communications earth & environment

Article

https://doi.org/10.1038/s43247-024-01785-x

Marine heatwaves suppress ocean

circulation and large vortices in the Gulf

of Alaska

M| Check for updates

Maya C. Rallu De Malibran ®, Chloe M. Kaplan® & Emanuele Di Lorenzo ®

Large-scale anticyclonic vortices forming along the Gulf of Alaska continental slope serve as fertile
ecosystems for marine life, significantly shaping the distribution of primary productivity, with 40-80%
of the gulf’s open ocean surface chlorophyll-a concentrated in their cores. Between 2013 and 2023,
Alaska experienced some of the largest and longest marine heatwaves ever recorded in the world’s
oceans, persistently altering its ecosystem and fisheries. Here, using 30 years of satellite and
reanalysis data, we find that the coastal upwelling atmospheric forcing conditions associated with the
heatwaves have also significantly suppressed the Gulf of Alaska’s ocean circulation and the formation

of large anticyclones. Climate model simulations spanning from 1850 to 2100 suggest that future
changes in the Aleutian Low pressure system will lead to a 60% increase in upwelling extremes
(>2 standard deviations), further weakening the ocean anticyclones. However, large uncertainties
remain in the mechanisms controlling the Aleutian Low’s response to climate forcing in the models.

Recent climate extremes and trends in surface temperature and chlorophyll-
a have significantly impacted the functioning of the Gulf of Alaska (GOA)
marine ecosystem across multiple trophic levels. From 2013 to 2023, the
Northeast Pacific experienced some of the most extreme multi-year climate
events in recorded history. This period includes the 2014-15 and 2019
marine heatwaves'~ and the 2016 El Nifio event. These events are evident in
the time series of sea surface temperature anomalies (SSTa) observed in the
GOA (Fig. 1a), which shows several warm extremes superimposed on a
warmer decadal mean state that may reflect long-term climate change (e.g.,
warming) or the region’s strong decadal variability. Due to the large-scale
footprint of these extremes (Fig. 1b) and their multi-year spatial and tem-
poral evolution™’, the ecological impacts on both lower and higher trophic
levels and commercial fisheries have been widespread throughout the
Northeast Pacific. Notably, there have been massive die-offs of marine
mammals and the closure of shellfish fisheries due to the onset of harmful
algal blooms*™"".

Significant changes in ecosystem functioning in the GOA, particularly
in the lower trophic levels and zooplankton, have been linked to the
2014-2015 marine heatwave (MHW). This event has led to a shift towards
species that thrive in warmer waters, impacting the food chain'”. Analyses of
time series data, ranging from primary production to commercial fisheries,
indicate that the effects of the MHW in the GOA were still ongoing across
various levels of the marine food web at least five years after the 2014-2015
MHW """, including diverse responses among top predators'. These warm
extremes are further exacerbated by acidification and low oxygen events'’

and are projected to get worse'®, posing a significant challenge to the
management of GOA marine ecosystems.

Mesoscale eddies have long been recognized as crucial in sustaining the
GOA’s ocean primary productivity by influencing the distribution and
abundance of marine resources through the transport of nutrients and
organisms'*. Specifically, large anticyclonic eddies that form along the
continental slope of the GOA are a primary mechanism for entraining and
transporting limiting micronutrients, such as iron”*”, from the shelf region
into the high-nutrient, low-chlorophyll area, thus supporting GOA interior
marine ecosystems™**, This entrainment also concentrates phytoplankton
and zooplankton biomass in the eddy’s cores™ and influences chlorophyll-a
(CHL-a) distribution along the eastern and western GOA, south of the
Aleutian Islands**. This is evident from the analysis of satellite sea surface
height anomalies (SSHa) from 1993 to 2023, which shows that regions of
high SSHa standard deviation along the continental slope of the GOA
(Fig. 2e, indicating high eddy activity) are correlated with CHL-a distribu-
tion (Fig. 2f). The influence of eddies and their transport has also been
reported on the distribution of zooplankton concentrations”** and larval
fish assemblages along the continental shelf and slope, which correlate with
eddy activity”. As eddies enhance primary productivity, their effects have
also been documented on marine mammals and seabirds™>.

While the GOA’s eddy-scale circulation is crucial for understanding
marine ecosystem variability and change, it remains uncertain how recent
climatic extremes and trends are affecting coastal circulation and large
anticyclonic eddies. Analyzing the average sea level pressure anomalies
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Fig. 1| Recent warm extreme in the GOA. a Timeseries of GOA SSTa Index defined
as the average SSTa in the black box region shown in (b), excluding the Bearing Sea
anomalies. b Regression of Pacific SSTa with the GOA SSTa index. ¢ Average

anomalies of SLPa between 2013 and 2023 showing predominant coastal upwelling
at the coast and downwelling in the GOA interior (red arrows show the direction of
ocean Ekman transport). d Same as (c) but for SSTa, showing the core warming in
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the GOA interior. e Same as (c) but for SSHa, showing a weakening of the sea level
gradient between the coast and the interior, which is indicative of a weaker ASC. The
black contours show the path of the mean circulation from the satellite Mean
Dynamic Topography (see “Methods”) and the black arrows the location of the
mean ASC, which tracks the Alaska Current and Alaskan Stream together.

(SLPa) during the period of the extremes 2013-2023 reveals a pattern
(Fig. 1c) with higher than usual SLPa in the center of the GOA. This pattern
favors a clockwise surface wind circulation that induces ocean transport
(e.g., Ekman transport) away from the coast, resulting in coastal upwelling
and offshore downwelling in the center of the GOA. This atmospheric
pattern has been recognized as a driver of warm anomalies, shown in Fig. 1d,
with a core of warmer water offshore relative to the coast"”. While this SSTa
pattern aligns with large-scale downwelling in the center of the GOA, a
complete understanding of this structure requires considering additional
ocean dynamics and surface heat fluxes. It should be noted that strong El
Nifio like the 1997-1998 and 2014-2015 are also linked to warming in the
GOA. However, El Nifio’s atmospheric teleconnections drive stronger than
usual coastal downwelling rather than upwelling, with the most significant
warming occurring along the coastline (e.g., surface warm water converging
at the coast).

From a dynamical perspective, both the upwelling forcing pattern
(Fig. 1c) and thermal expansion of water (Fig. 1d, showing the warming)
alter the gradient of SSHa, with high SSHa offshore in the core of the
warming and downwelling, and lower SSHa along the coast linked to
upwelling conditions. This response is evident in the SSHa observed from
satellites between 2013 and 2023 (Fig. le). This SSHa pattern indicates a
weaker Alaska Current and Alaskan Stream, which we will refer to as the
Alaska Continental Slope Circulation (ASC). On the shelf region, the
Alaskan Coastal Current is also influenced by significant freshwater runoff,

precipitation, and glacial that contribute to a lower salinity, buoyant coastal
current that flows westward along the coast’. However, the freshwater
effects are less significant for the continental slope circulation dynamics. In
this paper, we investigate whether and how these atmospheric and thermal
forcing patterns in the GOA have contributed to both the weakening of the
ASC and the subsequent reduction in anticyclonic eddy activity. We also
discuss projections from climate and earth system models to determine if
these recent changes are indicative of future trends expected under global
warming.

Results

To understand the eddy response to the anomalous atmospheric forcing
between 2013 and 2023, it is instructive to review the seasonal dynamics of
the GOA circulation and eddies (Fig. 2). During winter, from November to
January, stronger downwelling atmospheric forcing significantly intensifies
the coastal and continental slope circulation of the GOA, primarily the
ASCP. This phenomenon is evident in Fig. 2a, which shows higher sea levels
at the coast and lower sea levels offshore. Following these downwelling
events, the eddy field becomes energized during the spring months along the
continental slope (Fig. 2b), from February to May, primarily marked by the
emergence of large anticyclonic eddies. The primary mechanisms for eddy
formation in this region involve instabilities of the ASC along the western
GOA (e.g., Alaskan Stream)’®, as well as the development of recurrent
meanders anchored around topographic features (e.g., islands) along the
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Fig. 2 | Seasonal and interannual variability of circulation and eddies in the GOA.
Coastal circulation seasonal anomalies in SSHa for the periods Nov-Dec-Jan (a),
Feb-Mar-Apr (b), May-Jun-Jul (c), and Aug-Sep-Oct (d) (units are in meters).

e Interannual standard deviation of SSHa (units are in meters). In panel a, the black
contours show the path of the mean circulation from the satellite Mean Dynamic

CHL-a interannual variability linked to
COASTAL EDDIES

Topography (see “Methods”) and the black arrows the location of the mean ASC.
f Point-wise correlation between interannual SSHa and CHL-a anomalies. The
seasonal anomalies of SSHa are computed over the period 1993-2023 (see
“Methods™).

eastern basin, which then spin off as large anticyclonic eddies”*". The large
anticyclonic eddies that form through these geographically locked recurrent
meanders in the eastern basin are referred to as the Haida, Sitka, and Yakutat
eddies (Fig. 2b)****.

During the transition towards summer, the warming leads to an overall
increase in the SSH anomalies offshore (Fig. 2¢). Concurrently, the eddies
continue to move offshore and intensify, with a noticeable weakening in the
ASC circulation (e.g., the seasonal SSHa coastal gradient is reversed). By the
end of summer and the beginning of fall (Fig. 2d), the shelf circulation is at
its weakest, and the eddies reach their maximum strength as they continue

their offshore trajectory. Notably, even at this stage, the distinct signatures of
the Haida, Sitka, and Yakutat large anticyclonic eddies can still be tracked in
their more distant offshore locations.

Given that the generation of eddies is linked to the intensification of the
ASC following strong downwelling events™, we begin by examining the
long-term variability of the ASC during the period extremes 2013-2023.
Figure 3a (blue line) displays the ASC Index, calculated by measuring the
strength of the coastal gradient in SSHa along the GOA (see “Methods” for
the exact definition). A correlation map between the ASC Index and SSHa
(Fig. 3¢) reveals a pattern of coherent positive SSHa along the entire coastal
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Fig. 3 | Analysis of coastal and atmospheric dynamics over the GOA. ((a), black
line) Time series of SLPa Downwelling Index that measures the changes in the
strength of the NCEP Reanalysis SLPa downwelling pattern shown in (b) (see
“Methods”). ((a), blue line) Time series of ASC Index that measures the strength of
the Alaska Current and Alaskan Stream along the continental slope regions of the
GOA. The superimposed grey time series is the output of reconstructing the ASC
Index using an AR-1 model forced by the SLPa Downwelling Index (see “Methods”).

b

SLPa Correlation vs. ASC Index

70
65 Atmospheric Forcing of 0
Coastal Downwelling
60 < -0.1
z A 02
O 55} 5 T
o b o
S5 - 7 ‘
s ™ -0.3
w 50 H
-
45 J -0.4
I 05
a0k Ekman Transport » |
0.6
-170 -160 -150 -140 -130
Longitude W
C SSHa Correlation vs. ASC Index
. —az . ; 1
z 05
[
o
2 o [
®
- 05

-150
Longitude W

The reconstruction has a correlation skill of R = 0.68 (significant > 99%). b Correlation
map of SLPa with the ASC Index showing the pattern of atmospheric forcing that drives
coastal downwelling in the GOA (e.g., the red arrows show the direction of the Ekman
transport towards the coast). ¢ Correlation map of SSHa with the ASC Index showing
that the index captures in its positive phase an intensification of the mean circulation
along the coast with higher SSHa on the shelf.

GOA. This indicates that when the ASC Index is positive, the entire GOA
experiences stronger than usual continental slope anti-clockwise circulation.
The strong positive peaks observed in the ASC Index (Fig. 3a) are associated
with the impacts of atmospheric winter teleconnections of El Nifos, which
produce stronger-than-usual downwelling events over the GOA. Over the
period of the extremes 2013 to 2023, we also observe an overall reduction in
the strength of the ASC Index starting after the strong 2015-2016 El Nifio
(Fig. 3a, blue line), with an anomalous period of negative values (weaker
ASC). This reduction is linked to a predominance of upwelling events
(Fig. 3a, orange dots) that generate lower sea levels along the Alaskan coast, a
weaker ASC, and warming in the GOA interior (Fig. 1d).

To identify the pattern of atmospheric forcing that drives the variability
of the ASC, we compute a correlation map of SLPa and the ASC Index
(Fig. 3b). This map shows a strong negative pressure anomaly in the center
of the GOA, associated with stronger than usual coastal downwelling
conditions (Fig. 3b, see Ekman Transport arrows). This SLPa pattern is
consistent with the seasonal downwelling pattern in winter and is the pri-
mary driver that energizes the ASC and the subsequent generation of
eddies’'. We now measure how the strength of the SLPa forcing pattern
(Fig. 3b) changes over time by projecting the pattern onto the SLPa to derive
the SLPa Downwelling Index (Fig. 3a, black line) (see “Methods”). Con-
sistent with the observed weakening of the ASC index between 2013 and
2023, we find a series of strong upwelling forcing events (Fig. 3a, black line
and orange dots), especially after the 2015-2016 El Nifio. We then quantify
how much of the ASC Index can be explained by a simple AR-1 model of
coastal SSHa forced by the SLPa Downwelling Index (see “Methods” section
on the coastal wind model). We find that the AR-1 model reconstruction has
a significant correlation skill (R = 0.68, >99% significance) (see “Methods”

for significance test), confirming that a large fraction of the historical var-
iations in coastal circulation, including the weakening after 2013, are linked
to changes in downwelling atmospheric forcing.

We now examine how changes in the ASC and downwelling have
impacted the large eddies in the GOA. To this end, it is informative to closely
analyze the response of eddies to strong downwelling and upwelling events
at the interannual timescale. Figure 4a shows all occurrences when the SLPa
Downwelling Index is larger than 1 STD (red lines, downwelling events) and
smaller than -1 STD (blue lines, upwelling events). An example of the SSHa
evolution (Fig. 5a) during the strongest downwelling event on record, which
occurred in the winter of 1998 during El Nifio** (marked with a black dot in
Fig. 4a), clearly shows the development of strong eddies, particularly the
recurrent Haida, Sitka, and Yakutat eddies. In contrast, we find no trace of
eddy formation when we compare this evolution with that of the SSHa
during the strongest upwelling event in the winter of 2018 (Fig. 5b). This
behavior is also evident in composite SSHa anomalies for strong down-
welling and upwelling events (not shown). Shifting our focus back to the
downwelling extremes in the SLP Downwelling Index (Fig. 4a), we find a
complete disappearance of downwelling events with STD > 1 after the El
Nifo of 2015-2016 and a prominent emergence of stronger than usual
upwelling events (Fig. 4a, blue lines). This shift in wind statistics is unpre-
cedented in the SSHa satellite record period between 1993-present.

To conduct a more comprehensive assessment of how the pre-
dominance of upwelling events between 2013 and 2023 may have sup-
pressed the activity of large anticyclones in the GOA, we developed several
measures of eddy activity (see “Methods”). We begin by counting the transit
oflarge eddies at each location by counting the number of times SSHa has an
amplitude above 0.15m (see “Methods”). The threshold of 0.15m is
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Fig. 4 | Drivers and statistics of eddy activity. a Time series of coastal upwelling and
downwelling events when the SLPa Downwelling Index (Fig. 2a) exceeds 1 STD.

b Anticyclonic and cyclonic eddy count indices for each SSHa time record, defined
by the number of pixels in sea surface height anomalies (SSHa) that exceed 3 STDs
(0.15 m). ¢ Normalized anticyclonic eddy count index is compared with GOA
interior mean EKE anomalies (yellow line, R =0.7). d Eddy Activity Index (EAI)
(green line). The black line in (b-d) represents the mean of the indices before and
after the 2015-2016 El Nifo event, highlighting a significant reduction of 0.6 STD
(99% significance) in the anticyclonic eddy count index and a 0.4 STD (99%
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significance) reduction in the EAI (see “Methods”). e, f show anticyclonic and
cyclonic eddy transit counts, respectively, defined as the number of pixels experi-
encing SSHa greater than 0.15m (3 STD) and less than —0.15 m (3 STD). g Mean
EKE in the GOA as a percentage of the maximum EKE recorded, computed as a
time-averaged EKE over 1993-2023, with both SSHa and EKE derived from the
same satellite-merged dataset. h Mean of EAI computed over the period 1993-2023.
i Difference map in the mean EAI between the periods before and after the
2015-2016 El Nifio event, with the map rescaled by the STD of the EAI so that units
of change are in STD (1 STD =0.07s72).

equivalent to 3 STD of the SSHa. Comparing the eddy transit count of
anticyclonic versus cyclonic eddies (Fig. 4e and f), we find that the GOA
eddy field is dominated by stronger anticyclones. As expected, the pattern of
anticyclonic eddy counts closely tracks the pattern of mean eddy kinetic
energy in the GOA interior (Fig. 4g). The temporal indices of eddy counts,
shown in Fig. 4b, measure the total number of large anticyclones (red line)
and cyclones (blue line) for a given time record of SSHa by counting the
number of pixels exceeding the +3 STD threshold (see “Methods”).

Consistent with the eddy count maps, the anticyclonic eddy count index is
significantly larger than the cyclonic eddy index (Fig. 4b). However, between
2013 and 2023, there is an overall reduction in anticyclonic eddy count
compared to the rest of the observational satellite record. While low values of
the anticyclonic eddy index appear in other parts of the timeseries, the
sustained period of lower index values (0.6 STD) after the 2015-2016 El
Nino is significant at the 99% confidence level (see “Methods” for
description of significance test). Concurrently, over this period, there is a
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Fig. 5 | Examples of eddy response to strong downwelling and upwelling con-
ditions. a SSHa from Feb 1998 to April 1998 associated with the strongest down-
welling event on record during the El Nifio winter of 1998 when the SLPa

Downwelling Index > 4 STD. b SSHa from Feb 2018 to April 2018 associated with
the strongest winter upwelling event on record when the SLPa Downwelling
Index < —3.

notable increase in the cyclonic eddy count index, which is substantial
compared to historical variability and likely linked to the predominance of
upwelling events. We further compare the anticyclonic eddy index with a
timeseries of the average eddy kinetic energy (EKE) over the GOA (Fig. 4c,
yellow line) to verify how well our index of anticyclonic eddy activity tracks
an independent measure of eddy variability. The strong correlation between
these two indices (R=0.7 >99% significance) confirms again that antic-
yclonic eddies dominate the EKE in the GOA as suggested by the spatial
correspondence between the maps of anticyclonic eddy count (Fig. 4g) and
EKE (Fig. 4e).

Lastly, we examine the Eddy activity index (EAI) to estimate the growth
and decay of eddies. Defined as the absolute value of the time derivative of
relative vorticity, the EAI provides a dynamic measure of eddy generation
and dissipation within the region. The long-term mean of the EAI, com-
puted at each pixel (Fig. 4h), exhibits a pattern similar to that of eddy kinetic
energy (Fig. 4g), though areas of elevated EAT are more concentrated in well-
known eddy generation sites, such as the Haida, Sitka, and Yakutat regions,
where large anticyclones frequently form. The fact that the EAI peaks in
these key eddy generation regions reinforces our confidence that this index
effectively tracks the formation of eddies. The EAI also enables the creation
of a time series to track the intense eddy activity (EAI> 3 STD) over time
(Fig. 4d, green line) (see “Methods”). In alignment with eddy count indices,
the EAI time series (Fig. 4d) shows a marked suppression following the
2015-2016 El Nifio, characterized by a distinct decline in both variability
and overall activity levels compared to the pre-El Nifo period. This is
reflected in the significantly lower standard deviations (—0.4 STD; 99%
significance) in the years after the event. Figure 4i further highlights the

spatial distribution of these changes, with the EAI difference map showing a
significant reduction in eddy activity across much of the GOA, particularly
in the central and western regions, following the 2015-2016 El Nifio when
the GOA experienced the succession of upwelling events (Fig. 4a, blue line).

Discussion

The analysis of satellite SSHa demonstrates that the anomalous atmospheric
forcing of the MHWs affecting the GOA ecosystem from 2013 to 2024 has
led to a suppression of strong downwelling events (<1 STD in the SLPa
Downwelling Index, Fig. 4a), particularly after the winter of the 2015-2016
El Nifio. The ocean circulation response to these forcings has resulted in a
general weakening of the Alaska shelf coastal circulation (Fig. 3a) and a
significant reduction in the activity of large anticyclonic eddies (Fig. 4b-d).
These eddies dominate the mesoscale transport of ocean tracers in the
region, such as nutrients, phytoplankton, and zooplankton, and their
amplitude and lifetime are greater than those of cyclones™ (see also dis-
cussion of Fig. 4). While we cannot fully quantify the biological significance
of these changes on the GOA marine ecosystem, Crawford et al. ** high-
lighted that 40-80% of all surface chlorophyll in the GOA interior (waters
deeper than 500 m) is concentrated within large anticyclonic eddies, despite
these eddies occupying only 10% of the total surface area. Although
Crawford et al. did not assess subsurface chlorophyll—which is likely sub-
stantial due to the presence of a deep chlorophyll maximum—a propor-
tional relationship between surface and deep chlorophyll within these eddies
is probable. Supporting this, Ladd et al. ** documented subsurface maxima
in iron within the eddy cores, which can stimulate phytoplankton pro-
duction. However, this relationship is not universally consistent across
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different regions and conditions, suggesting that local variability plays a
significant role. Additionally, extensive research has shown how antic-
yclones impact all trophic levels of the GOA marine food web™. By doc-
umenting the relationship between MHWs and eddies in the GOA, our
findings provide new insights into the dynamic pathways that link climate
forcing, changes in ocean transport processes, and the responses of marine
ecosystems to climate extremes. While MHWSs and changes in eddies may
co-occur in response to the same atmospheric drivers, their impacts on
ecosystems unfold through different pathways, with MHWSs primarily
affecting marine life via direct temperature-mediated effects. In contrast,
eddies influence ecosystem dynamics through changes in nutrient trans-
port, water column stratification, and biogeochemical processes. This dis-
tinction underscores the complex and multifaceted nature of how climate
extremes influence marine ecosystems.

The decrease in eddy activity found in this study offers a com-
plementary regional perspective to other global studies, which report that
mesoscale eddy variability (e.g., EKE) has increased by 2-5% in eddy-rich
regions, such as the higher latitudes where the western boundary currents
are located”, and is projected to intensify further and shift poleward in the
Kuroshio®. Specifically, our study highlights that although the maximum
amplitude of Alaskan eddies may not match that of those in the western
boundary currents, their biological impact is equally profound in terms of
altering ecosystem functions. This suggests that linking trends in eddy
variability to changes in the marine ecosystem on a global scale may require
more nuanced regional interpretations such as the one provided in this
study. The global scope of previous studies on eddy statistics and climate
change makes it difficult to conclusively determine if the observed reduction
in anticyclonic eddies in the GOA from 2013 to 2023 indicates changing
conditions. However, it is theoretically possible to project future changes by
exploiting the mechanistic link between the ASC, the generation of eddies,
and their atmospheric forcing pattern (e.g., Fig. 1¢), which in this region
reflects changes in the Aleutian Low (AL)—the dominant pattern of
atmospheric variability in this region.

Despite the large internal variability that climate models exhibit over
North America”, recent studies report that extreme events associated with
the AL are projected to increase'® with a northward expansion and inten-
sification of the AL center of action***". From a large-scale perspective, these
projected changes in the AL would lead to a stronger SLP low over the North
Pacific, which at first glance would be indicative of stronger coastal down-
welling in the GOA and stronger anticyclonic eddy activity. This would
imply that recent upwelling extremes and the reduction of large anticyclones
reported in this study are part of natural variability. However, to understand
the impact of downwelling and upwelling, one must carefully consider the
geographic projections of AL changes over the GOA coastal region. For
example, the shifts and intensification of the AL reported by Gan et al. (2017,
their Fig. 3d)" show a pattern of SLPa change that is difficult to interpret in
the context of upwelling and downwelling over the GOA shelf.

To better understand the significance of AL changes for GOA eddies,
we use the same models as Gan et al.*’ from CMIP6 and examine how
changes in the AL project onto upwelling and downwelling atmospheric
events over the GOA shell in future climates. We analyze SLPa in 27 models
from the CMIP6 archive over the period 1850-2100, which includes both
historical and SSP585 future projected scenarios (see “Methods”). For each
model, we compute their normalized SLPa Downwelling Index by pro-
jecting the observed atmospheric downwelling forcing patterns inferred
from the reanalysis product (Fig. 3b) (see “Methods”). The probability
distribution function (PDF) of the downwelling indices from all models is
shown in Fig. 6a, comparing the period 1850-1950 (blue line) with the
period 2000-2100 (red line) (see “Methods” for the computation of the
PDEF). Positive values in the PDF indicate downwelling events, whereas
negative values indicate upwelling events. We then calculate and plot the
differences between the PDFs by subtracting the historical PDF from the
future PDF (Fig. 6b). Our results show a significant increase in upwelling
events, including those that occur at -2 and -3 STD (see “Methods” for

significance test). For downwelling events, we observe an overall decrease in
low-magnitude events, with the largest difference around 0.1 STD, indi-
cating a small but significant trend in reduced downwelling. Additionally,
we find an increase in downwelling extremes above 2 STD. Exploring these
differences in terms of percentage change (Fig. 6¢), we find that upwelling
extremes (above 2 STD, Fig. 5¢ blue area) increase on average by 60%, while
downwelling extremes (above 2 STD, Fig. 6¢ red area) increase by 20%.
Taken together, the model projections suggest that upwelling extremes will
increase significantly more than downwelling by a factor of 3. To under-
stand how the small but significant negative trend in the SLP Downwelling
Index impacts the PDF, we repeat the same analysis by removing the linear
trend from the data (Fig. 6, right column) (see “Methods”). After detrending
the data, we find that the changes in upwelling and downwelling extremes
are comparable, both increasing by 50%. This indicates that the prominent
increase in upwelling over downwelling events is linked to the trend.

While our analysis of the CMIP6 models provides some additional
insight into how future changes in AL are projected to impact the GOA, the
lack of consensus on key mechanisms and their representation in models
makes these predictions remain uncertain. Dynamically, changes in the AL
have been linked to shifts in both ENSO teleconnections® and Arctic
Amplification (AA)™. Recent studies suggest that AA is impacting the sta-
tistics of mid-latitude extreme events and the position of the storm tracks’".
These shifts in storm tracks are often reflected in changes in large-scale
atmospheric modes™, such as the position and strength of the Aleutian Low
and its downwelling influence in the GOA. Other studies have linked Arctic
warming to an increase in Northeast Pacific marine heatwave days during
boreal summers™’. However, while some studies suggest that AA may lead to
a stronger winter Aleutian Low™, others suggest the opposite, and overall,
the debate about the role of AA on future changes in the Aleutian Low
remains unclear’*°. Finally, it is worth noticing that both pathways, AA and
ENSO teleconnections, to AL climate change remain still highly debated in
the literature and with contradictory results, partly because projection
models may not well represent the essential processes and patterns of ENSO
teleconnections over the North Pacific”’.

Methods

Observational datasets

The eddy variability in the GOA is examined through satellite SSH and
surface geostrophic currents data from the Global Ocean Gridded L 4 Sea
Surface Heights by Copernicus Marine Data (https://doi.org/10.48670/moi-
00148). The data are at monthly temporal resolution and with a horizontal
average resolution of 0.25 degrees in longitude and in latitude over the Gulf
of Alaska region. Climatological monthly averages are computed over the
period 1993-2023 and removed to define the SSH anomalies (SSHa). For
each timemap of SSHa, the domain average SSHa is removed as a constant.
We also use the Mean Dynamic Ocean Topography (Release May 29, 2015)
from the Asia-Pacific Data-Research Center between 1993 and 2023 to
draw the contours of the mean SSH shown in the figures (http://apdrc.soest.
hawaii.edu/datadoc/mdot.php).

Additionally, monthly means of Sea Surface Temperature (SST) are
obtained from the National Oceanic and Atmospheric Administration/
National Centers for Environmental Information 1/4 Degree Daily Opti-
mum Interpolation Sea Surface Temperature Analysis, Version 2.1, between
1982 and 2023. We also use sea level pressure (SLP) data from the ‘NCEP-
NCAR Reanalysis 1 at monthly resolution and with a horizontal resolution
of 2.5 degrees™. Interannual anomalies are derived by subtracting the cli-
matological monthly mean computed over the same period of the SSHa
between 1993 and 2023.

To understand the relation between physical and biological variability,
we used monthly satellite observations of chlorophyll-a from the Ocean
Color CCI Level-3 from 1997-2023" at monthly temporal resolution and
with a horizontal average resolution of 2km in longitude and 4 km in
latitude over the Gulf of Alaska region. Data was downloaded from https://
www.oceancolour.org/.
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Fig. 6 | CMIP6 projections of downwelling and upwelling conditions in future
climate. a PDF of SLPa Downwelling Index over the coastal GOA from 27 CMIP
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(red, under the SSP585 scenario) (see “Methods” for calculations). The x-axis is in
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Montecarlo Simulation with 10,000 samples (see “Methods”). ¢ The difference plot
of panel b is presented as a % change from the period 1850-1950 to 2000-2100, with
positive values indicating an increase in events with a certain magnitude in units of
STD. Note that events at the 2 STD and 3 STD represent extremes with probabilities
of 5% and 1%. The left column presents the analysis where trends in the SLPa
Downwelling indices have been retained, while in the right column linear trends
have been removed prior to the PDFs calculations.

Alaska Continental Slope Circulation (ASC) index and wind model
reconstruction

The ASC index. Interannual anomalies in the intensity of the coastal and
continental slope circulation of the GOA are quantified by defining an
ASC Index (Fig. 3a, blue line). This index measures the difference
between the average SSHa over the shelf region (see Fig. 4d, blue region
mask) and the average SSHa in the basin’s offshore water (see Fig. 4d, red

region mask) for each monthly satellite SSHa map. The shelf mask was
obtained by computing correlation maps between SSHa and several
timeseries of SSHa along the shelf. These correlation maps consistently
showed high correlation over the shelf. By averaging these maps and
setting a correlation threshold of R > 0.7, we identified the pixels corre-
sponding to the shelf region. The ASC Index is normalized, and its values
are in standard deviation units.
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SLPa Downwelling Forcing Pattern and index. We first derive the
optimal SLPa atmospheric forcing pattern that drives the ASC Index
variability by correlating the ASC Index with SLPa (Fig. 3b). By projecting
this pattern onto the time-dependent SLPa, we derive a timeseries of how
the intensity of this pattern changes over time. We refer to this timeseries
as the SLPa Downwelling Index (Fig. 3a, black line) because the SLPa
pattern is linked to coastal downwelling winds, which are known to
increase the strength of the ASC (Stabeno et al., 2004).

The wind reconstruction model. After normalizing the SLPa Down-
welling Index by its standard deviation, we use it to reconstruct the ASC
Index using a simple auto-regressive model of order one (AR-1):

M = SLPaDownwellingIndex(t) — y - ASCIndex(t) (1)

In this model, the rate of change of the ASC Index is forced by the SLPa
Downwelling Index. Given that the coastal upwelling of SSHa has memory
and the dissipation of the anomalies is linked to the development and
offshore propagation of the eddies (with a timescale of approximately
~2 months), we also introduce a damping rate term on the right-hand side
y = 1/2months. This type of AR-1 model has been used in previous studies
to reconstruct the oceanic variability of upwelling and downwelling in the
GOA® and in the reconstruction of large-scale SST anomalies in the
Northeast Pacific'**'""”. The reconstructed ASC Index is then normalized by
its standard deviation and compared to the original ASC Index (Fig. 3a, gray
line for the reconstruction vs. blue line for the original). The reconstructed
ASC Index from the AR-1 SLPa model has a significant correlation with the
ASC Index computed from the SSHa data (R = 0.68).

Eddy indices and statistics

Anticyclonic and cyclonic eddy transits count. In this study, instead of
tracking individual eddies in a Lagrangian framework (which follows
eddies over time and space), we quantify the frequency of eddy transits
using an Eulerian framework. Specifically, we count the number of times
a large eddy passes through each pixel location in the satellite-derived
SSHa data. We define large eddies as those with SSHa greater than 0.15 m.
This threshold corresponds to 3 standard deviations above the mean
SSHa, as determined from a histogram of all available SSHa data from
1993 to 2023. To ensure that this threshold is robust for capturing sig-
nificant eddy activity, we also conducted a visual inspection of several
strong downwelling events, such as those occurring during El Nifio
phases. These inspections confirmed that the 0.15 m threshold is effective
for identifying large eddies (an example of which is shown in Fig. 5). For
each SSHa 2D image, we count how many times a given pixel location
experiences positive (anticyclonic) or negative (cyclonic) anomalies
above this threshold. These counts are then summed over the period from
1993 to 2023 at each pixel, resulting in the eddy transit count maps shown
in Fig. 4e and f. It is important to note that because the same eddy can
contribute to the counts at multiple locations as it moves through the
region, the “transit count” should be interpreted as the number of times a
given location experiences the passage of a large eddy, rather than the
total number of distinct eddies in the region.

Anticyclonic and cyclonic eddy count indices. To track the temporal
changes in the number of large eddies present in the GOA at any given
time, we develop anticyclonic and cyclonic eddy count indices using a
similar approach to the eddy transit count. For each monthly map of
SSHa, we calculate the total number of pixels with anomalies exceeding
+3 STD for the anticyclonic eddy count index and below —3 STD for the
cyclonic eddy count index (Fig. 4b). While these indices do not identify
individual eddies, they provide a measure of how many pixels within the
GOA domain are associated with large eddies at any given time, offering
insight into the spatial extent of eddy activity.

Eddy activity index (EAI). To further quantify the eddy activity in the
GOA, we also developed the Eddy activity index (EAI), which is based on
the time derivative of relative vorticity derived from satellite-observed
surface geostrophic currents. The process involves calculating the relative
vorticity for each satellite record, followed by computing its time deri-
vative and taking the absolute value to generate an EAI timeseries at each
grid point. The EAI has units of relative vorticity over time (seconds ™).
To capture significant eddy growth and decay (Fig. 4d, green line), we
spatially average all EAI values exceeding 3 STD for each time record.
This resulting time series is then normalized by subtracting the mean and
dividing by the standard deviation, ensuring that units of change are
expressed in STD. The EAI provides a more dynamic measure of eddy
generation and dissipation in the GOA, effectively tracking the intensity
of eddy activity over time.

Significance test for correlations and changes in mean

To estimate the significance of correlations between two-time series, we used
Monte Carlo simulations to account for the auto-correlation in the data.
Here’s the process:

* Generating random time series: We generate 10,000 random pairs of
red noise time series with an STD of 1 that match the auto-regressive
memory of the original time series.

* Estimating correlations: We compute the correlations between these
random pairs to estimate the distribution of random correlations.

» Confidence intervals: We estimate the 95% and 99% confidence
intervals for the correlations using this distribution.

We use a similar Monte Carlo simulation approach to examine the
significance of changes in the mean of the Anticyclonic Eddy Activity Index
(Fig. 4b, red line) between periods 2013-2023 and 1993-2013. The process
involves the following steps:

* Generating random time series: First, we generate 10,000 random
realizations of red noise time series that match the auto-regressive
memory of the original time series with an STD of 1.

o Computing mean differences: For each realization, we compute the
difference in means between the two periods in units of STD to build a
distribution of random mean differences.

o Establishing confidence intervals: We determine the 95% and 99%
confidence intervals for the mean differences from this distribution.

Analysis of climate and Earth system models simulations
CMIP6 data archive. We use the SLP output of 27 climate and earth
system model simulations from the Coupled Model Intercomparison
Project version 6 (CMIP6) to examine projected changes in the non-
seasonal downwelling and upwelling atmospheric conditions. The data was
downloaded from the Program for Climate Model Diagnosis & Inter-
comparison (PCMDI; https://pcmdillnl.gov). These include: ACCESS-
CM2, BCC-CSM2-MR, CAMS-CSM1-0, CMCC-CM2-SR5, E3SM-1-0,
E3SM-1-1, IITM-ESM, INM-CM5-0, KACE-1-0-G, MIROC6, MPI-
ESM1-2-HR, MPI-ESM1-2-LR, NorESM2-LM, ACCESS-ESM1-5,
CESM2-WACCM, CMCC-ESM2, CanESM5-1, CanESM5, E3SM-1-1-
ECA, EC-Earth3-Veg-LR, FIO-ESM-2-0, IPSL-CM6A-LR, KIOST-ESM,
MCM-UA-1-0, MRI-ESM2-0, NorESM2-MM, and TaiESM1. For each
model, the monthly mean SLP from 1850-2100 was concatenated between
the historical and future projection period under the Shared Socio-
economic Pathway 585 (SSP585) used by the Intergovernmental Panel on
Climate Change (IPCC). For each model, we picked only one ensemble
member. The SSP585 represents a pathway where the world follows a
trajectory of high greenhouse gas emissions due to an energy-intensive and
fossil fuel-driven economy®. Sea level pressure anomalies in each model
were derived by removing the monthly climatology computed over the
entire 1850-2100 period to retain the forced climate change signals.

Probability distribution functions (PDFs) of SLPa Downwelling index.
After computing the SLPa in each CMIP6 model, we use the same GOA
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SLPa downwelling forcing pattern defined in Fig. 3b to extract the nor-
malized SLPa Downwelling Index (same as in the “Method” section “SLPa
Downwelling Forcing Pattern and Index”). After compiling the indices from
each model, we combine all indices data to compute a PDF of the
Downwelling Indices for two 100-year-long periods: 1850-1950 (Fig. 5a,
blue line) and 2000-2100 (Fig. 5a, red line). The units on the x-axis (Fig. 5)
are in standard deviations to highlight the regions where the downwelling
index shows extreme events (e.g., standard deviation > 2). Negative values
represent upwelling events when the sign’s SLPa forcing pattern is reversed.
These periods are selected to represent “normal conditions” before green-
house gases began to have a significant impact on global temperatures
(1850-1950) and “warming conditions” (2000-2100) when global tem-
peratures are rising, and the external forcing of greenhouse gases is evident.

Significance testing of differences in PDFs. We utilize a Monte Carlo
simulation approach to understand the significance of the difference plot
(Fig. 6b) between the PDFs of the CMIP6 SLPa downwelling indices for
the periods 2000-2100 minus 1850-1950. Here’s the process:
1. Model fitting: We first fit an AR-1 model to each model's SLPa
Downwelling Index time series from 1850-2100 for all 27 models.
2. Random realizations: Using the AR-1 process, we generate random
realizations of each model’s index, resulting in 27 sets of synthetic data.
3. PDF recalculation: We recompute the PDFs of the SLPa Downwelling
Index for the periods 1850-1950 and 2000-2100 using these random
realizations and then calculate their differences, as shown in Fig. 6b.
4. Repetition and confidence limits: This process is repeated 10,000 times
to generate a large number of realizations of the difference between the
PDFs. Using these realizations, we estimate the 95% and 99% con-
fidence intervals of the random differences and plot the confidence
curves (Fig. 6b, grey dotted lines).

For example, considering upwelling events with a —2 standard
deviation value, the realizations obtained from step 4 provide a PDF of the
expected difference from random occurrences, allowing us to establish a
confidence limit. Note that these confidence limits vary for each value on the
x-axis in Fig. 6b. This variation reflects that differences in counts between
the periods 1850-1950 and 2000-2100 are larger for small events (e.g.,
standard deviations between [—1, 1]) and become smaller as we transition to
extreme events (e.g., standard deviations larger than +2).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All datasets used in this study are publicly available online: (1) sea level and
surface geostrophic currents data from the Global Ocean Gridded L 4 Sea
Surface Heights by Copernicus Marine Data https://doi.org/10.48670/moi-
00148, (2) sea surface temperature from the National Centers for Envir-
onmental Information 1/4 Degree Daily Optimum Interpolation Sea Sur-
face Temperature Analysis, Version 2.1, between 1982 and 2023, https://psl.
noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html, (3) sea level pressure
data from the ‘NCEP-NCAR Reanalysis 1 at monthly resolution and with a
horizontal resolution of 2.5 degrees™ https://psl.noaa.gov/data/gridded/data.
ncep.reanalysis.html, and (4) satellite observations of chlorophyll-a from the
Ocean Color CCI Level-3 from 1997 to 2023” https://www.oceancolour.
org/. Coupled Model Intercomparison Project version 6 data was down-
loaded from the Program for Climate Model Diagnosis & Intercomparison
https://pcmdillnl.gov. A copy of the pre-processed data is also available in
the code repository GitHib in the code availability section.

Code availability

All the codes and a local copy of the data used this study are available via
GitHub: https://github.com/manuocean/rallu.commsenv.nature.2024. All
analyses were performed using MATLAB R2021a.
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