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The westernboundary currents are characterized by narrow, intense ocean jets and
are among the most energetic phenomenain the world ocean. Theimportance of the
westernboundary currents to the mean climate is well established: they transport
vast quantities of heat from the subtropics to the midlatitudes', and they govern

the structure of the climatological mean surface winds* ¢, precipitation* ®and
extratropical storm tracks’*®. Theirimportance to climate variability ismuch less
clear, asthe tropospheric response to extratropical sea surface temperature (SST)
variability is generally modest relative to the internal variability in the midlatitude
atmosphere®™, Here we exploit novel local analyses based on high-spatial-resolution
datato demonstrate that SST variability in the western boundary currents has amore
robust signature in climate variability than has beenindicated in previous work.

Our results indicate that warm SST anomalies in the major boundary currents of both
hemispheres are associated with a distinct signature of locally enhanced precipitation
and rising motion anomalies that extend throughout the depth of the troposphere.
The tropospheric signature closely mirrors that of ocean dynamical processesin the
boundary currents. Thus, the findings indicate a distinct and robust pathway through
which extratropical ocean dynamical processes influence local climate variability. The
observational relationships are also reproducible in Earth system model simulations
but only when the simulations are run at high spatial resolution.

The oceanic western boundary currents have a robust influence on
the climatological mean atmospheric circulation. They are marked by
large spatial gradientsin the climatological mean sea surface tempera-
ture (SST) field that influence the development of baroclinic eddies” ®,
the horizontal structure of the near-surface flow” ¢ and the climatologi-
cal distribution of precipitation and clouds* ™.

The influence of the western boundary currents on atmospheric
variability is less clear. Ocean mesoscale eddies in the vicinity of major
ocean currents have a distinct signature in the surface winds and pre-
cipitation™¢, but whether this effect extends to monthly variationsin
the atmospheric flow is unclear. A central issue in detecting a robust
response to SST variability across the western boundary currents is
that the large-scale atmospheric response to extratropical SST vari-
ability is often weak relative to the internal climate variability. Hence,
although some previous numerical and observational studies have
reported arobustatmospheric response to SST variability in the west-
ernboundary currents®” 2, the responses vary depending on the spa-
tial scale and location of the SST variability, the seasonally varying
structure of the atmospheric flow and various aspects of the analysis
design'?'*?*, As noted in the seminal 2002 review led by Yochanan
Kushnir, ‘the extratropical ocean does indeed influence the atmos-
phere outside of the boundary layer, but ... thisinfluence is of modest
amplitude compared tointernal atmospheric variability™. Likewise, the
more recent review by Arnaud Czaja et al. states, ‘While the recent
research provides more optimism for a source of predictability from

the ocean than was available at the time of the review by Kushnir et al.™,
several outstanding issues remain™2 These issues include robustness
across models, reproducible observational benchmarks and regional
sensitivity of the responses.

Here we demonstrate that the primary western boundary current
regions of both hemispheres have a distinct but overlooked signature
in atmospheric variability that mirrors the complex structure of the
underlying SST field. The novel aspect of the analyses that facilitates
the key finding is that they are based on the covariability between
fine-spatial-resolution atmospheric vertical motion, precipitation
and SST anomalies at the grid point level, whereas previous studies
have emphasized the covariability between various atmospheric fields
and SSTs averaged over larger spatial regions.

The primary high-spatial-resolution observational data are SSTs,
vertical motion and precipitation data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Reanalysis v.5 available
at0.25° x 0.25°resolution (ERAS); in situ and remotely sensed SST data
from the National Oceanic and Atmospheric Administration (NOAA)
Daily Optimum Interpolation SSTs dataset available at 0.25° x 0.25°
resolution (DOISST v.2.0); and remotely sensed precipitation datafrom
the Integrated Multi-satellite Retrievals for the Global Precipitation
Measurement (IMERG) of the National Aeronautics and Space Admin-
istration (NASA) product available at 0.1° x 0.1° resolution. The pre-
cipitationdataarefiltered in the space domain with a1,000-km spatial
high-passfilter toreduce the signature of synoptic and planetary-scale
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Fig.1|Observedsignature of the westernboundary currentsinclimatological
mean vertical motion and precipitation. a-h, The wintertime mean of SSTs

(contours) overlaid with the mean atmospheric vertical motion at 850 hPa
(a,c,e,g) and spatially high-pass-filtered precipitation (b,d,f, h). The vertical

atmospheric phenomenain the precipitation field. Note that a similar
high-pass filter was applied in ref. 2 for the analysis of the mean surface
winds over the oceans?. As demonstrated below, effectively identical
results are derived from analyses based on the ERAS convective pre-
cipitation product, and qualitatively similar results are derived from
analyses based on unfiltered precipitation data. In all results, we focus
onthe cold-season months when atmospheric variability is most vigor-
ous: October-Marchinthe Northern Hemisphere and April-September
inthe Southern Hemisphere. Further information on the datasets and
analysis techniques is provided in the Methods.

Figure1provides a synopsis of the observed relationships between
the climatological mean SST field, atmospheric vertical motion near the
top of the atmosphericboundary layer (850 hPa) and precipitation over
four prominent western boundary current regions: The Gulf Stream
extensioninthe North Atlantic; the Kuroshio-Oyashio extensionin the
North Pacific; the Agulhas Current to the southeast of South Africa;
and the Brazil-Malvinas Confluence to the east of southern South
America. In all four current systems, the regions of largest horizontal
SST gradients (indicated by the closely spaced contours in Fig. 1) are
collocated with distinct structures inthe atmospheric flow: enhanced
vertical motion and precipitation are evident along the southern edge
of the Gulf Stream extension* (Fig.1a,b), the Kuroshio-Oyashio exten-
sion® (Fig. 1c,d), the northern edge of the Agulhas Current region®
(Fig.1e,f) and in a lobster-claw pattern that extends eastwards from
the Argentinian coast near the Brazil-Malvinas Confluence (Fig. 1g,h).
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motionissmoothed witha3-point (about 75 km) spatial running mean for display
purposes only. Contoursrange from 275K to 296 K atincrements of 3K. The

rows correspond to the four westernboundary currents of interest. Results are
based onthe ERA5 dataset.

Theregions of enhanced vertical motion are anticipated fromthe pat-
terns of surface wind convergence associated with mesoscale features
in the SST field® . The pattern of precipitation associated with the
Gulf Stream was first noted in ref. 4 and the signature of precipitation
associated with the Agulhas Current was explored in ref. 26. To our
knowledge, the existence of similar patterns of precipitation anchored
by the Brazil-Malvinas Confluence has not been demonstrated.

Figure 2shows the signature of fine-scale SST variability in the west-
ernboundary currentsinatmosphericvariability. Figure 2a,d,g,j shows
the standard deviations of the monthly mean SST anomalies during
the cold-season months, in which the anomalies are defined as the
departures from the long-term mean seasonal cycle (Methods). As
indicated in previous works, the boundary currents are marked by
distinct patterns of maxima in SST variability: the Gulf Stream exten-
sionby astrip of narrow, meandering variability that extends across the
northwestern North Atlantic?; the Kuroshio-Oyashio current system
by amore amorphous pattern that extends eastwards fromJapan?; the
Agulhas Current system by a band that stretches across nearly 80° of
longitude®; and the Brazil-Malvinas Confluence by alobster-claw pat-
ternreminiscent of that evident in the mean vertical motion®. Similar
patterns of SST variability are recovered from the high-resolution NOAA
SST product (Extended DataFig.1a,d,g,j).

Figure 2b,e,h,k shows the covariability between SST and lower tropo-
sphericvertical motion anomalies. As noted earlier, the results are con-
structed by regressing vertical motionanomalies onto SST anomalies
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Fig.2|Observed signature of the westernboundary currentsinmonth-to-
month variability in vertical motion and precipitation. a,d,g,j, The standard
deviations of grid point SST anomalies. b,e,h,k, Grid point vertical motion
anomalies at 850 hParegressed ontogrid point SST anomalies. ¢,f,i,1, Grid point

asafunction of grid point. Thatis, results at grid point i correspond to
vertical motion (wss,) at grid point iregressed onto standardized values
of the SST field at the same location. Red values indicate anomalous
rising motion during months when SSTs are anomalously warm, and
vice versa. Note that the methodology used in Fig. 2b,e,h,k contrasts
that used inmany previous studies, in which the regressions are based
not on grid point SST but rather on SSTs averaged over broad spatial
regions (for example, see refs. 21,22,31 and references therein).
Inallfour boundary current regions, months characterized by anoma-
lously high SSTs are associated with anomalous rising motion. The most
pronounced vertical motion anomalies closely mirror the structure of
variability in the underlying SST field, with monthly anomalies exceed-
ing1 mm s~ over the regions of the largest SST variability in all current
regions. The close correspondence between the patterns of covariability
between vertical motion and SST anomalies (Fig. 2b,e,h, k) and variability
inthe SSTfield (Fig.2a,d,g,j) is striking in association with allboundary
currents. The main features in Fig. 2b,e,h,k are statistically significant
(Extended DataFig.2a,c,e,g), and theresults are reproducible inanaly-
ses based on the high-resolution NOAA SST product (Extended Data
Fig.1b,e,h k). Overthe core of the current regions, month-to-month vari-
ability inthe SST field accounts for up to 20-30% of the month-to-month
variability in lower tropospheric vertical motion (Extended Data Fig. 3).
Thevariationsin vertical motion associated with grid point SST vari-
ability are not limited to the lower troposphere. Figure 3 shows the local
regression coefficients between vertical motion and SST anomalies,

precipitation anomalies regressed onto grid point SST anomalies. Anomalies
aredefined asdepartures from the long-term mean seasonal cycle (Methods).
Therows correspond to the four western boundary currents of interest. Results
arebased on monthly mean datafrom ERAS.

calculated asafunction of vertical level 900-200 hPa, and then spatially
averaged over the four respective currentregions. Figure 3a shows the
spatial average of the regression coefficients based on grid point SST
variability, rather than the regression coefficients based on spatially
averaged SSTs. The spatial averaging is performed over all grid boxes
inwhichtheregressionsinFig.3aexceed 0.8 mms™ 0 'at 850 hPa(the
masks usedinthe spatial average areindicated in Extended DataFig.4).
Figure 3bindicates the corresponding P-values found using a one-tailed
test of the ¢t-statistic and the corresponding number of temporal degrees
of freedom (Methods). The verticalmotion anomalies associated witha
1standard deviation change in SSTs exceed the 95% confidence level into
the middle troposphereinall four regions (Fig.3b). The depth and sign
of the vertical motion anomalies suggest that the anomalous surface
fluxes associated with western boundary current SST variability drive
perturbationsin the atmospheric flow that extend through the middle
troposphere. The depth of the signature of the western boundary cur-
rentsin vertical motion is another new aspect of the results.

Figure 2¢,f,i,l shows the associated linkages between precipitation
and SST variability. The precipitation results shown in Fig. 2 are based
onERA5for consistency with the vertical motion field. Similar results are
derived by regressing the IMERG remotely sensed precipitation product
ontothe NOAASST product (Extended DataFig.1c,f,i,I). Asevidenced by
comparingthe three columnsinFig.2, SST variability inall four western
boundary current systems projects onto precipitation variability in
amanner consistent with the attendant changes in vertical motion.
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Fig.3|Vertical motion variability associated with SST variability in the
four westernboundary currentregions. a, Vertical profiles of the area-average
of grid point regressions between vertical motion and SST anomalies for the
indicated regions (the spatial masks used to define the regions are shownin

Extended DataFig.4).b, The associated confidence level based on aStudent’s
t-test using 88 degrees of freedom. See the Methods for more details. Results
arebased on ERAS.
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Fig.4|Simulated signature of the westernboundary currentsinahigh-
resolution coupled atmosphere-ocean global climate model.a,d,g,j, The
standard deviations of grid point SST anomalies. b,e,h,k, Grid point vertical
motionanomalies at 850 hParegressed onto grid point SST anomalies.
c,fil, Grid point precipitation anomalies regressed onto grid point SST
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anomalies. The rows correspond to the four westernboundary currents of
interest.Results are based on monthly mean output from experimentsrun
under the auspices of the iHESP project on a high-resolution version of the
CESM. The atmosphericresolutionis 0.25°; the oceanresolutionis 0.1°.
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Fig.5|Simulated signature of the westernboundary currentsinalow-
resolution coupled atmosphere-ocean global climate model.a,d,g,j, The
standard deviation of grid point SST anomalies. b,e,h,k, Grid point vertical
motionanomalies at 850 hParegressed onto grid point SST anomalies.
c,fil, Grid point precipitation anomalies regressed onto grid point SST

Monthswhenlocal SSTs are anomalously high are associated with locally
enhanced precipitation anomalies, and vice versa. The primary features
aresstatistically significant (Extended DataFig. 2b,d,f,h), explain roughly
20-30% of the month-to-month variance in precipitation (Extended
DataFig.3b,d,f,h), are almost identical to those derived from analyses
based on the ERAS5 convective precipitation product (Extended Data
Fig. 5b,e,h k) and are readily apparent in analyses based on precipita-
tion data that has not been spatially filtered (Extended DataFig. 5¢,f,i,l).

The key finding in Fig. 2 is that the spatial patterns of atmosphere-
ocean coupling over the western boundary currents closely mirror
the spatial patterns of the SST variability itself. The observed link-
agesbetween the SST field, vertical motion and precipitation are also
reproducible in numerical simulations run at high spatial resolution.
Figures 4 and 5 show the same results as that of Fig. 2, but for output
fromtwo 250-year preindustrial control simulations runona coupled
atmosphere-ocean global climate model: a high-resolution simulation
run at an atmospheric resolution of 0.25° and an ocean resolution of
0.1° and arelatively low-resolution simulation run at an atmospheric
and ocean resolution of approximately 1°. The simulations were run
using the Community Earth System Model (CESM) under the auspices
of the International Laboratory for High-Resolution Earth System
Prediction (iHESP) project (Methods). The patterns of simulated SST
variability in the high-resolution simulations are strikingly similar to
those foundin observations (compare the left columns of Figs. 2and 4).

anomalies. The rows correspond to the four western boundary currents of
interest.Results are based on monthly mean output from experimentsrun
under the auspices of the iHESP project on alow-resolution version of the
CESM. The atmosphericand oceanresolutionis1.0°.

The covariability between vertical motion, precipitation and SST vari-
ability are likewise simulated by the high-resolution CESM across all
western boundary currents, including over the unique lobster-claw
pattern of SST maxima associated with the Brazil-Malvinas Confluence
system and the zonally elongated pattern of SST maxima associated
with the Agulhas Current (compare the middle and right columns in
Figs. 2 and 4). Notably, the robust patterns of covariability over the
western boundary currents are largely absent in the low-resolution
simulation (Fig. 5). Overall, the reproducibility of the relationships
inanumerical model run at high resolution attests to the robustness
of the results over amuch longer period of record and the ability of a
high-resolution coupled model to simulate the observed covariability.
Consistent with earlier reports'>*®, the differences between Figs. 4
and Shighlight theimportance of high spatial resolution for simulating
the vertical motionresponse to variationsin the extratropical SST field.

The physical processes that link the climatological mean SST field to
the atmosphericcirculationinclude arange of meso-and synoptic-scale
phenomena®. For example, in the long-term mean, regions of relatively
high extratropical SSTs are marked by locally enhanced precipitation
notonly during the passage of atmospheric frontal systems***but also
due to perturbations in surface pressure and vertical mixing that can
arise in the absence of frontal passages®**”*. The close correspond-
ence between the structure of atmosphere-ocean interactions in the
long-term mean (as shown in previous work) and in the context of
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month-to-month variability (as shown here) suggests that a similarly
diverse range of physical processes act to couple SST variability to
the overlying circulation onboth timescales. The signature of the SST
field in monthly mean precipitation arises from changes in daily-mean
precipitation across arange of amplitudes, which further suggests that
avariety of physical processes underlie the relationships observed on
month-to-month timescales (Extended Data Fig. 6).

The complex structures of SST variability in the western boundary
currents are largely driven by ocean dynamical processes®*°*5, Hence
the patterns of covariability between grid point variability in the SST
fieldand the overlying atmosphereindicated here may beinterpreted as
the extratropical tropospheric response to ocean dynamical processes.
The depth of the atmospheric response is important. Linear theory
indicates that lower tropospheric heating anomalies are generally
balanced by vertical motionin the tropics but by horizontal tempera-
ture advection in the extratropics*. As such, the heating associated
with tropical SST anomaliesis readily communicated to the mid-upper
troposphere where the resulting circulation anomalies can be com-
municated over vast distances***’, whereas the heating associated
with extratropical SST anomalies is more readily balanced by local
circulationanomalies that are restricted to the lower troposphere'**,
The depth of the extratropical atmospheric features indicated here
is reminiscent of that typically found in association with tropical SST
anomalies; this suggests that SST variability in the western boundary
currents may drive variations in the upper tropospheric circulation over
regions far removed from the SST forcing. The amplitude of the remote
response will depend on the spatial coherence of the precipitation
variability. The spatial coherence of the local precipitation response
and the resulting non-local signature in the atmospheric circulation
isafocus of ongoing research.
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Methods

Observations
Observations of SSTs and precipitation are obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis v.5
(ERAS)*8, the remotely sensed Daily Optimum Interpolation SSTs (OISST
v2.1)* dataset of the National Oceanic and Atmospheric Administra-
tion and the remotely sensed Integrated Multi-satellite Retrievals for
the Global Precipitation Measurement product (IMERG)*® of NASA. All
analyses are based on wintertime, monthly averages. A temporal subset of
ERAS from September 2007 to December 2023 was chosen because of the
higher-resolution Operational Sea Surface Temperature and Ice Analysis
(OSTIA)*' SST dataset that is ingested into ERA5 during this period*.
The OISST and IMERG datasets temporally span from January 2000 to
December 2023 and from June 2006 to December 2023, respectively.
Anomalies are formed by subtracting the long-term means from the
dataasafunctionof'the calendar month. The ERA5 and OISST datasets
areavailable at 0.25° x 0.25° resolution. The IMERG product intercali-
bratesand interpolates several different microwave satellite measure-
ments and is available at 0.1° x 0.1° resolution over 60° N-60°S. All
data are detrended over the period 1979-2023 before the analyses to
ensure trends in the data do not influence the results.

Numerical output

We analyse 250 years of wintertime, monthly mean output from
1850 preindustrial control simulation run on the Community Earth
System Model v.1.3 (ref. 52) as part of the International Laboratory
for High-Resolution Earth System Prediction (iHESP) project®.
The coupled high-resolution iHESP simulations were run at atmos-
pheric resolution of 0.25° and ocean resolution of 0.1°. The relatively
high-spatial-resolution ocean model permits mesoscale eddies and
thus simulates their interactions with the overlying atmosphere®,

Statistics
Regression coefficients are calculated as

where primes denote departures from the long-term mean seasonal
cycleand overbars denote the time mean. As the regressionsin Figs.2-4
arebased onstandardized SST data, it follows that the regression coef-
ficients are identical to the covariances. Correlation coefficients are
obtained as

Xy

) 2"
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The P-values shown in Fig. 3b are found as follows. At each verti-
cal level, we form the spatially averaged local correlations (r*) of SST
with vertical motion over the respective western boundary current

regions as
N
- 5 X,
N5

where r,denotes the correlation at grid pointiand the summationis per-
formed overall Ngrid cellsin the areas indicated in the text (Extended
DataFig. 4). The spatially averaged correlations are calculated sepa-
rately for each vertical level.

We then estimate the number of degrees of freedom used in the
correlations as

Il

_1-nn

N*=
1+nn,

where Nisthe number of time stepsinthe data (inthis case, 6months x 16
years =96),and r,and r,are the grid point lag-one autocorrelations of
the monthly mean SST and vertical motion fields, respectively. Owing
to the large gradients in SST variability within the western boundary
current regions, r; and r, vary spatially and are thus estimated by tak-
ing a masked spatial average over the regions (Extended Data Fig. 4).
Using the observed r;and r, yields 88 effective degrees of freedom (N*).

The spatially averaged correlations are then converted to t-scores
using the relation

_JIN*=2
==,
1-72

and the t-scores at each level are converted to the P-values shown in
Fig.3bbased on a one-tailed test of Student’s ¢-distribution.

Additional resources

Theliterature onextratropical atmosphere-oceaninteractionsis exten-
sive. Owingto space constraints, we are limited to 50 referencesin the
main text. For further reading on the influence of large spatial gradients
inthe climatological-mean SST field on (1) stormtracks and the develop-
ment of baroclinic eddies, see refs. 55-66; (2) the horizontal structure
ofthe near-surface flow, see refs. 67-75; and (3) precipitation, see ref. 76.

Data availability

Reanalysis and observed data were obtained from ERAS (https://cds.
climate.copernicus.eu/), OISST (https://www.ncei.noaa.gov/products/
optimum-interpolation-sst) and IMERG (https://gpm.nasa.gov/data/
imerg).iHESP model datawere obtained from https://ihesp.github.io/
archive/. Base maps use freely available data from https://www.natu-
ralearthdata.com/downloads/, plotted with the Cartopy software””.

Code availability

The code used to process the data and produce these figures can be
found at the Open Science Framework’. This code is licensed under
the Open Software License 3.0.
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Extended DataFig.1|Signature of western boundary currentsinremotely
sensed SST and precipitation. (a,d, g,j) The standard deviations of monthly
grid point SST anomalies; (b, e, h, k) grid point vertical motion anomalies at
850 hParegressed onto grid point SST anomalies; and (c, f, i, 1) grid point
precipitation anomalies regressed onto grid point SST anomalies. The rows
correspondtothe four westernboundary currents of interest. The SST anomalies

arebased onthe National Oceanic and Atmospheric Administration (NOAA)
1/4° Daily Optimum Interpolation Sea Surface Temperature (OISST) dataset,
theverticalmotion fieldis based on ERAS, and the precipitation field is based
onthe National Aeronautics and Space Administration’s (NASA) Global
Precipitation Measurement Mission (GPM). Each datasetis based on monthly
meanoutput.
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Extended DataFig. 2 |Statistical significance testing of grid point air-sea
correlations. Grid point correlation coefficients of (a, c, e, g) vertical motion
anomalies at 850 hPa correlated with SST anomalies and (b, d, f, h) high-pass
spatially filtered precipitation anomalies correlated with SST anomalies.
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correlation [r]

Hatchingindicates statistically significant values using a two-tail Student’s
t-testat 99% confidence with 96 degrees of freedom. See Methods for more
details. The rows correspond to the four westernboundary currents of interest.
Resultsare based on monthly mean ERAS.
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Extended DataFig.3|Variance explained by grid point air-sea correlations.

correlation squared [r?]

Thesquare of grid point correlation coefficients of (a, c, e, g) vertical motion
anomalies at 850 hPa correlated with SST anomalies and (b, d, f, h) high-pass

spatially filtered precipitation anomalies correlated with SST anomalies.
See Methods for more details. Results are based on monthly mean ERAS.
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Extended DataFig. 4 |Spatial masks applied to determine the vertical

profile of vertical motion associated with SST variability. The masks, used
inthe spatial averagingto calculate the resultsin Fig. 3, exclude all grid points
whoseregression coefficients of vertical motion at 850 hParegressed onto SST

(b) Kuroshio-Oyashio Extension, (c) Agulhas, and (d) Brazil-Malvinas currents.
Resultsare based on monthly mean ERAS.
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Extended DataFig. 6 | Composites of daily-mean precipitation during
anomalously warm and cold days at arepresentative locationin the Gulf
Streamregion. Theresultsin Extended DataFig. 6 explore the signature of the
SSTfield in daily-mean precipitationas a function of precipitation amplitude,
and thusindicate whether the covariability observed on month-to-month
timescales arises primarily from large amplitude daily precipitation events, or
fromdaily precipitation eventsacross arange of amplitudes. To construct the
figure, we:1) obtained daily values of SST and precipitation (hereafter P) from
thegrid pointidentified in theinsetin the figure (in the inset, the shading
reproduces the vertical motion covariability from Fig. 2 panel b, and the grid
pointliesinaregion of large SST-vertical motion covariability in the Gulf
Streamregion); 2) removed the seasonal-cycle and long-term trend from the
SST dataat the selected grid point; 3) formed composites of wintertime
precipitation based on days whenthe SST anomaly time series at the grid point

35
Daily precipitation anomaly (mm/day)

25 30

was higher than normal (SST > 1standard deviation) and lower than normal
(SST <-1standard deviation); and 4) binned the composite precipitation values
for warmand cold conditions by the amplitude of the daily-mean precipitation.
The analyses are based on-~1300 days inboth the SST > 1standard deviation
and SST <-1standard deviation bins. The bars show the results as histograms,
where the x-axis indicates the daily-mean precipitation amplitude and the y-axis
indicates the number of days within each precipitation amplitude bin. The key
resultis that warm days (red bars) are marked by anincreased incidence of
precipitationeventsrelative to cold days (blue bars) across arange of precipitation
amplitudes. Thatis, they are marked by anincreased incidence of not only large-
amplitude precipitation events (right part of the plot) but also small amplitude
events (left part of the plot). Similar conclusions emerge from analyses at other
sample grid points within the different western boundary currents.
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