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Abstract Key questions remain about the atmospheric response to variability in the oceanic western
boundary currents (WBCs). Here we exploit a unique high-resolution slab-ocean coupled climate model to
investigate how ocean heat transport (OHT) anomalies in the major WBCs of both hemispheres affect the
atmospheric circulation. Prescribed OHT anomalies lead to robust changes in convective precipitation
anomalies equatorward of the maximum surface warming. The response is deepest and most pronounced over
the Northern Hemisphere (NH) WBCs, where it is associated with significant changes in upper tropospheric
vertical motion, condensational heating and geopotential heights. The response is relatively shallow over the
Southern Hemisphere (SH) WBCs. The findings reveal the robustness of the atmospheric response to OHT
anomalies and highlight key hemispheric differences: in the NH, OHT anomalies are balanced by deep
atmospheric vertical motion; in the SH, they are balanced primarily by shallow horizontal temperature
advection.

Plain Language Summary We study how ocean heat transport (OHT) influences the atmospheric
circulation in the major western boundary currents (WBCs) of both hemispheres, including the Gulf Stream,
Kuroshio-Oyashio Extension, Brazil-Malvinas Confluence, and Agulhas Currents. We find that the heating due
to anomalous ocean heat transport causes air to rise on the equatorward side of the largest surface heating in all
WBC regions. The regions of rising air are also associated with more intense convective precipitation. The
effect is strongest in the Northern Hemisphere (NH) where the atmospheric response extends to the upper
troposphere, leading to significant heating and atmospheric circulation anomalies aloft. The findings highlight
the robustness of the atmospheric response to ocean dynamical processes in the western boundary currents,
although differences in the hemispheric responses are noteworthy. In the NH WBCs, the atmospheric response
to OHT anomalies is balanced primarily through vertical air movement, whereas in the Southern Hemisphere,
the response is balanced primarily by low-level horizontal temperature advection.

1. Introduction

The ocean heat transport (OHT) in the western boundary currents (WBCs) gives rise to large exchanges of heat
between the atmosphere and ocean and pronounced meridional gradients in sea-surface temperature (SST). The
surface fluxes associated with the WBCs influence key aspects of the extratropical atmosphere on climatological-
mean timescales, such as the distribution of precipitation and the position of the midlatitude jet (e.g., Minobe
et al., 2008; Nakamura et al., 2008; O’Reilly et al., 2017). They have also been shown to influence the extra-
tropical atmospheric circulation over the Gulf Stream and Kuroshio-Oyashio Extension on monthly and annual
timescales. Anomalies in sea-level pressure, precipitation, vertical motion and atmospheric eddy heat transport,
for example, have been linked to oceanic variability related to meridional displacements of the WBCs and the
associated mesoscale oceanic eddy activity (e.g., Famooss Paolini et al., 2022; Frankignoul et al., 2011; Joyce
etal., 2019; Ma, Jing, et al., 2016; Nakamura et al., 2012; Patrizio & Thompson, 2022; Siqueira & Kirtman, 2016;
Smirnov et al., 2015). Despite significant improvements in our understanding of the atmospheric response to
oceanic variability in the WBC regions, however, key questions remain related to the precise mechanisms,
amplitude, and spatial pattern of the response (e.g., Wills et al., 2024). This is particularly true in the Southern
Hemisphere (SH), where the signature of the major WBCs in the atmospheric circulation has received much less
attention (Nkwinkwa Njouodo et al., 2018; Reason, 2001).

SUN ET AL.

1 of 10


https://orcid.org/0000-0001-8578-9175
https://orcid.org/0000-0003-2566-3647
https://orcid.org/0000-0002-5413-4376
https://orcid.org/0000-0002-3169-6384
mailto:lantao.sun@rams.colostate.edu
https://doi.org/10.1029/2024GL111770
https://doi.org/10.1029/2024GL111770
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GL111770&domain=pdf&date_stamp=2025-02-14

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL111770

The atmospheric response to midlatitude SST anomalies is difficult to detect in observations because the surface
heat fluxes associated with a typical midlatitude SST anomaly can generally be balanced by relatively small
changes in lower tropospheric horizontal temperature advection. Thus, the atmospheric response to extratropical
SST variability is frequently shallow and modest compared to the large internal variability in the extratropical
circulation (Czaja et al., 2019; Hoskins & Karoly, 1981; Kushnir et al., 2002). It is also frequently complicated by
nonlinear dynamics, which transform the linear response into a pattern that resembles the extratropical atmo-
spheric circulation anomalies that force midlatitude SST anomalies in the first place (e.g., Deser et al., 2003; Peng
& Robinson, 2001; Peng & Whitaker, 1999). This contrasts with the surface heat fluxes associated with a typical
tropical SST anomaly, which are not balanced by horizontal temperature advection and are thus capable of
generating a deep response in atmospheric vertical motion and condensational heating (Hoskins & Karoly, 1981).

Model experiments, often performed with prescribed SST forcings and large ensembles, have been widely used to
isolate and understand how WBCs impact the atmosphere, particularly over the Gulf Stream (e.g., Famooss
Paolini et al., 2022; Hand et al., 2014; Minobe et al., 2008; O’Reilly et al., 2017; Parfitt et al., 2016; Seo
et al., 2017; Wills et al., 2024) and Kuroshio-Oyashio Extension (e.g., Smirnov et al., 2015; Yook et al., 2022).
However, such simulations can have significant limitations, including a lack of coupled atmosphere—ocean in-
teractions and insufficient model horizontal resolution (e.g., Small, Bryan, et al., 2019). Indeed, previous sim-
ulations run with coarse resolution (>1°) models generally exhibit the theoretical linear response to midlatitude
SST anomalies, while finer-scale (<0.25°) simulations generally exhibit stronger responses in vertical motion and
eddy heat transport that extend deeper into the troposphere, which is more consistent with observational estimates
(e.g., Famooss Paolini et al., 2022; Smirnov et al., 2015; Wills et al., 2024). These studies emphasize the
importance of sufficient horizontal resolution in accurately modeling the large-scale response of the atmospheric
circulation to midlatitude SST anomalies.

The impact of WBCs on the atmospheric circulation has also been demonstrated by comparing high-resolution
and low-resolution model output from more realistic atmosphere—ocean global climate model (AOGCM) sim-
ulations or by spatially-filtering the small-scale oceanic variability over WBC regions in model experiments.
Ocean mesoscale-eddy variability has been shown to play a crucial role in enhancing atmospheric variability (e.g.,
Small et al., 2008) and significantly impacting jet streams, large-scale atmospheric flow and midlatitude storm
tracks at subseasonal-to-seasonal timescales (e.g., Jia et al., 2019; Ma, Nakamura, et al., 2016; O’Reilly
etal.,2017; Small, Msadek, et al., 2019). More recent work by Larson et al. (2024) demonstrated that the observed
variability in vertical motion and precipitation across global WBCs is well simulated in a high-resolution version
of a coupled climate model (0.1° ocean; 0.25° atmosphere) but poorly simulated in a low-resolution version (1°
ocean and atmosphere). Overall, these studies highlight that small-scale processes associated with atmosphere—
ocean interactions over WBCs are important for realistically simulating various aspects of midlatitude ocean—
atmosphere variability.

Previous work has generally focused on the impacts of small-scale oceanic forcing in WBC regions on the at-
mospheric circulation, so in this study we explore the influence of large-scale ocean variability in WBC regions in
both hemispheres. To do so, we conduct a series of numerical experiments run on a unique, high-resolution, slab-
ocean model developed specifically for this study. There are three key aspects to the approach: (a) We force the
model with reanalysis estimates of OHT rather than SST anomalies. As such, the atmospheric response can be
directly attributed to ocean processes including both ocean dynamics and Ekman dynamics (e.g., Kwon
et al., 2011; Sutton & Mathieu, 2002); (b) A slab-ocean coupled model has an advantage over fixed SST ex-
periments used in many previous studies since the response to local heating can be balanced thermodynamically
over remote regions of the global ocean; and (c¢) We compare and contrast the response to OHT anomalies over
major WBC regions of both hemispheres: the Gulf Stream and Kuroshio-Oyashio Extension in the Northern
Hemisphere (NH), and the Brazil-Malvinas Confluence and Agulhas current systems in the SH. As noted in the
results, the atmospheric responses exhibit considerable differences from one WBC to the next.

2. Analysis Design

All simulations are based on the International Laboratory for High-Resolution Earth System Prediction i(HESP)
high-resolution configuration of the Community Earth System Model Version 1.3 (CESM v1.3; Chang
et al., 2020; Hurrell et al., 2013; Meehl et al., 2019; Zhang et al., 2020). The iHESP configuration features a
nominal horizontal resolution of 0.25° for the atmosphere and land, and 0.1° for the ocean and sea ice models. We
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developed a thermodynamic (mixed-layer) slab ocean model i(HESP-SOM) for our WBC experiments. The slab-
ocean configuration is a simplified ocean model operating at every global ocean grid point, approximating the
well-mixed ocean mixed layer. There is no direct communication between adjacent ocean grid points, nor any
explicit representation of the deep ocean (Knutson, 2003). In the iHESP-SOM, the convergence of OHT is
prescribed as a Q-flux adjustment, thus allowing for the investigation of how variations in OHT impact atmo-
spheric circulation (e.g., Tomas et al., 2016).

The iHESP-SOM control simulation was created by applying a seasonally and spatially varying climatological
mean Q-flux, along with a spatially varying but constant-in-time mixed-layer depth, to the slab-ocean model. The
climatological mean Q-flux and mixed-layer depth fields used to create the control simulation were derived from
the 60-year climatology of ice-ocean hindcast runs, utilizing atmospheric data from a reanalysis product with
interannually varying conditions (i.e., JRA-55 do; Tsujino et al., 2018). The control simulation was run for
22 years under perpetual year-2020 radiative forcing, with the initial 2 years discarded as spin-up. The control
simulation yields realistic representations of the observed climatological-mean atmospheric circulation and SST
fields and does not indicate a drift in global mean temperature.

We probe the influence of variability in OHT on the atmospheric circulation over four WBC regions as follows.
First, we calculate the Q-flux forcing associated with OHT variability in the major WBCs noted above. We did not
perform experiments for the East Australian Current due to its relatively small Q-flux variability compared to
other WBC regions. OHT variability was estimated using the indirect method from Patrizio and Thomp-
son (2021), in which the ocean heat flux convergence (Q(;) is calculated as a residual term in the energy budget of
the ocean mixed-layer:

Q,= pC,,haa—Tt -0

where primes indicate monthly-mean anomalies, and the overbar represents the climatological mean over all
months. p is the density of water and C, is the ocean heat capacity. & is the climatological mixed-layer depth from
JRA-55 (Kobayashi et al., 2015). T is the monthly-mean mixed-layer temperature, approximated by Optimum
Interpolation-SST version 2.1 (OISST-v2.1; Huang et al., 2021). Q, is the net surface heat flux from ERA-5
(Hersbach et al., 2020), encompassing the latent, sensible and net radiative fluxes at the surface. Note that the
same equation was used to calculate the climatological mean Q-flux, except that climatological SSTs and surface
heat fluxes from JRA-55 hindcasts were used instead of observation-based anomalies. Q; has been regridded from
0.25° to 0.1° to match the iHESP-SOM ocean grid. The linear trend was removed from the SST and surface heat
flux anomalies before calculating Q..

The Q-flux patterns used to force the SOM were formed as follows. First, we generate the 1982-2022 monthly
time series of OHT convergence for each WBC region by: (a) averaging values of Q;) anomalies within specific
WBC boundaries: 37.5-45°N, 40-72°W for the Gulf Stream; 37-44°N, 140-180°E for the Kuroshio-Oyashio
Extension; 35-55°S, 15-55°W for the Brazil-Malvinas Confluence; and 35-50°S, 5-85°E for the Agulhas
Current (indicated in Figure 1 by green boxes for each WBC); and (b) normalizing the resulting area-averaged
time series by dividing it by its standard deviation. We then form the spatial patterns associated with vari-
ability in the WBCs by regressing the spatially varying Q; field onto the standardized WBC-mean Q; time series.
The regressions were performed during the boreal and austral cold season months: that is, October-March in the
NH and April-September in the SH. Finally, we multiply the resulting regression maps by two and set values
outside the WBC regions to zero to generate the patterns of Q-fluxes associated with a 2¢ deviation in OHT
convergence within each WBC. These regression maps are then smoothed with a cosine tapered window to
minimize discontinuities at the edges of the forcing patterns (e.g., see also Smirnov et al., 2015). We note that the
regression maps differ from the local grid point regression applied in Larson et al. (2024) and the spatially filtered
patterns in Jia et al. (2019), both of which are more strongly tied to small-scale processes. The goal of this study is
to explore the impacts of the large-scale WBC variability on the atmosphere, not only the effects of mesoscale
ocean processes. While small-scale variability is removed with area-averaging, a component of the larger-scale
WBC variability is driven by processes operating at relatively small scales via eddy—WBC interactions (Qiu &
Chen, 2010).
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Figure 1. Q-flux forcings applied to a slab-ocean coupled climate model (left panel; unit of W m~2) and the responses of surface temperature (middle left; unit of K),
850-hPa vertical motion (middle right; unit of Pa s™!), convective precipitation (right panel; unit of mm day~"), averaged during the extended winter months across four
major western boundary currents in both hemispheres. The results correspond to the difference between the anomalies obtained in the +2¢ and —2¢ perturbation
experiments. Black curves highlight the latitudes with the maximum surface temperature responses. Stippled areas represent regions where results are statistically
significant at the 95% level, determined by a two-sided student's #-test. Green boxes denote the WBC boundaries.

The resulting Q-flux (i.e., OHT convergence) forcing patterns are shown in the left row of Figure 1. The am-
plitudes in Figure 1 (left) correspond to the difference between a +2¢ and —2¢ anomaly in OHT over the
respective regions. The patterns indicate notable variations in magnitudes and geographic shapes among the four
WBCs. For example, the ocean heat flux convergences in the Gulf Stream and Kuroshio-Oyashio Extension are
larger than those in the Brazil-Malvinas Confluence and Agulhas; the latitudinal range for NH WBC regions
spans 35°N to 45°N, whereas the SH WBC regions generally span 35°S-50°S; the Agulhas ocean current en-
compasses approximately 80° of longitude, nearly twice that of the other three currents; and variability in the
Brazil-Malvinas Confluence current system resembles a horseshoe pattern with two maxima at the western
longitudes and a single maximum on the eastern side. We note that patterns like those shown in the left column are
also obtained through Empirical Orthogonal Function (EOF) analysis of the Q; field (Figure S1 in Supporting
Information S1) over each WBC region, which indicates that the patterns of OHT convergence used to force our
experiments also correspond to the leading patterns of OHT variability.

We conduct a series of perturbation experiments where the iHESP-SOM is forced with the Q-flux forcings
indicated in Figure 1 (left). For each WBC experiment, we conducted two sub-experiments with Q-flux forcings
of opposite signs, specifically +2¢ and —20, where o represents the winter monthly standard deviation in ocean
heat flux convergence. The perturbation experiments were conducted by branching from each year of the iHESP-
SOM control simulation to form 20-member ensembles for each region. For the Gulf stream and Kuroshio-
Oyashio Extension forcings, the control simulation was branched on September 1st annually, applying the
anomalous Q-flux forcing (plus control climatology) through March of the following year. For the Agulhas and
Brazil-Malvinas experiments, the branching occurred on March 1st, with simulations running until the end of
September. The last 6 months of the simulations were averaged for the analysis—October to March for the NH

SUN ET AL.

4 of 10

ASULDIT SUOWWOY) dANEAIY) d[qeatjdde oy £q PaUISAOS a1e SI[ONIER YO $aSN JO SI[NI 10§ AIRIqIT SUIUQ AS[IAN UO (SUOTIPUOD-PUR-SULI)WOY K3[1m’ AIRIqI[auruo//:sdiy) SUOnIpuo)) pue swid ], ayl 39S *[Sz0z/z1/81] U0 A1eiqr autuQ A1 “0LL1 1 1TOYT0T/6Z01 01/10p/wod Kapim: Kreaquaurjuorsqndngey/:sdny woiy papeojumod ‘4 ‘Sz0z ‘L00SHH61



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL111770

and April to September for the SH. A two-sided student's 7-test is employed to assess the statistical significance of
the responses.

3. Results

The second through fourth columns of Figure 1; Figure S2 in Supporting Information S1 summarize key aspects
of the iHESP-SOM response to the Q-flux forcings over all four WBCs. Again, the responses indicate the dif-
ferences between the +2¢ and —2¢ forcing runs and, overall, the turbulent heat fluxes and surface temperature
closely mirror the forcing patterns. In all WBC regions, there are substantial increases in the surface latent heat
fluxes and smaller increases in the surface sensible heat fluxes (Figure S2 in Supporting Information S1; the sign
of the fluxes is positive upward). Also, the increases in the surface turbulent fluxes are accompanied by modest
downstream decreases, which likely reflect the surface flux response to the resulting changes in the low-level
atmospheric circulation (discussed below; see also Deser et al., 2010). The surface fluxes lead to a local
warming of surface temperatures between 1 and 3°C (Figure 1, second column), with the warming generally
extending further downstream than the forcings themselves. The Q-flux forcings have little effect on polar sea ice,
except for modest ice melt to the northeast of the Antarctic Peninsula (Figure S2 in Supporting Information S1
right column), which underlies the poleward extension of the surface warming associated with the Brazil-
Malvinas Confluence current system (Figure 1). Both the forcing and the responses are larger in the Gulf
Stream and Kuroshio-Oyashio Extension than they are in the Agulhas and Brazil-Malvinas Confluence regions.
As discussed below, the differences in the amplitudes of the forcings and surface temperature responses have
implications for the large-scale circulation response.

The changes in the surface fluxes of heat are accompanied by changes in vertical motion at the top of the boundary
layer, ~850 hPa (Figure 1 third column). The most pronounced feature in the vertical motion response at 850 hPa
is upward motion on the equatorward side of the maximum ocean surface warming (the maximum surface
warming is indicated by the solid black lines), especially over the Gulf Stream and Kuroshio-Oyashio Extension.
The upward anomalies are less clear over the SH WBCs: the Agulhas is marked by a zonally elongated band of
upward motion on the equatorward side of the maximum heating, but the changes do not stand out relative to the
noise in the response. The Brazil-Malvinas Confluence is associated with weak and spatially amorphous changes
in vertical motion. There is enhanced downward motion on the poleward side of the region of largest heating over
the Gulf Stream, but this feature is not as robust as the rising motion on the equatorward side. As shown below, the
changes in vertical motion are clearer in vertical profiles of the response.

All four surface heating patterns are accompanied by robust increases in the model convective precipitation
(Figure 1 right panel). Convective precipitation refers to the component of the precipitation field that is generated
by the convective parameterization scheme, which simulates the precipitation originating from local air insta-
bility. This type of precipitation is typically associated with rapid updrafts that can lead to the formation of
convective clouds and result in localized, intense rainfall events. As is the case for the vertical motion response,
the most substantial increases in precipitation are found on the equatorward side of the region of largest surface
heating. The responses are most pronounced over the Gulf Stream and Kuroshio-Oyashio Extension and are also
clear over the Agulhas and Brazil-Malvinas Confluence current systems. The precipitation responses are
consistent with results in Larson et al. (2024), who note substantial changes in precipitation associated with
month-to-month variability in the SST field. Consistent with the influence of local surface heating on vertical
motion, the responses are most clear in the convective component of the model precipitation and are not as readily
apparent in the large-scale component of the precipitation field (not shown).

Figure 2 provides a vertically varying perspective of the vertical motion (left) and condensational heating (right)
responses over all four WBCs. Results are averaged over the longitude ranges indicated by the green boxes in
Figure 1, and then plotted as a function of latitude and height. The depth of the changes in vertical motion varies
considerably from one WBC to the next (Figure 2 left panel). Over the Gulf Stream, significant upward motion
extends from the lower troposphere to the tropopause throughout the latitude range 32—40°N. As also hinted at in
the 850 hPa response in Figure 1, the upward motion over the Gulf Stream is paired with a weaker and shallower
downward motion at 42-46°N. Similar changes in upward motion are found over the Kuroshio-Oyashio
Extension, with notable upward motion anomalies found throughout much of the troposphere. The upward
motion anomalies over the Kuroshio-Oyashio Extension have an interesting poleward tilt with height and
decrease at a slightly lower upper tropospheric level than those over the Gulf Stream. In contrast to the responses
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Figure 2. Responses of zonal-mean vertical motion (left panel shading; unit of Pa s~') and condensational heating (right
panel; unit of K day’l) to Q-flux forcings, averaged during the extended winter months across four major western boundary
currents in both hemispheres. Stippled areas represent regions where results are statistically significant at the 95% level,
determined by a two-sided student's z-test.
in the Gulf Stream and Kuroshio-Oyashio Extension, the vertical motion responses over the Agulhas and Brazil-
Malvinas Confluence regions are weak and mostly confined to levels below ~850 hPa. The differences in the
magnitude and vertical extent of the vertical motion response between the NH and SH WBCs are consistent with
two key differences between the WBCs: (a) The Q-flux forcings over the SH WBCs are weaker than those applied
to the NH WBCs; and (b) In observations, the climatological variance of vertical motion in the SH WBCs is much
weaker than that over the NH WBCs (Figure S3 in Supporting Information S1).
The differences in the magnitude and depth of the vertical motion responses in the NH and SH WBCs are also
reflected in the respective responses in condensational heating (Figure 2 right panel). Consistent with the changes
in upward motion, the increases in condensational heating extend into the free troposphere over the Gulf Stream
and Kuroshio-Oyashio Extension but are largely limited to levels below 700 hPa over the Agulhas and Brazil-
Malvinas Confluence current systems. Hence, variations in ocean dynamical heating lead to changes in atmo-
sphere heating that are restricted to the lower troposphere over the SH WBCs but extend well into the middle
troposphere over the NH WBCs.
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Figure 3. As in Figure 1, but for the responses of sea-level pressure (left panel; unit of hPa) and 300 hPa geopotential height
(right panel; unit of gpm) to Q-flux forcings.

The differences between the vertical motion and condensational heating responses across the four WBCs have
implications for the attendant changes in the large-scale atmospheric circulation. The atmospheric heating driven
by the surface fluxes associated with anomalous ocean heat transport (i.e., Q-fluxes) can be balanced dynamically
by either horizontal temperature advection or changes in vertical motion. If the heating is balanced by vertical
motion, then it can lead to condensational heating and geopotential height anomalies that extend into the upper
troposphere (Hoskins & Karoly, 1981; Smirnov et al., 2015). If the heating is balanced by low-level horizontal
temperature advection, however, the atmospheric response may be largely limited to lower levels of the atmo-
sphere, and will include decreases in lower tropospheric geopotential height that are shifted eastward of the
forcing (Hoskins & Karoly, 1981). As shown in Figure 2, over the Gulf Stream and Kuroshio-Oyashio Extension,
the heating is reflected in changes in vertical motion, convective precipitation, and condensational heating that
extend through the depth of the troposphere. Consistent with the hydrostatic response to mid-tropospheric
heating, there are notable increases in geopotential height aloft associated with the Q-flux forcings over both
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NH WBCs (Figure 3, top two rows). The increases are shifted downstream of the surface forcing, which suggests
the atmospheric condensational heating is shifted eastward by the atmospheric circulation. In contrast, over the
Brazil-Malvinas Confluence and Agulhas regions, the changes in vertical motion and atmospheric heating are
relatively shallow (Figure 2). Here the circulation response is dominated by surface low pressure that is shifted
eastward of the Q-flux forcings and is thus consistent with northward flow and cold temperature advection over
the surface heating (Figure 3, bottom two rows).

4. Summary and Discussion

The goal of this study was to investigate the influence of ocean heat transport over four major WBCs on vertical
motion, precipitation, and the large-scale atmospheric circulation. To do so, we developed a slab-ocean version of
a high-resolution climate model, and then forced the model with observed estimates of dynamical ocean heat
transport over the Gulf Stream, Kuroshio-Oyashio Extension, Brazil-Malvinas Confluence, and Agulhas current
systems. We then conducted ensemble experiments to explore the role of anomalous OHT on the atmospheric
circulation. Specifically, we prescribed ocean heat flux convergence anomalies over four WBCs as a surface
boundary condition in the iHESP-SOM. The ocean heat flux convergence anomalies were estimated from
reanalysis products and thus reflect realistic forcing patterns that arise from OHT variability over four major
WBCs, although to magnify the signals we have intentionally quadrupled the Q-flux forcing (i.e., 26 minus -20).
The key results include the following:

¢ Heating due to anomalous OHT over the Gulf Stream and Kuroshio-Oyashio Extension current systems leads
to upward motion on the equatorward side of the maximum surface warming. The anomalous upward motion
extends into the upper troposphere and is associated with notable changes in convective precipitation and
condensational heating.

¢ Heating due to anomalous OHT over the Agulhas and Brazil-Malvinas Confluence current systems leads to
robust changes in precipitation. But the changes in condensational heating and vertical motion are much
shallower than those found in the NH current systems, and are largely limited to the levels below ~700 hPa.

o The differences in the depth of the vertical motion and condensational heating responses over the NH and SH
WBCs lead to notable differences in the resulting changes in the large-scale atmospheric circulation. Over the
Gulf Stream and Kuroshio-Oyashio Extension, the deep changes in condensational heating appear to be
balanced by atmospheric vertical motion and are thus associated with robust changes in the upper tropospheric
atmospheric circulation; over the Agulhas and Brazil-Malvinas Confluence current systems, the shallow
changes in condensational heating appear to be balanced by horizontal temperature advection and the cir-
culation response is thus most clear at low levels.

Why are the tropospheric responses to anomalous OHT over the Gulf Stream and Kuroshio-Oyashio Extension
deeper and more pronounced than the responses to anomalous OHT over the Agulhas and Brazil-Malvinas
Confluence current systems? There are several likely factors. One is that the magnitude of the Q-flux forcing
is larger in the NH WBCs than it is in the SH WBCs. A second is that the observed variance in vertical motion is
larger over the NH WBCs, which suggests the NH WBCs are marked by more pronounced coupling between the
lower and upper troposphere. A third is that the vertical motion response may also be influenced by the latitudinal
position of the Q-flux forcing relative to the jet stream. An observation-based study by Parfitt and Kwon (2020)
indicated that the Gulf Stream's influence on the troposphere is largest when the eddy-driven jet is positioned
further south and better aligned with the Gulf Stream. The Gulf Stream and Kuroshio-Oyashio Extension Q-flux
forcings applied here are relatively close to the climatological-mean locations of the modeled Atlantic and Pacific
jets, respectively. In contrast, the Agulhas and Brazil-Malvinas Confluence Q-flux forcings are situated much
further from the SH eddy-driven jet. We plan to investigate the role of these various factors in the next step of our
research. Moreover, this study focuses on the influence of large-scale OHT variability, rather than mesoscale
ocean eddies, on atmospheric circulation. However, since the patterns of large-scale OHT anomalies prescribed in
our experiments may be partly related to interactions operating at relatively small scales, the influence of small-
scale oceanic processes on the atmospheric circulation is somewhat ambiguous based on our findings. Lastly, we
note that our time-invariant Q-flux experiments capture only the atmospheric response to large-scale WBC
variability. A time-varying Q-flux experiment, which would offer more insight into the effects of monthly WBC
variability, is planned for future work.
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