] is generally
negative with large amplitude over the center of the

subpolar gyre and the southern Labrador Sea (online

supplemental Fig. SM5), but more regional E-P changes

vary in magnitude and location and by season among

the three GCMs. Since the largest response in E-P

and the melting of sea ice primarily occur outside of

the ROMS domain, the decrease in salinity off the

New England and Canadian coast is likely due to

advection of fresher water into the region. The sa-

linity increase south of 408N is generally consistent

with where D(E-P) . 0.

Notable differences in SSS occur along the northeast

U.S. coast among the three ROMS simulations and be-

tween the individual ROMS simulations and the GCMs

that drove them. The southward extent of enhanced

freshening along the coast of North America is greatest

in GFDL-ROMS, where it extends to North Carolina,

while it is primarily confined to Canadian waters in DJF

and north of New Jersey in JJA in IPSL-ROMS and

HadGEM-ROMS. The freshening along the northeast

coast also extends farther south in GFDL-ROMS than

in the GFDLGCM itself, while the reverse is true in the

IPSL and HADGEM experiments.

The salinity changes in the southern portion of the

domain are consistent with enhanced evaporation relative

to precipitation in the future climate [D(E-P) . 0] over

most of the Atlantic south of ;408N and the Gulf of

Mexico in all threeGCMs (Fig. SM5). However, there are

differences between where D(E-P) is large and the loca-

tion and amplitude of the SSS response in the ROMS

simulations and the corresponding GCMs in portions of

theGulf ofMexico. This difference is especially notable in

the northernGulf ofMexico in theHadGEMexperiment,

where DE-P is positive and the SSS slightly increases in

theGCMbut decreases inHadGEM-ROMS. Freshwater

entering the Gulf of Mexico from the Mississippi River is

greatly enhanced in the HadGEM GCM (online supple-

mental Fig. SM6) resulting in SSS decreases in the fu-

ture in HadGEM-ROMS simulations especially in JJA

(Fig. 5). Higher vertical and horizontal resolution in

conjunction with reduced diffusion coefficients in ROMS

relative to the coarse GCMs can act to maintain finescale

features, such as river plumes. While the SSS generally

increases in the other two ROMS simulations in the Gulf

of Mexico, the change is smaller in some northern por-

tions of the basin in JJA, where changes in currents and

stratification may also play a role in the detailed pattern

of the response.

The response to climate change in the bottom salinity

in the three ROMS simulations is shown during DJF

and JJA in Fig. 6 (and in online supplemental Fig. SM7

for the GCMs). They have the same general structure as

those at the surface over most of the domain, although

the magnitude and extent of the changes tend to be

smaller at the bottom. However, the response is very

different in the Laurentian Channel where the water

becomes saltier on the bottom while it is freshening at

the surface. The apparent change in the salinity with

depth is readily apparent in GFDL-ROMS, where the

bottom salinity increases in the Laurentian Channel

(depth . 200m) but decreases nearly everywhere else

north of Nova Scotia.

c. Cross sections

The structure of the vertical temperature and

salinity changes in the three ROMS integrations is

explored further using cross sections in the vicinity of

the Laurentian Channel/Gulf of Saint Lawrence,

Northeast Channel/Gulf of Maine, and across the north-

ern Gulf of Mexico (see Fig. 1a). Note that the first two

sections follow the maximum depth in their respective

channels and therefore they do not follow a fixed

latitude or longitude. Since the cross sections are qual-

itatively similar in DJF and JJA, we present the annual

mean values for the CTRL (contours) and the RCP8.5-

CTRL (shading).

In the Gulf of Saint Lawrence, there is a temperature

minimum at ;40-m depth and a vertical front near the

Atlantic–gulf boundary at;458N in the 30-yr climatology

from the CTRL simulation (Fig. 7, top panels). While

warming occurs throughout the Laurentian Channel, the

temperature departures are largest at depth in GFDL-

ROMS (Fig. 7a), while the maximum departures extend

from near the surface to about 250m in the other two

simulations (Figs. 7b,c). The maximum downscaled warm-

ing exceeds 3.58C in the GFDL and IPSL, and 58C in

HadGEM. All three ROMS simulations indicate freshen-

ing of the surface layer, extending to approximately 100-,

75-, and 50-m depth in the GFDL, HadGEM, and IPSL

experiments, respectively, but the magnitude of the re-

sponse is substantially smaller in IPSL-ROMS (Fig. 7,

bottom). All three simulations also have an increase in sa-

linity at depth in the Gulf of Saint Lawrence, which slopes

downward from the southeast to the northwest.
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The Gulf of Maine section (Fig. 8) includes the

Northeast Channel (668W), Georges basin (678W), and

Wilkinson basin (69.58W). In theCTRL, there is a strong

vertical thermohaline front near the entrance to the

Gulf of Maine around ;65.58W with colder and fresher

water in the gulf relative to the Atlantic. The strongest

warming in GFDL-ROMS is located at depths below

;130m in the open ocean (east of 65.58W), which ex-

tends into Georges basin through the Northeast Channel

(Fig. 8a; also see Shin and Alexander 2020). In the other

two simulations (Figs. 8b,c), the warming occurs higher

in the water column, where the temperature departures

exceed 58C in HadGEM-ROMS at ;60-m depth at

;67.58W. While salinity is enhanced in all three

simulations in the Atlantic, the overall response

strongly differs between them (Fig. 8, bottom panels).

The most notable difference occurs in the surface layer

in the Gulf of Maine, where GFDL-ROMS exhibits

freshening while the salinity increases in IPSL-ROMS

and to a lesser degree in HadGEM-ROMS. In the open

ocean, the salinity increases by more than 0.4 practical

salinity units (PSU) at depths greater than ;150m in

GFDL-ROMS, while the changes are slightly smaller

and occur higher in the water column in the two other

simulations. Only a small amount of the saltier water

extends into the Gulf of Maine, likely advected

through the Northeast Channel in the GFDL-ROMS,

resulting in slightly saltier water below ;200m in

FIG. 6. Bottom salinity response (RCP8.5 2 CTRL; shaded, interval of 0.1 PSU) during (top) DJF and (bottom) JJA in (a),(d)

GFDL-ROMS, (b),(e) IPSL-ROMS, and (c),(f) HadGEM-ROMS. The 200-m isobath is indicated by the black curve.
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Georges basin. In IPSL-ROMS, a layer with enhanced

salinity penetrates eastward over the entire Gulf of

Maine, with a maximum at ;50m within the climato-

logical halocline but also with salty water penetrating to

the bottom of Georges basin. HadGEM-ROMS is some-

where between the two other experiments, where the in-

crease in salinity also slopes downward into Georges

basin, with a weak response above 50m.

The temperature and salinity changes differ between

the surface and the bottom in the northern Gulf of

Mexico (sections 3a and 3b), indicating vertical struc-

ture in the response to climate change; thus, we present

a zonal section along 288N between the central coasts of

Florida and Texas (Fig. 9). The CTRL exhibits a steady

decrease in temperature with depth with a maximum

gradient from around 40 to 150m, where the thermo-

cline is stronger and shallower near the coasts. The

salinity in the CTRL exhibits much less vertical

structure but has a broad maximum over approxi-

mately 858–938W, with much fresher water near the

coasts. In all three ROMS simulations, the temperature

change is positive over the full width and depth of the

Gulf of Mexico and is larger at depths between ap-

proximately 40 and 150m than at the surface (Fig. 9 top

panels), though the warming is slightly greater and most

extensive in GFDL-ROMS. The response is enhanced

where the thermocline intersects the West Florida Shelf

at ;858W, especially in GFDL-ROMS and HadGEM-

ROMS, where it reaches 58C, in line with the strong

increase in bottom temperature on the west Florida

slope (Fig. 4). The respective increases in salinity are

relatively strong, moderate and weak in the downscaled

GFDL, IPSL, and HadGEM simulations, respectively

(Fig. 9, bottom panels). The changes are largest near the

Florida coast in GFDL-ROMS and HadGEM-ROMS

and near the Texas coast in the shallow climatological

FIG. 7. Cross section of the annual mean (top) temperature and (bottom) salinity along the Laurentian Channel

in ROMS. Shown are the temperature from CTRL (contours, interval of 1.08C) and the response (shaded, interval

of 0.58C) and salinity from the CTRL (contours, interval of 0.5 PSU) and the response (shaded, interval of 0.1 PSU)

in (a),(d) GFDL-ROMS, (b),(e) IPSL-ROMS, and (c),(f) HadGEM -ROMS. Note that the section is along the

bottom of the channel (not a straight line) and extends from the southeast to northwest, from (A) to (B) in Fig. 1.
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halocline in all three ROMS integrations. The salinity

responses are also enhanced across the entire basin be-

tween approximately 40- and 100-m depth in IPSL-ROMS

and HadGEM-ROMS; there is a slight increase at ap-

proximately 120-m depth inGFDL-ROMS, but it does not

extend across the basin.

d. Density

The depth-dependent changes in temperature and

salinity alter the density profile and thus stratification.

Stratification, as indicated by the density difference

between 100-m depth and the surface, is positive for

stable stratification. The changes in stratification are

shown for the three ROMS simulations during DJF and

JJA in Fig. 10; the separate contributions of temperature

and salinity to the annual mean density at the surface,

100 m, and the stratification are shown in online sup-

plemental Fig. SM8.With intensified surface warming in

the future most of the open-ocean areas of the North

Atlantic in all three ROMS simulations display an in-

crease in stratification particularly in summer, consistent

with Capotondi et al. (2012) andAlexander et al. (2018).

The change in the vertical structure of salinity enhances

the stratification in the northern part of the domain in

all three ROMS simulations, and is especially strong

along the northern edge of the Gulf Stream and in the

LaurentianChannel in theGFDL andHadGEMmodels

(Fig. SM8). The change in stability is also more complex

than just a surface intensified warming in the Gulf

Stream region and in the Gulf of Mexico. There is a

decrease in stratification in the Gulf Stream near the

coast and a near-neutral response as it leaves the coast

near Cape Hatteras and extends into the Atlantic (where

it is a minimum in the CTRL) during winter. Off the

southeast U.S. coast, the weakening of the Gulf Stream

is greater at the surface than at depth (discussed in the

following section) and there is intensified warming ad-

jacent to the shelf break, both of which may enhance

FIG. 8. Cross section of the annual mean (top) temperature and (bottom) salinity into the Gulf of Maine in

ROMS. Shown are the temperature from CTRL (contours, interval 1.08C) and the response (shaded, interval of

0.58C) and salinity from the CTRL (contours, interval of 0.25 PSU) and the response (shaded, interval of 0.05 PSU)

in (a),(d) GFDL-ROMS, (b),(e) IPSL-ROMS, and (c),(f) HadGEM-ROMS. Note that the section is in the deepest

part of the Gulf of Maine (not a straight line) and extends from east to west, from (C) to (D) in Fig. 1.
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warming at depth relative to the surface. The stratifica-

tion actually decreases over nearly all of the Gulf of

Mexico in GFDL-ROMS and IPSL-ROMS and in the

center of the gulf in HadGEM-ROMS during DJF.

In the Gulf of Mexico, warming at 100-m depth, which

is within the upper thermocline (Fig. 9), is greater than

at the surface, which reduces the stratification in the

downscaled simulations (Fig. SM8; the stratification

and its decomposition in the three GCMs are shown in

online supplemental Figs. SM9 and SM10). The strat-

ification changes vary among the three ROMS simu-

lations over the Gulf of Mexico during JJA (Fig. 10),

but all three exhibit decreased stratification in the east-

central part of the basin (;258N, 878W).

e. Currents

A clear result in all three ROMS simulations is the

weakening of the western boundary current system over

the entire domain including the Yucatan, Loop, and

Florida Currents and the Gulf Stream in both winter

and summer (Fig. 11). The three forcing GCMs also

show a weakening of the western boundary current

system in the western North Atlantic, although the

reduction in current strength in the IPSL GCM (online

supplemental Fig. SM11) is smaller than in IPSL-ROMS.

The weakening of the currents is especially pronounced

in the Gulf Stream, whose speed decreases by more than

25% in the three ROMS simulations relative to the

CTRL, as indicated by a cross section of the meridio-

nal velocity at 308N (Fig. 12). A more detailed map

of the annual mean surface currents off the northeast

U.S. coast for the CTRL and the response to climate

change in three ROMS experiments are shown in

Fig. 13. The response in the GFDL-ROMS simulation

opposes the mean Gulf Stream flow in the center and

northern part of the current with a weak enhancement

on its southern flank. This is highlighted in a meridio-

nal cross section of the zonal current at 708W (Fig. 14a)

FIG. 9. Cross section of the annual mean (top) temperature and (bottom) salinity along 288N in the northernGulf

of Mexico in ROMS. Shown are the temperature from CTRL (contours, interval of 1.08C) and the response

(shaded, interval of 0.58C) and salinity from the CTRL (contours, interval of 0.5 PSU) and the response (shaded,

interval of 0.075 PSU) in (a),(d) GFDL-ROMS, (b),(e) IPSL-ROMS, and (c),(f) HadGEM-ROMS.
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indicating a southward displacement of the current

where the Gulf Stream is mainly zonal. The responses in

IPSL-ROMS and HadGEM-ROMS exhibit an anoma-

lous anticyclonic (clockwise) gyre starting near Cape

Hatteras, where the current separates from the coast, to

the south of Long Island (;728W;Fig. 13c) in IPSL-ROMS

and Cape Cod (;658W; Fig. 13d) in HadGEM-ROMS.

This feature weakens the northern core of the Gulf

Streambut enhances northeasterly flows along its northern

edge (Figs. 11 and 13). The latter aspect of the response is

consistent with Saba et al. (2016), who found enhanced

meridional flownearshore (;368N, 748W)and a northward

shift of the current. However, the enhanced flow on the

northernmost edge of the Gulf Stream remains south of

;408Nandwest of theGulf ofMaine in both IPSL-ROMS

and HadGEM-ROMS (Figs. 11, 13 and 14). In addition,

the response in all three ROMS simulations indicates that

water enters the Gulf of Maine from the east along the

Scotian Shelf and then flows counterclockwise around the

basin. This enhances the mean circulation at the surface

(Fig. 13) and at depths down to 200m (as can be seen at

https://www.esrl.noaa.gov/psd/ipcc/roms/roms.html). Thus,

the responses of all three ROMS simulations, especially

GFDL-ROMS, differ from the findings of Saba et al.

(2016), who found that the warming in the Gulf of

Maine at depth was due to a northward shift of the Gulf

Stream. There are several potential explanations for

why the Gulf ofMaine warms without a northward shift

in the Gulf Stream, as discussed in section 4.

The Gulf Stream is driven by both buoyancy and

wind forcing over the North Atlantic, thus changes in its

strength and position can be associated withAMOC and

FIG. 10. Static stability, derived from the density difference between 100m and the surface, in the CTRL (contours, interval of

0.25 kgm23) and the static stability response (RCP8.5 2 CTRL; shaded, interval of 0.025 kgm23) in ROMS during (top) DJF and

(bottom) JJA in (a),(d) GFDL-ROMS, (b),(e) IPSL-ROMS, and (c),(f) HadGEM-ROMS.
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the wind driven gyre circulation. The latter is classically

related to the zonal integration of the wind stress curl

across the basin. The result that the surface winds (and

thus zonally integrated wind stress curl) are very dif-

ferent in the three GCMs over the Atlantic Ocean

(online supplemental Fig. SM12) suggests that it is

changes in AMOC, rather than wind-driven changes in

the gyre circulation, that are critical for the weakening

of the Gulf Stream that is prevalent in all of the GCM

and ROMS simulations. Changes in the basinwide wind

stress, however, may contribute to the positional dif-

ferences in the Gulf Stream among the three simula-

tions. Regional changes in the buoyancy forcing, via

surface fluxes of heat and freshwater, that result in

changes in the gradients of density/sea surface height

can also influence western boundary currents (Lowe and

Gregory 2006; Suzuki and Ishii 2011; Liu et al. 2015).

f. Eddies

Eddy activity is represented by the eddy kinetic en-

ergy [EKE; 0.5(u02 1 y02)], calculated from the currents

in the surface layer, where the departures (primes) are

obtained from pentad values after subtracting a 120-day

mean centered on that pentad. In the CTRL, eddies are

prominent in the Gulf Stream after it separates from the

coast, in the Loop Current region of the Gulf of Mexico,

and southeast of the Yucatan Peninsula in summer

(contours in Fig. 15). The general pattern of the change

in eddies in all three simulations is similar to those of the

currents, with a decrease in eddy activity in the center of

the Gulf Stream region, where the maximum EKE oc-

curs in the CTRL. In GFDL-ROMS there is a decrease

in EKE on the northern flank of the Gulf Stream and a

slight decrease on its southern edge, and these changes

FIG. 11. Surface current response [RCP8.5 2 CTRL; speed is shown by shading, interval of 5.0 cm s21; vector scale is shown in (f)] in

ROMS during (top) DJF and (bottom) JJA in (a),(d) GFDL-ROMS, (b),(e) IPSL-ROMS, and (c),(f) HadGEM-ROMs.
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are slightly larger in JJA then in DJF. In contrast, in

IPSL-ROMS and HadGEM-ROMS there is an increase

(decrease) in EKE on the northern (southern) edge of

the Gulf Stream in both DJF and JJA. This increase in

EKEoccurs in a narrowband from the coast northeastward

for ;88 of longitude, but then becomes broader but more

diffuse south of Nova Scotia (;658W) and farther to the

east. All three downscaled simulations show a decrease

FIG. 12. Cross section of the annual mean meridional velocity along 308N in the western North Atlantic (see

Fig. 1) in ROMS. Shown are the velocity from the CTRL (contours, interval of 10 cm s21) and the response

(RCP8.5 2 CTRL; shading, interval of 2.5 cm s21) in (a),(d) GFDL-ROMS, (b),(e) IPSL-ROMS, and (c),(f)

HadGEM-ROMS.

FIG. 13. Annual mean surface current off the U.S. northeast coast in the (a) CTRL (2.5 cm s21 shading interval),

and the current response (RCP8.52CTRL; shaded, interval of 0.25 cm s21) in (b) GFDL-ROMS, (c) IPSL-ROMS

and (d) HadGEM-ROMS.
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in eddy activity in the vicinity of the Loop Current in

DJF, with an increase (decrease) on its western (east-

ern) side during JJA. The EKE increases in the western

half of the Gulf of Mexico (west of 908W) especially

during summer. Farther south, the EKE differs between

the simulations in the Caribbean Sea, where it generally

decreases in the GFDL-ROMS in winter and on the

western side of the sea in summer but increases in the

IPSL-ROMS and HadGEM-ROMS in both seasons.

4. Summary and conclusions

We used the regional ocean model system (ROMS)

with 7-km resolution to downscale the effects of climate

change on the western North Atlantic and Gulf of

Mexico. First, a control simulation (CTRL) was con-

ducted using observationally based atmosphere and

ocean fields as boundary conditions. Then monthly mean

differences (Ds) in surface fluxes and ocean conditions be-

tween the periods of 1976–2005 and 2070–99were obtained

from three CMIP5 GCMs: GFDL, IPSL, and HadGEM,

and added to the CTRL. Last, the response to anthropo-

genic forcing was obtained from the difference between

each of the three D-forced simulations and the CTRL.

The climate change response in the three downscaled

simulations, termed GFDL-ROMS, IPSL-ROMS, and

HadGEM-ROMS, during winter (DJF) and summer

(JJA) reflects both the large-scale forcing and more

regional changes resulting from mesoscale dynamics

and interaction with coastal features. All three simula-

tions show strong increases in SSTs over most of the

domain, except in the vicinity of the U.S. mid-Atlantic

coast during DJF, where weaker warming is associated

with a reduction in strength of the Gulf Stream. Eddies

also effect temperatures in the western North Atlantic

(Griffies et al. 2015; Saenko 2015; Treguier et al. 2017)

and likely influence the SST changes that occur in our

experiments. The difference in the SST response between

the Gulf Stream and the surrounding ocean decreases in

summer as a shallow mixed layer forms and the heating

from the atmosphere is distributed over a thinner layer.

Consistent with previous studies, the weakening of

the Gulf Stream is likely caused by a reduction in high-

latitude buoyancy and a slowing of AMOC, as opposed

to wind-driven changes in the gyre circulations, since the

wind stress changes across the Atlantic are very differ-

ent in the three GCMs used to drive ROMS. Regional

differences in surface fluxes, which alter the gradients of

density of the upper ocean may also influence western

boundary currents (Lowe andGregory 2006; Suzuki and

Ishii 2011; Liu et al. 2015).

The large-scale forcing can also result in substan-

tial differences among the three ROMS simulations.

The warming of SSTs north of the Gulf Stream in-

creases in magnitude and extent from GFDL-ROMS

to IPSL-ROMS to HadGEM-ROMS, with the response

in HadGEM-ROMS being approximately 18–2.58C stron-

ger than in GFDL north of ;408N. While the warming in

HadGEM-ROMS tends to be largest at or near the surface,

the maximumwarming is often at depth in GFDL-ROMS.

The large-scale differences in the temperature and

salinity response as a function of depth strongly influ-

ences the changes in nearshore regions, which are well

resolved in the ROMS simulations but not in the GCMs.

For example, the strongest warming in GFDL-ROMS

enters the Gulf of Saint Lawrence and Gulf of Maine

FIG. 14. Cross section of the annual mean meridional velocity along 708W in the western North Atlantic

(see Fig. 1) in ROMS. Shown are the velocity from the CTRL (contours, interval of 5 cm s21) and the response

(RCP8.5 2 CTRL; shading, interval of 2.5 cm s21) in (a) GFDL-ROMS, (b) IPSL-ROMS, and (c) HadGEM-ROMS.
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near the bottom of deep channels, while the maximum

warming occurs higher in the water column in the

other two simulations resulting in greater warming

along the banks of these two gulfs. The vertical structure

of the salinity response is also markedly different in the

three downscaled simulations in some regions. For ex-

ample, the salinity decreases in the surface layer in the

Gulf of Maine and increases at depth in GFDL-

ROMS simulation, while the salinity increase extends

over the depth of the Gulf of Maine in the other two

simulations.

Differences in the downscaled simulations also arise

in the Gulf of Mexico, where the largest increase in

temperature occurs within the thermocline during

winter in GFDL-ROMS and to a lesser degree in IPSL-

ROMS but occurs near the surface inHadGEM-ROMS.

As a result, the stratification, as given by the difference in

density between the surface and 100m, actually de-

creases over the most of the Gulf of Mexico in GFDL-

ROMS and IPSL-ROMS in winter, opposite to the

general increase in stratification that is projected to

occur over most of the world’s oceans. The response is

especially strong where thermocline abuts the shelf,

creating exceptionally warm (.48C) bottom tempera-

tures on the west Florida slope and West Florida Shelf.

Other processes also influence the response in the Gulf of

Mexico. For example, changes in runoff from the Mis-

sissippi River, which greatly increases in HadGEM-

ROMS, results in a decrease in salinity in the northern

gulf. In addition, enhanced eddy activity occurs on the

western side of the Loop Current and extends across the

western portion of the basin in all three downscaled

FIG. 15. Surface EKE in the CTRL (contours, interval of 250 cm2 s22 starting at 500) and the EKE response (RCP8.52CTRL; shaded,

interval of 25 cm2 s22) in ROMS during (top)DJF and (bottom) JJA in (a),(d)GFDL-ROMS, (b),(e) IPSL-ROMS, and (c),(f) HadGEM-

ROMS. The EKE is computed by removing the 120-day running mean from the 5-day average velocity.
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simulations, suggesting that more eddies may shed from

the Loop Current and propagate westward in the future.

Thus, a wide array of both atmosphere and ocean pro-

cesses may influence how climate change unfolds in the

Gulf of Mexico.

In addition to the overall reduction in the strength of

the western boundary current system, including the

Yucatan, Loop, and Florida Currents as well as the

Gulf Stream, the fine resolution in the ROMS simula-

tions allows for regional ocean circulation changes. The

Gulf Stream exhibits a southward shift in GFDL-ROMS

and a slight northward shift in the other two ROMS sim-

ulations. The northward shift is part of an elongated anti-

cyclonic gyre circulation that reaches approximately 728
and 658W in the IPSL-ROMS and HadGEM-ROMS, re-

spectively. A commensurate meridional shift occurs in the

eddy kinetic energy. However, all three model simulations

suggest that the changes in the Gulf Stream remain well to

the south of New England and that climate change en-

hances the present-day circulation, with water entering the

Gulf of Maine from the east and then flowing counter-

clockwise around the basin (also see Shin and Alexander

2020). In contrast, using a high-resolution global model,

Saba et al. (2016) found that enhanced warming at depth in

the Gulf of Maine was due to a northward shift of the

Gulf Stream.

Since a northward shift of the Gulf Stream does not

appear to directly cause the enhanced warming in the

Gulf of Maine, what processes could be involved in the

very strong temperature response there? The enhanced

warming in the Gulf of Maine and Gulf of Saint Law-

rence may result from a number of processes, including

the following:

d Very strong warming of the atmosphere over eastern

Canada (.88C) that is transported over the Atlantic

due to advection by westerly winds (see Fig. 3), heat-

ing the ocean via changes in the surface fluxes. This

atmospheric-related heating may partly explain the

warming adjacent to the northeast United States and

Atlantic Canadian provinces as indicated by present-

day ocean heat budget analyses (Chen et al. 2015,

2016) and by climate equilibrium studies in which

greenhouse gases are increased (often doubled) in a

global atmospheric model that is coupled to an ocean

model without currents (e.g., Danabasoglu and Gent

2009; Dommenget 2012). The increase in surface air

temperatures over North America is modest, interme-

diate, and strong in the GFDL, IPSL, and HadGEM

models, respectively, which corresponds to the mag-

nitude of the warming of SSTs off the coast of New

England and Canada’s Atlantic provinces in both the

GCMs and the corresponding ROMS simulations.

d With polar amplification of the climate change signal,

the Arctic Ocean and Labrador Sea are projected

to undergo very strong warming by the end of the

twenty-first century, especially in regions where the

ice has retreated from. This much warmer water rela-

tive to today’s climate can then be advected by the

East Greenland and Labrador Currents from New-

foundland to the northeast U.S. coast.
d The reduction in AMOC enhances the absorption of

heat from the atmosphere at high latitudes (Rugenstein

et al. 2013), which can subsequently be advected by

the Labrador Current to the northeast U.S. shelf as

described above.
d CMIP5models, including the three used here, indicate a

small region of very strong warming in the vicinity of

;448N–458W, southeast of Newfoundland, associated

with more northward directed currents in the future

(online supplemental Fig. SM13). While most of the

changes in currents are directed toward the southwest,

these changes in temperature and currents appear to

be linked to the overall reduction in AMOC (Cheng

et al. 2013; Winton et al. 2013; Buckley and Marshall

2016). The very warm water can subsequently be ad-

vected into the Gulf of Maine as indicated by backward

trajectories derived from the GFDL-ROMS simulation

(Shin and Alexander 2020) and analyses of observations

and a model simulation of the past decade (Brickman

et al. 2018).
d Ocean eddies in the vicinity of the Gulf Stream may

transport warm salty water toward the northeast U.S.

shelf, especially in the IPSL-ROMS and HadGEM-

ROMS simulations, where there are semipermanent

eddies south of Nova Scotia (Fig. 13) and an increase

in transient eddy activity on the northern flank of the

Gulf Stream/North Atlantic Current (Fig. 15).

Differences in salinity also occur along the northeast

U.S. coast among the three ROMS simulations and

between the global and downscaled simulations. The

southward extent of enhanced freshening is greatest in

GFDL-ROMS, where it extends to Cape Hatteras off

North Carolina at both the surface and on the bottom,

while it is primarily confined to Canadian waters in

IPSL-ROMS and HadGEM-ROMS during DJF (Figs. 5

and 6). In addition, the freshening along the northeast coast

extends farther south in GFDL-ROMS than in the corre-

sponding GCM simulation. The salinity response may re-

flect changes in salinity advection due both to changes in

the currents and changes in the water properties (i.e., the

water becoming fresher). The southward shift in the Gulf

Stream, which only occurs in the GFDL-ROMS simula-

tion, enables currents to transport relatively freshwater

originating in the Labrador Sea/Subarctic Gyre all the way
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FIG. 16. Cross section along 708Wof the response of zonal currents (contours, negative values are easterly) and salinity

(shaded, interval of 0.05 PSU) to climate change forcing in the three ROMS simulations during (a)–(c) DJF and (d)–(f)

JJA and for the corresponding GCM simulations during (g)–(i) DJF and (j)–(l) JJA. Note that the contour interval is

10 cm s21 for ROMS and 0.5 cm s21 for the GCMs.
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to where the Gulf Stream separates from the coast at Cape

Hatteras. In addition, the large-scale forcing causes strong

freshening in the northeast part of the domain, especially

in the GFDL and HadGEM models. The decrease in sa-

linity is maintained in an upper layer adjacent to the

northeast coast in the GFDL-ROMS off the New England

coast (Fig. 8). A cross section of the zonal current and the

salinity response along 708W in the three ROMS simu-

lations, highlights both the stronger westward (negative)

current change and the enhanced freshening in the

GFDL-ROMS model relative to the other two down-

scaled simulations (Fig. 16). In contrast, the response

exhibits a narrow band of eastward currents and in-

creased salinity in the vicinity of 39.78N, suggesting

eastward salinity advection south of Cape Cod in the

IPSL-ROMS and HadGEM-ROMS simulations. While

freshening also occurs off the New England coast in the

GFDL GCM (Fig. SM4), the current changes are much

weaker and the change in salinity confined closer to the

coast than in the corresponding ROMS integrations

(Fig. 16). Thus, the surface-layer freshening can be

maintained and advected southeastward by stronger

coastal currents in the GFDL-ROMS simulation rela-

tive to the more diffusive and sluggish GFDL GCM. In

addition, the freshwater flux at the surface increases

(DE-P, 0) as a result of climate change just off the east

coast of the mid-Atlantic states in summer in the GFDL

and HadGEM GCMs (Fig. SM5), which contributes to

the freshening that occurs in JJA in the corresponding

ROMS simulations (Fig. 5). Other processes, such as

river runoff, stratification, and eddy mixing, could also

influence the detailed structure of the salinity changes.
While there is a strong link between changes in mean

currents and eddy activity, for example, as illustrated by

the corresponding meridional shift in the Gulf Stream

and EKE in each ROMS integration, there is not nec-

essarily a one-to-one relationship between them. For

example, the Yucatan Current weakens while the EKE

increases in the northwestern Caribbean Sea duringDJF

in HadGEM-ROMS (cf. Fig. 11c and Fig. 15c). Eddies

are generated and dissipated by a wide range of pro-

cesses, including interactions with mean currents and

topography; wind and buoyancy forcing; and baroclinic,

barotropic, and symmetric instabilities (e.g., McWilliams

2008). These processes vary with the seasonal cycle and

location, including in the Gulf Stream region (e.g., Kang

and Curchitser 2015; Kang et al. 2016) and the Gulf of

Mexico (Oey et al. 2005), where eddy activity can be strong

during summer. Anticyclonic eddies are generated in the

Loop Current and propagate westward across the Gulf

of Mexico, where eddy shedding preferentially occurs in

summer and winter relative to spring and fall (Chang

and Oey 2012; Hall and Leben 2016). In our three

experiments, the EKE is strongly enhanced on the

western and northern flanks of the Loop Current in

summer but not in winter and the increase in EKE is

somewhat stronger in JJA than DJF across the western

portion of the Gulf of Mexico. One potential source of

these differences may lie in the seasonal change in the

winds over the Caribbean Sea and Gulf of Mexico

(Fig. SM12), which influence the northward extent of the

Loop Current and eddy shedding (Chang and Oey

2012). The links between the changes in winds, AMOC/

western boundary currents, and eddies are multifaceted

and thus warrant further study.

The differences between the three ROMS simula-

tions, and between the ROMS simulations and the high-

resolution global model simulation analyzed by Saba

et al. (2016), indicate that while high resolution allows

for better representation of the large-scale and regional

circulation, it does not guarantee the same climate

change response, which depends on a wide range of

factors. These findings suggest that even when using

dynamically downscaled regional ocean models or high-

resolution global models to investigate the oceanic re-

sponse to climate change, one should use an ensemble

of global models with multiple realizations from each

model to capture structural uncertainty in the models

and the range of potential outcomes that result.
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