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Abstract Recent studies point to a significant rise in the number of summer extreme weather events that
correspond with the presence of amplified, quasistationary midtropospheric planetary waves, weakened
atmospheric circulation in the Northern Hemisphere, and coincide with reduced summer Arctic sea ice
cover. This study explores potential connections between 1979 and 2016 summer heat wave frequency across
the USA and regional Arctic sea ice extent (SIE) in various Arctic basins. Most notable SIE interannual
relationships exist across the southern Plains and southeastern US during low Hudson Bay summer SIE.
Locally increased frequencies of summer heat waves coincide with unseasonably warm conditions
developed and sustained by the presence of an omega blocking pattern situated over the southern US
throughout summer. The block appears following anomalous atmospheric warming and reduced mean
zonal winds observed throughout spring (March-May) over northeastern Canada, the northwestern Atlantic
basin, and Greenland. Spring preconditioning of summer ice melt is favored by the presence of strong
negative phase of the North Atlantic Oscillation and positive Greenland Blocking Index. Summer synoptic
flow related to Hudson Bay ice melt over North America appears to be influenced by the background state of
atmospheric variability, namely, the positive phase of the Atlantic Multidecadal Oscillation. Antecedent
local humidity, soil moisture, and precipitation conditions are shown to influence the “flavor” of the heat
waves, which are more likely to be oppressive in the southeastern US and extreme across the southern Plains
during summers experiencing low Hudson SIE.

1. Introduction

Pan-Arctic warming over the last several decades has resulted in a rapid decline in sea ice thickness, extent,
and volume (Schweiger et al., 2011; Schweiger & Lindsay, 2015; Screen & Simmonds, 2010). September
minimum sea ice extent (SIE) decreased at an estimated 13x 10° km? per decade between 1997 and 2014
(Serreze & Stroeve, 2015) and has been connected to reductions in the Northern Hemisphere (NH)
meridional near-surface air temperature gradient and overall increased geopotential heights over the
Arctic region (e.g., Cohen et al., 2014). The spatial pattern and magnitude of ice melt have been shown to
drive a local atmospheric warming response due to upward turbulent heat fluxes that dilate geopotential
heights aloft and exert downstream/lower latitude impacts by increasing the amplitude of long-wave
circulation patterns (Ballinger & Sheridan, 2015; Francis & Vavrus, 2015; McKenna et al., 2018). The largest
reductions in Arctic-midlatitude temperature gradients have been observed in boreal summer (Walsh, 2014)
that have further resulted in a weakening of zonal winds across the NH during this season (Coumou
et al., 2015).

Consideration of temporal trends in pan-Arctic SIE and cover has proven important when investigating NH
circulation pattern modulations and resultant spatial patterns in extreme weather events. Recent
tropospheric warming and sea ice decline have not been uniformed across the entire Arctic basin; as
expected, the greatest surface warming has been reported along the southern marginal seas including those
bordering northeastern Canada and Greenland (Ding et al., 2014). For instance, the 1979-2006 annual
average sea ice concentration trend in the Hudson Bay (HB) area has been among the highest magnitude
in the Arctic, recorded at —19.5% per decade (Parkinson & Cavalieri, 2008; Tivy et al., 2011) compared to
the pan-Arctic decline of 3%-4% per decade (Parkinson & Cavalieri, 2008) during the same period.

Concurrent with the recent Arctic sea ice decline has been an increase in the incidence, severity, and
duration of extreme summer weather events across many regions of the NH, including extreme hot days
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and heat waves across the USA (Della-Marta et al., 2007; Diffenbaugh et al., 2007; Perkins et al., 2012; Schoof
et al., 2015). Schoof et al. (2017) note that central US has been experiencing significant increases in both
extreme (i.e., high temperature and low humidity) and oppressive (i.e., high temperature and high humidity)
heat waves over the past 30 years. Increased incidence of North American (NA) summer extreme heat has
been linked to concurrent amplification of quasistationary, midtropospheric planetary waves (Coumou
et al., 2014; Mann et al., 2017; Petoukhov et al., 2013; Screen & Simmonds, 2014).

Significant challenges surround our ability to establish physical linkages between extreme weather events in
the middle latitudes and cryospheric conditions in the Arctic. Areas of intermittent boundary forcing and
corresponding polar jet stream behaviors (i.e., a ridge over an anomalously warm portion of the Arctic
Ocean and corresponding trough to the south and east bringing cold air into the midlatitudes), for instance,
include key mechanisms in establishing these connections (Cohen et al., 2018; Vihma, 2014). Rossby wave
and resonance theories have been used to argue that Arctic sea ice decline and Arctic warming can lead to
NH atmospheric flow modifications with a potential for increased persistence and blocking events in the
middle latitudes via a weakening of the poleward thermal gradient, mean zonal winds and thermal winds,
reduction in total atmospheric kinetic energy, and an increase in the amplification of quasistationary wave
numbers 6-8 (Coumou et al., 2015, 2017; Francis & Vavrus, 2012, 2015; Tang et al., 2013). These alterations
provide more conducive environments for the development of summertime extreme weather events across
the NH midlatitudes (Budikova & Chechi, 2016; Budikova et al., 2017; Coumou et al., 2014; Screen et al.,
2015). In recent decades, low summer sea ice has been associated with the negative phase of the North
Atlantic Oscillation (NAO) with increased (decreased) upper-level geopotential heights (zonal wind speeds)
across the polar cap and a northward shift in the subpolar jet stream, leading to increased ridging and south-
erly advection of warm air from the subtropics (Budikova & Chechi, 2016; Francis & Vavrus, 2015; Mann
et al., 2017; Schubert et al., 2011).

Middle latitude weather responses since the 1990s have been associated with regional sea ice forcing on
atmospheric circulation (e.g., Overland, 2016; Screen, 2017; Screen & Francis, 2016; Shepherd, 2016).
Others point out that the severity of extreme weather events, for instance, may be modified or amplified
by regional Arctic thermodynamic influences on the large-scale atmospheric circulation (Overland, 2016;
Overland & Wang, 2018). In a recent state-of-science report, Cohen et al. (2018) recognize that the Arctic-
to-middle latitude linkages may be conditional on the background state of the hemispheric weather patterns
and manifest themselves regionally on timescales of weeks to a few months. They propose that future work
establishing linkages from the Arctic to the middle latitudes ought to recognize interactions between inter-
nal climatic variation and the global state of sea surface temperature (SST) forcings.

Arctic summer warming and sea ice loss have been linked to U.S. midlatitude summer temperature
extremes (Budikova & Chechi, 2016). Heat wave literature, particularly studies, focused on the physical
mechanisms driving onset and intensity traditionally focus on the sensible heat contribution to
atmospheric heat content through analysis of maximum temperature (Diffenbaugh & Ashfaq, 2010;
Mueller & Seneviratne, 2012; Oswald & Rood, 2014; Russo et al., 2014). However, recent studies highlight
the increasingly important role of atmospheric humidity during heat waves and societal vulnerability to
these events (Mitchell et al., 2016; Pal & Eltahir, 2016; Schir, 2016); the nature of heat events is dependent
on local soil moisture availability and antecedent precipitation conditions (Ford & Schoof, 2017).
Specifically, near-surface humidity conditions during periods of elevated temperatures can result in drama-
tically different human health outcomes (Anderson & Bell, 2009; Davis et al., 2016; Kunkel et al., 1996).
Accordingly, numerous studies have augmented temperature-based heat wave descriptions with metrics
that are sensitive to humidity, such as dew point temperature and wet bulb temperature (Bentley &
Stallins, 2008; Pal & Eltahir, 2016). Pielke et al. (2004) recommend moist static energy to represent total
atmospheric heat content, as it accounts for both temperature and moisture energy contributions. Moist
static energy is defined such that

H = CpT+ Lyq, D

where C, is the specific heat of air at constant pressure (J/kg/°C), T is air temperature (°C), L, is the latent
heat of vaporization (J/kg), and q is specific humidity (kg/kg). Division of H by C,, gives equivalent tempera-
ture (Tg):
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which is expressed in units of °C and practically represents the air temperature if all water vapor is con-
densed and the resulting latent energy is used to heat the air parcel. In this study, we distinguish oppressive
heat waves (i.e., elevated temperature and humidity) from extreme heat waves (i.e., elevated temperature
only) and analyze the two separately. Extreme and oppressive heat events across the USA are represented
using daily values of maximum temperature (Ty4x) and Tg, respectively.

Arctic warming is partially attributable to sea ice decline with two-way effects on ridge-trough jet stream pat-
terns that may influence middle latitude weather, including the incidence of extreme weather events (e.g.,
Budikova et al., 2017; Ding et al., 2017; Francis, 2017; Tang et al., 2014). Coincidence of dramatic SIE reduc-
tions with increased incidence of extreme summer temperatures in the midlatitudes over the last three to
four decades may suggest potential physical mechanisms connecting the two and warrant an investigation
of the relationships and dynamic linkages between the frequency of midlatitude extreme heat events and
Arctic sea ice variability during the boreal summer (June-August). The primary objective of this study is
to provide a robust exploration of the statistical relationships between Arctic marginal sea ice and U.S. sum-
mer heat wave frequencies. The approach utilizes observational records of summer Arctic SIE along with a
multitude of variables depicting concurrent and antecedent surface, atmospheric, and oceanic fluctuations
across the NH for the time period 1979-2016. The examined parameters include anomalies in surface moist-
ure, evapotranspiration, precipitation, surface and atmospheric air temperature, sea level pressure, middle-
and upper-level geopotential heights and winds, and SST. The work recognizes the latest theories and
mechanisms related to Arctic-to-midlatitude weather linkages. For instance, sea ice rates of variability
and change are not homogenous across the entire Arctic basin (Peng & Meier, 2017), and the spatial config-
uration of the polar jet stream may be altered by its geographic position with respect to Arctic open water
(Francis et al., 2017; Koenigk et al., 2016; Overland & Wang, 2018; Screen, 2017), thereby modifying the fre-
quency of extreme weather events such as boreal summer heat waves.

2. Data and Methods

2.1. Data

2.1.1. Atmospheric and Surface Conditions

Three hourly fields of air temperature (7, °C), dew point temperature (T, °C), and surface pressure (P, hPa)
were obtained from the European Centre for Medium-Range Weather Forecasts interim reanalysis
(ERA-Interim; Dee et al., 2011). ERA-Interim was selected to represent heat events in the USA because
(1) it assimilates both near-surface temperature and humidity from surface weather stations, (2) it has suffi-
cient horizontal resolution (0.75°) for representing mesoscale features such as heat waves, and (3) a recent
analysis has demonstrated that ERA-Interim effectively reproduces observed heat wave characteristics
and trends in the contiguous US (Schoof et al., 2017), meriting its use in this study. Daily maximum tempera-
ture (Thax, °C) and maximum equivalent temperature (Tg, °C) were computed from the 3-hr values of T, T,
and P. Computing Tf, as demonstrated by equation (2), requires specific humidity (g, kg/kg), which is not
included in the fields of variables produced by ERA-Interim. Therefore, we adopt the empirical relationship
described by Bolton (1980) to calculate vapor pressure (e, hPa) from Tj:

17.67T4
e=6.112 exp( ————— 3)
T4+ 243.5
We can then use e and P to estimate q such that
0.622¢
= _0ee 4
9= p0.378¢ @

Latent heat of vaporization (L,) is then calculated as a function of T following the Priestley-Taylor method
(e.g., Fall et al., 2010). Finally, the resulting terms are used to calculate daily Tr according to equation (2).

ERA-Interim fields are also used to characterize atmospheric conditions connected to the occurrence of
extreme and oppressive heat events across the contiguous US. We use a variety of atmospheric variables
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in our analysis at both the daily and monthly resolutions (Table S1 in the supporting information).
Additionally, we augment ERA-Interim analysis with data sets from the North American Regional
Reanalysis product (Mesinger et al., 2006). We compare the ERA-Interim findings with contemporaneous
results from North American Regional Reanalysis to check for consistency between products and reflect
on robustness of the results to the chosen data set.

Monthly soil moisture anomalies (0-40 cm) between June and August (1979-2016) are obtained from the
Noah Land Surface Model as part of the North American Land Data Assimilation System, Phase II (Ek
et al., 2011; Xia et al., 2012). Precipitation data for spring (March-May, MAM) and summer (June-
August, JJA) are obtained from the Parameter Regression on Independent Slopes Model (Daly et al., 1997)
monthly, 4-km horizontal resolution product. These data sets are used to assess the influence of surface-
atmosphere hydrology on defining the U.S. heat wave characteristics during SIE extreme phases.

2.1.2. SIE and Melt Onset

We use monthly SIE records spanning March-August, 1979-2016, from the National Snow and Ice Data
Center Sea Ice Index (Fetterer et al., 2017) for the 14 Arctic regional seas shown in Figure S1. To assess
the timing of sea ice melt onset during low HB SIE summers, we utilize data compiled by Markus et al.
(2009) updated to 2016. For each time series, the data are detrended using least squares linear regression
to isolate the interannual variations in SIE; the standardized residuals are used to aggregate data into mean
spring (MAM) and summer (JJA) conditions and to identify extreme years of SIE for each Arctic regional sea.
2.1.3. Teleconnection Indices

To assess the potential influence of various large-scale oceanic and atmospheric states on the observed lin-
kages between Arctic SIE and summer U.S. heat waves, we study the association between SIE and various
teleconnections known to influence ice melt and U.S. heat wave frequency. Time series of each index are
examined for the 1979-2016 period. At the interannual time scales these include El Nifio-Southern
Oscillation (ENSO; November-August), the NAO, and the Greenland Blocking Index (GBI; both March-
August). ENSO reflects the year-to-year variability of the ocean-atmosphere system in the equatorial
Pacific. The Oceanic Nifio Index is used to capture the state of ENSO and represents the 3-month running
mean SST anomalies (Huang et al., 2017) in the Nifio 3.4 region (5 °N-5 °S; 170 °W-120 °W). The NAO cap-
tures the covariation of atmospheric height fields between the Azores and Iceland through the leading
empirical orthogonal function of monthly mean 1,000-hPa height anomalies poleward of 20° latitude
(Barnston & Livezey, 1987). The GBI describes variations in the monthly mean 500-hPa geopotential height
field over Greenland and bordering land-sea areas, 60-80 °N and 20-80 °W (Hanna et al., 2016). We also
evaluate the influence of the annual index of the Pacific Decadal Oscillation and the Atlantic
Multidecadal Oscillation (AMO) that capture the slow-varying state of SSTs over the Pacific and Atlantic
basins, respectively.

2.2. Methods

Extreme and oppressive heat events are identified using the excess heat factor (EHF; Nairn et al., 2009). The
EHF has been widely implemented to represent heat wave intensity and frequency in a variety of global
regions (Perkins et al., 2012; Piticar et al., 2017; Rohini et al., 2016). EHF is a product of two separate heat
wave metrics, the significance excess heat index (EHFy;,) and the acclimatization excess heat index
(EHF accl):

T T T;
EHIg = %_T% (5)
EHFaCCl _ Ti—2 + Y;i—l + Ti _ Ti_32 + Tl_’;lo‘i‘ + Ti—3 , (6)

where T; is daily Taax or Ty on day i, and Tos is the climatological 95th percentile of the Tysax or Tg. The
EHF;, and EHF,; are calculated over a 3-day window that moves 1 day at a time over the duration of
the study period. The EHF is the product of the two metrics:

EHF = II'IaX[LEI‘IIaccl.]XEHFSIE7 (7)

where a positive EHF value represents a heat wave on day i. We compute daily EHF using Th4x and T to
represent extreme and oppressive heat events, respectively. Specifically, extreme heat is identified when the
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Tamax-based EHF is positive but the coincident Tg-based EHF value is not. Oppressive heat events are
identified when both EHF values are positive.

Annual, summertime heat wave frequency is denoted as the number of events in which EHF is positive
between 1 June and 31 August each year, 1979-2016. Frequencies are computed separately for extreme
and oppressive heat waves, and annual summertime heat wave frequencies are then converted to anomalies
by subtracting the overall 38-year (1979-2016) average frequency and dividing by the 38-year frequency stan-
dard deviation. Using frequency anomalies allows us to more efficiently determine outliers, as well as nor-
malizing for statistical tests requiring standard distributions.

We use Pearson product-moment correlations to assess the relationship between summer conterminous U.S.
heat wave frequencies and spring (—1 season lag) and summer (0 lag) SIE conditions across the various
Arctic marginal seas. To further explore the connections between heat waves and extreme HB SIEs, we con-
struct various composites depicting the average state of heat wave frequencies and that of various surface
and atmospheric conditions during low SIE conditions. We begin by aggregating the 10 lowest and 10 high-
est summer SIE detrended anomalies into negative SIE (SIE—) and positive SIE (SIE+) years, with the
remaining 18 years identified as SIE neutral (SIEn; Table S2). The mean composites associated with extreme
SIE are subsequently differenced as follows to best isolate the extreme SIE signature in each surface-
atmosphere variable: SIE— minus SIEn (of particular interest to this study and discussed most herein),
SIE+ minus SIEn, and SIE— minus SIE+. The composite analyses and Pearson correlations are tested for
statistical significance at the 95% and 99% confidence levels using a two-tailed ¢ test.

3. Results
3.1. Marginal Ice Variability and Regional Expression of U.S. Summer Heat Waves

We compute the Pearson product-moment correlation coefficients between mean seasonal (MAM and JJA)
SIE in each Arctic basin and mean regional JJA heat wave frequency (Tg and Tyax) calculated across seven
U.S. climate areas (Table S3 and Figure S2; Melillo et al., 2014). We also calculate the correlation coefficients
between seasonal (MAM and JJA) SIE in each basin and heat wave frequency (EHF > 0) at each ERA-
Interim grid cell (not shown). A careful review of the correlation results reveals that HB SIEs display the
strongest relationship with both heat wave types (Figure S3). The strongest T4 x heat wave frequency asso-
ciations are located in the southern Plains (SP; Figure S3 top panel), and the strongest T heat wave relation-
ships can be observed in portions of the Great Lakes and across the southeastern US (Figure S3 bottom
panel). The region denoted as HB includes James Bay, Hudson Strait, and the Foxe Basin, where SIE varia-
tions are strongly influenced by atmospheric forcing (Wang et al., 1994). Sea ice melt begins across HB along
its coastal regions in the northwest and northeast including James Bay in late May to early June; the south-
western coast of HB is the last to lose ice and the Bay is usually ice free by early August (Hochheim &
Barber, 2014).

3.2. Summer U.S. Heat Waves and HB SIE Variability

We composite JJA extreme and oppressive heat wave frequency anomalies across the USA for extreme JJA
HB SIE conditions (Figure 1) and differences between them (Figure S4) to further explore the nature of the
relationships. Extreme and oppressive heat wave frequencies increase during SIE— years and decrease dur-
ing SIE+ years across portions of the Midwest (MW), Northeast (NE), and the Southeast (SE) where the dif-
ferences are most pronounced and statistically significant. A dipole pattern emerges in the frequencies of
both extreme and oppressive heat waves (Figure 1) as the northwest US exhibits reduced (elevated) heat
wave frequencies during SIE— (SIE+) years, generally opposite of the central and SE regions. The oppressive
type is especially pronounced along the Gulf Coast.

We further quantify the heat wave day incidence variability as related to Hudson SIE by computing differ-
ences in mean summer frequency in each of the seven U.S. climate regions between SIE— and SIEn years
and SIE+ and SIEn years (Table S5). Negative (low) SIE years on HB coincide with increases in extreme
(Trax) heat wave days in the SP (14 days), MW (8 days), and SE (13 days) as compared with neutral SIE
years. Increases in Tp4x heat wave days in these regions are significant at the 95% confidence level.
Negative SIE anomalies are similarly associated with increases in oppressive (Tg) heat wave days in the
SP (10 days), MW (8 days), and SE (11 days) as compared with neutral Hudson SIE years. Increased
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0.0
Heat Wave Frequency Anomaly

Figure 1. Composites of summer (left panel) extreme (Tp,ax) and (right panel) oppressive heat wave (Tg) frequency by
Hudson SIE anomalies. Frequencies are expressed as standardized anomalies. Boundaries depicting the southern Plains
(a) and the Southeast (b) regions, are shown using black boxes in the top panels. SIE = sea ice extent.

oppressive heat wave day incidence in the MW and SE is significant at the 99% confidence level and at the
95% confidence level for the SP.

The continental patterns of extreme and oppressive heat wave frequency anomalies are attributed to similar
spatial variability in summertime average Th;4x and T (Figure 2). In particular, during low ice years (top
panel), Tarax increases (left panel) are maximized in the SP whereas T increases (right panel) are largest
in a broader region spanning the mid-South to MW US. During SIE+ years there is a dramatic increase in
T in the Pacific Northwest (bottom right panel); this region exhibits a nearly 2.5 °C increase in summer-
averaged Tg between SIE+ and SIEn years. Given the robustness of results in the SP and across the SE we
focus the remainder of our analyses on evaluating statistical connections between low summer HB SIEs
and contemporaneous heat wave frequency observed in these regions.

Differences in the heat character (i.e., extreme vs. oppressive) experienced in the SP and large portions of the
SE US during SIE— years are primarily attributable to contrasting anomalies of specific humidity
(Figure S5a). The distinction of positive and negative near-surface specific humidity anomalies split along
the 100th meridian reflects how near-surface humidity variations contribute to the oppressive heat events
east of the 100th meridian, while below normal humidity levels coincide with the presence of extreme heat
events west of the meridian. The south-central US is typically frequented by the Great Plains low-level jet
during the summer, which is a fast-moving band of 900- to 800-hPa southerly winds that serve as important
source of southerly moisture and warm air from the Gulf of Mexico across the SP (Higgins et al., 1997).
However, the results presented here show positive specific humidity anomalies spanning 95 to 80 °W
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Figure 2. Difference maps of summer average (left panel) Ti,ax and (right panel) Tg (°C). Maps show differences between (top panels) Hudson SIE— and SIEn
years and (bottom panels) SIE+ and SIEn years. Black (white) contour lines denote significant correlations at the 95% (99%) confidence level.

longitude that are primarily located below 950 mb (Figure S5a). This suggests that the enhanced near-surface
humidity does not correspond with a strengthened low-level jet; composites of concurrent meridional wind
anomalies (Figure S5b) demonstrate the lack of low-level southerly flow over the entire central US during
SIE— summers.

An alternative explanation for the enhanced humidity observed in large sections of the southeastern US and
increased Tg in the mid-South and portions of the MW regions during low summer SIE— conditions is
increased local moisture availability. Summer soil moisture anomalies (0-40 cm) show increased soil water
availability throughout large portions of the eastern sections of the MW and the mid-South regions along
with reduced soil water availability in the SP (Figure 3a). These spatial patterns of summer soil moisture
anomalies are likely driven by similar patterns in antecedent (spring) and concurrent (summer) precipita-
tion (Figures 3c and 3d). Enhanced spring and summer precipitation and corresponding increased soil
moisture availability in large sections of the MW and mid-South regions coincide with decreases in both
precipitation and soil moisture in the SP (Figure 3a). In particular, limited soil moisture availability during
SIE— summers constrain evapotranspiration rates in the SP by as much as 0.5 mm per day (Figure 3b)
considerably reducing the land surface contribution to near-surface atmospheric humidity.

3.3. Spring Surface and Synoptic Conditions

Interannual and long-term trends in summer SIE across HB have been shown to be influenced by large-scale
atmospheric circulation variability and wind anomalies surrounding the region during the previous spring
(Ogi et al., 2016; Qian et al., 2008). Qian et al. (2008) found a strong, positive correlation (r = 0.67, p <
0.01) between detrended spring near-surface air temperatures over HB and detrended HB SIE one season
later. Sea ice melt and open water development enhance surface absorption of radiation that is subsequently
released back to the atmosphere influencing early summer SIE conditions across the region. Tivy et al.
(2011) show that at least 30% of the sea ice cover variation in the summer across HB and the Foxe Basin
is linked to spring surface air temperatures and Hochheim and Barber (2014) argue that spring surface air
temperatures determine up to 80% of SIE and break up date variation with the remaining influence due
to wind forcing. Figure 4a confirms these studies and shows the mean conditions of the 1,000-hPa tempera-
ture anomalies during the 10 lowest JJA HB SIE years. The anomalously warm spring lower tropospheric
conditions that reach over 2 °C (statistically significant at the 99% confidence level) over the HB and
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Figure 3. Panel (a) shows summer average (0-40 cm) soil moisture anomalies (m*/m>) during Hudson SIE— years. Panel (b) shows summer average evapotran-
spiration rate anomalies (mm/day) during Hudson SIE— years. Panels (c) and d show spring (c) and summer (d) total precipitation anomalies during Hudson

SIE— years (mm).

Labrador areas are evident. Coincidental with the surface warming over land are SST anomalies exceeding
+0.5 °C throughout much of the western north Atlantic including Labrador Sea, Baffin Bay, and southern
portions of Greenland Sea (Figure 4b).

This expansive warming coincides with a simultaneous surface atmospheric ridge over the high latitudes of
the NH (Figure 4c). This feature, also identified by Ogi et al. (2016), emanates from the Arctic basin toward
Greenland and the western Atlantic basin. Statistically significant negative sea level pressure anomalies are
present throughout the middle latitudes of the extratropical Atlantic basin. Vihma (2014) shows that low HB
ice conditions tend to promote a stationary wave pattern that displaces the upper-level jet south, forcing
storm tracks equatorward; the study also points toward a linkage between both Bering Sea ice extent and
Hudson Bay extent that together contribute to the observed modifications in the atmospheric wave patterns
across the Atlantic and Pacific. A composite analysis of sea level pressure anomalies for SIE— years in our
study reveals an area of negative anomalies over the Bering Strait between winter and the following summer
months (not shown). Correlation analyses performed in this study, however, did not confirm the Bering Sea
connection in the spring; summer correlations could not be computed as the Bering Sea is ice free in August.
The presence of a warm local atmosphere over HB has a preconditioning effect that results in unseasonably
early sea ice melt onset (MO) in the region by 5.5 days preceding low SIE summer in the Bay (Table 1). Eight
of the 10 low SIE years coincide with earlier than average melt typically occurring either 30 or 31 May; four
of those dates fall below one standard deviation from the climatological mean. These conditions allow earlier
open ocean absorption of heat energy, impacting the summer melt.

The atmospheric circulation/wind flow at sea level is mirrored in the middle (and upper—not shown) atmo-
sphere and resembles the negative phase of the NAO/AO with its main centers of action displaced toward
the west (Figure 4d). The positive geopotential height anomalies over the Arctic Basin extend south and
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Figure 4. Mean spring (March-May) surface and synoptic conditions differences associated with low (SIE— minus SIEn) HB summers (June-August), 1979-2016.
(a) 1,000-hPa temperature anomalies (°C), (b) SST anomalies (°C), (c) SLP anomalies (mb), (d) 500-hPa geopotential height anomalies (m), and (e) 500-hPa
u-wind anomalies (m/s). Black (white) contour lines denote significant correlations at the 95% (99%) confidence level. Unless otherwise indicated ERA-Interim data
was used to construct the captions.

east over Greenland, HB, and Labrador. The northern feature resembles the positive phase of the GBI
typically associated with the negative phase of the NAO (Hanna et al., 2018). Anticyclone conditions
emanating from these anticorrelated modes influence summer warming and melt over Greenland, Davis
Strait, and HB (Hanna et al., 2014, 2016, 2018; Tedesco et al., 2016). Table 2 shows the spring NAO and
GBI indices in the lowest 10 SIE summers in HB. Negative (positive) NAO (GBI) indices are observed in
nine out of the 10 SIE— years; three (four) of the 10 lowest years reached values below (above) 1c. The
anomalous warming over much of Canada and the Arctic basin at this time appears to reduce the meridional
temperature gradient weakening the zonal wind flow over the region (Figure 4e) by 2.5 °C at the 1,000-hPa
level when compared to neutral sea ice years; a reduced gradient is present throughout the troposphere to
the 300-hPa level (not shown).

3.4. Summer Surface and Synoptic Conditions

The most notable anomalies in atmospheric conditions observed during summer are in the 500-hPa geopo-
tential heights over North America, near-surface/tropospheric air temperatures over the southern/central
US, and the pattern of the jet flow over the NA continent (Figure 5). Summer synoptic flow anomalies in
the midtroposphere and at the jet stream levels show the formation of an omega block centered over much
of the eastern US and SP in June (Figure 5b) coupled with increased geopotential heights over the north
Pacific south of the Aleutian Islands and Alaska. These modifications suggest the presence of ridge-
trough-ridge pattern of atmospheric circulation and a stationary wave train. Such features have been docu-
mented as responses to declining sea ice in various areas of the Arctic including HB and Labrador Sea
(Budikova et al., 2017; Vihma, 2014). The resultant atmospheric flow would bring consistent streams of
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Table 1

Associations Between 10 Lowest HB SIE Summers, HWI, HB MO Days, and Various Teleconnections Known to Influence Summer Heat Waves in the Contiguous US

Hudson Bay ENSO ENSO

Year HWI MO day* ENSO (JJA) (Jan-Aug) (Nov-Apr) PDO AMO NAOJJA NAOMAM GBIMAM GBIJJA
1979 -0.7 —4.3 0.1 0.1 0.1 -0.3 —-0.9 1.9 -1.3 1.0 -1.0
1980 1.6 4.5 0.4 0.6 0.4 0.4 —-0.1 -1.5 -0.5 0.3 0.7
1981 —0.1 —0.1 —0.6 —0.5 —0.2 0.7 —0.6 0.1 —0.6 0.1 —0.2
1998 2.1 =79 =12 1.2 1.7 0.9 1.6 -1.6 —-0.8 0.7 1.2
1999 0.5 —-15.1 —-1.7 -19 -1.1 -1.3 1.2 0.4 -0.1 0.7 —0.8
2001 —0.2 —6.9 —0.1 —0.6 —0.6 —0.9 0.1 —0.1 —0.9 0.8 0.1
2005 1.4 -7.1 0.1 0.6 0.5 0.4 1.5 0.0 -2.0 1.7 0.2
2006 1.0 -10.3 0.2 -0.5 -0.5 -04 1.4 0.1 -0.9 1.1 0.2
2010 2.2 -9.7 —-14 0.5 0.9 -0.3 L5 =12 -1.9 2.1 1.6
2011 2.5 1.9 —-0.6 -1.3 -1.0 -1.7 1.0 =21 1.3 =22 1.9
1981-2010 mean 0 150.9 0 0 0 0 0 0 0 0 0
1981-2010 stdev 1 8.1 1 1 1 1 1 1 1 1 1
# years > +1o 6 0 0 1 1 0 6 1 1 4 3
# years < —1o 0 4 3 2 2 2 0 4 3 1 1
# years > 0 7 2 4 5 5 4 7 5 1 9 7
# years < 0 3 8 6 5 5 6 3 5 9 1 3

Note. Values for all variables except for HWI* and HB MO** day anomalies are standardized. AMO = Atlantic Multidecadal Oscillation; ENSO = El Nifio-
Southern Oscillation; GBI = Greenland Blocking Index; Hudson Bay; HWI = Heat Wave Index; JJA = June-August; MAM = March-May; MO = melt onset;
NAO = North Atlantic Oscillation; PDO = Pacific Decadal Oscillation; SIE = sea ice extent.

warm air from the desert southwest into the study area and increase the potential for heat waves to form
throughout the summer season. The summer polar jet shows significant north-south meandering over the
NH during low SIE summers in HB (Figure 5c).

The NA block initially forms between late May and early June and persists over the area through August
(Figure 5d). Maximum ridging is located over the SP between the middle of June and into late July.
Subsidence throughout most of the troposphere over the central US, as indicated by the presence of positive
omega anomalies (Figure S6), is also suggestive of elevated middle- to upper-level tropospheric geopotential
heights. The conditions are conducive to elevated surface/atmospheric air temperature and increased inci-
dence of heat waves. The atmospheric blocking pattern situated over the southern US enhances southerly
air flow into the Plains and eastern U.S. regions; positive surface temperature conditions first appear in
June (not shown) and last throughout the summer (Figure 5f) with maximum warming in excess of 1 °C cen-
tered over the SP region. Statistically significant temperature anomaly magnitudes span an area from the SP
into the SE. The conditions extend throughout the atmospheric column over this area with temperature
anomalies >0.5 °C observed to the 150-hPa level.

3.5. Extreme Summer Heat Wave Conditions—Case Studies

To further explore the associations between HB sea ice conditions and U.S. heat wave characteristics, we
examine the atmospheric conditions associated with specific heat wave summers when the frequencies have
been among the highest/lowest during the studied time period. Regional summer heat wave frequencies are
determined by computing the total number of heat wave days in each of the two U.S. regions best captured
by the mean composite difference in summer frequency of heat waves associated with SIE— summers dis-
played in Figure S4. The frequency time series (Ty,ax for SP and T, for the SE) are then standardized and
an overall standardized heat wave frequency index (HWI) is computed by adding the two regional frequen-
cies and standardizing the resultant series. Seven of the 10 years with highest HWI coincide with one of the
10 lowest HB SIE summers (Table 1), and nine highest HWIs coincide with lower-than-expected SIE condi-
tions (not shown). It is, therefore, not surprising that the atmospheric and surface conditions associated with
some of the most extreme heat wave conditions across the study areas (not shown) closely resemble those
shown in Figures 4 and 5. We examine in detail the surface and synoptic characteristics associated with
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Figure 5. Mean summer (June-August) surface and synoptic conditions differences associated with low (SIE— minus SIEn) HB summers (June-August),
1979-2016. (a) SLP anomalies (mb), (b) 500-hPa geopotential height anomalies (m), (c) 250-hPa vector wind anomalies (m/s; NCEP/NCAR Reanalysis), (d)
Hovmoller plot (March-August evolution) of 500-hPa geopotential height anomalies at 35 °N, 80-110 °W, (e) 1,000-hPa air temperature anomalies (C), and (f)
longitude-altitude plot of air temperature anomalies (C) from 30 to 40 °N longitudinal boundaries span from 75 to 110 °W. Contour interval is 0.2 C. Black (white)
contour lines in panels a—e denote significant correlations at the 95% (99%) confidence level. The approximate boundaries of our US study area are indicated in bf.
SE U.S. regions extends east of 90 °W and SP east of than 100 °W. Unless otherwise indicated ERA-Interim data was used to construct the captions.

two cases of extreme heat wave summers, 1998 and 1992 (Figures S7-S10). The 2 years represent contrasting
SIE and HWI conditions, 1998 coinciding with third largest number of heat waves across the SP and SE
regions when HB SIEs ranked among the 10 lowest; 1992 ranks the lowest in incidence of heat waves in
these areas and among the 10 highest HB SIE levels.

The low SIE summer conditions in 1998 are preceded by an atmospheric and oceanic warming over the
northern latitudes of the NH (anomalies exceed 1 °C over the Labrador/HB region) including the western
North Atlantic basin (Figures S7a and S7b). These conditions coincide with a midtropospheric ridge over
the high latitudes of the NH (Figure S7c); the spring NAO and GBI patters in 1998 were recorded at —0.8
and 0.7, respectively (Table 2). Patterns of surface pressure (Figure S7d) and associated near-surface winds
(Figure S7e) in the spring show the advection of relatively warm air to the HB area from the west, likely con-
tributing to the ~8 days earlier than average melt onset. The anomalous atmospheric warming in the higher
latitudes reduces the meridional temperature gradient between the high and middle latitudes of the NA con-
tinent by about 2.5 °C at the 1,000-hPa level, and the reduced gradient is observed to the 300-hPa level (not
shown). These conditions may reduce the midtropospheric zonal wind flow in spring over the eastern sec-
tions of the continent (Figure S7f). The atmospheric warming spreads toward the east and to the south in
the summer with anomalously warm near-surface air temperatures covering much of the continent reaching
anomalies over 2 °C over large portions of the southern US (Figure S8b). The warming extends throughout
the troposphere to 150 hPa (Figure S8c). At this time, near-surface winds (Figure S8d) show an anomalous
easterly to southeasterly flow. The synoptic flow over the continent is characterized by the presence of ele-
vated geopotential heights over large regions of the north Pacific and the southern US/Mexico region
(Figure S8a). High incidence of T, and Ty, heat waves in the SE and SP regions, respectively, is in part
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shaped by the presence of anomalously high and low specific humidity levels in the atmosphere evident over
the two regions (Figure S8e). The surface and atmospheric conditions between spring and summer observed
in 1998 closely resemble those presented by the overall composites constructed for the 10 lowest HB SIE
summers shown in Figures 4 and 5.

Spring and summer conditions in summer 1992 show significant differences to those observed in 1998.
Anomalously cool spring conditions (Figure S9a) with unseasonal near-surface northerly airflow over
Labrador and Baffin Bay and into HB (Figure S9e) likely kept SIE above normal in the region throughout
the spring and into the summer. The ice melt onset day at HB occurred on day 165 that year which is almost
14 days (1.70) later than the 1979-2016 average. The north Atlantic Ocean was relatively cool that spring also
especially along the Labrador coast and south of Baffin Bay and Greenland (Figure S9b). Surface and mid-
tropospheric circulation anomalies over the Atlantic resemble NAO+ and GBI- (Figures S9c and S9d) with
anomalously low midtropospheric geopotential heights covering large regions of the Arctic and the middle
latitudes of the Pacific with a trough positioned over the eastern portions of NA. These conditions would pro-
mote northerly airflow into the lower latitudes of the continent from the north allowing the polar jet to
migrate deep into the south (not shown). The summer was also cool throughout much of NA east of the
Rocky Mountain range in the summer (Figures S10b and S10c) with the eastern sections of NA dominated
by a well-developed midtropospheric trough that brought the a cold air from the north into the southern lati-
tudes of the USA (Figure S10a) significantly reducing the potential of heat wave formation across the
southern US.

3.6. Teleconnective Influences

In addition to the aforementioned influences of the NAO and GBI, we also consider the influence of other
atmospheric teleconnective features known to shape the background state of atmospheric variability and
potentially modify the relationship between U.S. heat waves and sea ice decline in the HB region. Ding
et al. (2014) and Chylek et al. (2009), respectively, point to the linkage between recent Arctic warming across
northeastern Canada and Greenland and the state of the equatorial Pacific (i.e., ENSO) at interannual time-
scales and the state of the Atlantic Ocean thermohaline circulation or AMO at multidecadal timescales. Liu
et al. (2004) document the interannual influence of the ENSO and AO on eastern Arctic sea ice including
HB. Table 1 presents the indices of the teleconnection patterns known to influence climate including air
temperature across eastern US in summer, namely, those associated with ENSO, Pacific Decadal
Oscillation, AMO, NAO, and GBI during low-HB sea ice summers; indices of consequence here are high-
lighted in gray. Low ice summers do not show any particular preference for either phase of the ENSO outside
of summer and back to the previous fall. We note, however, that six of the 10 SIE— years coincide with La
Nifia conditions in the equatorial Pacific during the summer months, results that are consistent with
Wang et al. (1994) and Liu et al. (2004) who find by analyzing data for all months of the year that low sea
ice conditions in HB coincide with simultaneously occurring negative NAO and La Nifia conditions in the
equatorial Pacific. NAO and GBI show the greatest association to low-ice conditions in HB in spring, with
nine of the 10 years coinciding with negative phase of the NAO and positive phase of the GBI; only GBI
retains influence into the summer months, however, in 7 years out of 10. Similar to Wang et al. (1994),
we find no preference to either phase of the NAO during low ice summers in HB. The potential influence
of the slowly varying north Atlantic SSTs as expressed by the AMO, however, is notable showing seven of
the 10 lowest ice years (SIE—) occurring during positive phase of the AMO synchronous with anomalously
warm extratropical Atlantic basin SSTs. Also, evident is a high coincidence of warm north Atlantic Ocean
(AMO+) conditions with enhanced incidence of blocking, or GBI+ (9/10 years) over the Greenland/West
North Atlantic region (Table 1). The latter results are similar to those described for the winter season by
Hakkinen et al. (2011). Further exploration is warranted as the background state of the Atlantic basin
may pose influence on the potential atmospheric responses to declining HB sea ice conditions and concur-
rent incidence of heat waves in the USA.

Considering all 38 years between 1979 and 2016, 21 are AMO+ years and 11 coincided with lower-than-
expected SIE in HB (SIE-Neu or SIE—) and 10 years coincided with higher-than-expected SIE (SIE+Neu
or SIE+) conditions. Three of the 10 highest SIE summers, 2016, 2004, and 2013, coincided with some of
the strongest AMO+ conditions. There is nearly an equal split between SIC+ and SIE— summers during
AMO+ years. Similar probabilities are observed with respect to heat wave occurrence, where of the 21
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Figure 6. Mean June-August anomalies in the 500-hPa geopotential height (m) surfaces associated with extreme low
(SIE—) HB sea ice conditions during (a) AMO+, (b) AMO—, and (c) their difference; (d) response to sea ice loss
modulated by the AMO; (e) response to sea ice loss during AMO+ and; (f) response to sea ice loss during AMO—. Unless
otherwise indicated ERA-Interim data was used to construct the captions. AMO = Atlantic Multidecadal Oscillation; SIE
= sea ice extent.

AMO+ summers, 12 (57%) coincided with higher-than-expected southern U.S. heat wave frequencies.
Together, these probabilities suggest that it is unlikely that the AMO is solely responsible for the decline
in HB SIE and increase of heat wave frequencies in the southern US during summer. It is, however,

BUDIKOVA ET AL. 6259



'AND SPACE SCiENCE

Journal of Geophysical Research: Atmospheres 10.1029/2018JD029365

plausible that the slow-varying background state of the Atlantic basin as described by the positive state of the
AMO in recent decades and in our study may act to modulate the atmospheric response of sea ice decline and
modify the SIE/heat wave relationships.

Using a compositing approach similar to Osborne et al. (2017), we attempt to explore the potential influence
of the AMO on the SIE/heat wave relationships by examining 500-hPa geopotential height anomalies. We
classify the 20 extreme SIE years by the phase of the AMO as specified by the January-August AMO index
into four AMOISIE combinations (Table S4) and construct mean composite maps for each pair. We note the
extremely limited number of degrees of freedom in this analysis. First, we assess the influence of the AMO
during low SIE years only. The results shown in Figures 6a-6¢ indicate an expected increase in geopotential
heights throughout large portions of the NH with notable elevations of the 500-hPa geopotential height level
observed over an area spanning from the central Arctic toward Greenland and HB during AMO+ years;
these conditions are coupled with reduced heights in the north Pacific south of Alaska (Figure 6c). The
AMO influence is lacking over the southern and SE sections of the USA, our study area, in these results.
Next, we quantify the summer atmospheric “response” to sea ice loss in HB during AMO+ and AMO— sepa-
rately, by constructing mean difference composite maps (e.g., [SIE-IAMO+ minus SIE+IAMO+], for AMO
+ and [SIE—|AMO— minus SIE+IAMO-], for AMO—; Figures 6e and 6f). We note the presence of an anom-
alous midtroposheric ridge situated over our study area during both AMO+ and AMO- years. During the
former the ridge resides over a large area encompassing the eastern US/southern Canada; during the latter,
its influence is dominant over the southern portions of the USA, from coast to coast. The two zones of ridging
encompass our U.S. study area.

The overall AMO modulation of the atmospheric response to sea ice loss is assessed here by examining the
differences between the two above responses (Figure 6d). Its atmospheric influence over the eastern US is
again most notable in the Midwestern/Great Lakes region through locally increased geopotential heights
and near-surface air temperatures (not shown), owing to the eastern US ridge that is elongated toward the
north during AMO+ years. The influence of AMO+ is also again evident over the high latitudes of the north
Pacific around Alaska and along the Pacific coast where geopotential heights decline (Figure 6d). A compar-
ison of this pattern of influence to that noted in Figure 5b suggests that AMO+ may act to increase the mean-
dering of the jet flow over the NA continent that moves deeper to the south in the west and farther north in
the east, amplifying the atmospheric wave train, during summers when sea ice levels are low in HB. Using a
modeling approach, Osborne et al. (2017) found the winter atmospheric response to sea ice decline across the
PNA region to be sensitive to the state of the AMO, with a high-low-high wave train depicting atmospheric
flow from the north Pacific through the NA continent, during AMO— phase. Together, these results provide
supporting evidence to the hypothesis that decline in HB SIE may play a notable role in shaping the ensuing
atmospheric response over North America, especially in its eastern sector, including the central and SE US.
The changes act to increase atmospheric temperatures and incidence of summer heat waves in the U.S. area.

4. Discussion and Conclusions

Using statistical analyses involving a multitude of surface and atmospheric conditions (i.e., anomalies in sur-
face moisture, evapotranspiration, precipitation, surface and atmospheric air temperature, sea level pres-
sure, middle- and upper-level geopotential heights and winds, and SST), this study examines the
relationships between U.S. summer heat wave frequencies and regional spring and summer Arctic sea ice
conditions. Our results reveal a series of boundary and atmospheric circulation patterns suggestive of a
potential influence of summer HB sea ice conditions on same season heat wave frequency across the SP
and SE regions of the USA. The interaction of the various conditions appears to be initiated one season ahead
in spring with anomalous surface (land and ocean) and atmospheric warming across portions of northeast-
ern Canada, including HB, the Arctic, and large sections of the northwestern Atlantic and Greenland. This
warming is facilitated by near-surface winds (reinforced by a collocated atmospheric ridge) that advect warm
air into the HB region. Such conditions coincide with earlier than normal sea ice melt and surface heat
absorption in the HB region. The anomalous heating likely influences the formation of a persistent thermal
ridge that coincides with slower zonal (westerly) winds, potentially as a result of reduced poleward thermal
gradient observed between HB and eastern US/Canada in spring. These results are consistent with Arctic-
midlatitude “linkage” studies as detailed by Vihma (2014) and Cohen et al. (2018). Coumou et al. (2015)

BUDIKOVA ET AL.

6260



Journal of Geophysical Research: Atmospheres 10.1029/2018JD029365

suggest that a reduction of the north-south thermal gradient and mean zonal winds may act to lessen the
total atmospheric eddy kinetic energy and increase the amplification of quasistationary waves throughout
the NH. Our results indicate the presence of atmospheric blocking that persists throughout the summer
months over eastern NA. Associated with this block is increased summertime warming throughout the
atmospheric column with maximum surface heating >1.5 °C collocated with the ridge over the SP.

The observed response of atmospheric flow over NA during low Hudson SIE summers is consistent with pre-
vious studies (Budikova & Chechi, 2016; Tang et al., 2013) and suggests greater meridional flow across the
continent with increased incidence of troughing and ridging in the western and eastern US, respectively.
The Greenland blocking pattern, observed here in spring and summer, has been recognized to enhance mer-
idionality in the hemispheric atmospheric circulation as well, in part, through the displacement of the jet
southward (Hanna et al., 2018). This pattern prompts southeasterly transport of warm, moist air into
Baffin and HB that further influences the regional melt and local warming (Ballinger et al., 2018; Hanna
et al., 2014, 2016, 2018).

During the 1979-2016 period, low sea ice summers in HB have coincided with higher frequency of extreme
(i.e., low humidity) heat waves in the SP and oppressive (i.e., high humidity) heat waves across large portions
of SE and portions of MW US. The distinct heat wave character can be accounted for by local surface and
atmospheric conditions during the preceding spring and during the summer months. Both areas are overlain
with a large-scale atmospheric blocking that advects southerly air and heat into the regions, with maximum
atmospheric heating observed over the SP. The heat waves in the SP are preceded by anomalously dry spring
conditions with low surface moisture and atmospheric humidity; dry conditions continue into the summer
in this area. Large portions of the SE are wetter than normal in the spring with adequate-to-surplus soil
moisture conditions and increased atmospheric humidity in the summer. Precursor surface and atmospheric
moisture (mainly in the spring) appears to ultimately shape the nature of the heat waves associated with low
summer sea ice conditions in the HB.

The series of proposed atmospheric modifications includes important interactions between modes of natural
climate variability and the state of low-frequency SSTs over the north Atlantic basin and along eastern NA.
Our results suggest that antecedent (i.e., spring) warm north Atlantic land-ocean surface temperatures along
with strong atmospheric ridging over the northwestern Atlantic and eastern Canada resembling the negative
(positive) NAO (GBI) appear to characterize the large-scale, spring ocean-atmosphere state linking summer
SIE in HB and U.S. heat waves (Overland, 2016; Overland et al., 2016). These conditions have the potential to
enhance early spring melt in the Bay that may in turn favor the development of unique summer surface and
atmospheric conditions over the USA conducive to the formation of heat waves. Ballinger et al. (2018) iden-
tify a linkage between persistent and strong high pressure blocking and extreme early melt years of sea ice
west of Greenland. We argue that the early onset of sea ice melt in HB in the spring may similarly enhance
the strength of the surface and atmospheric warming and in turn further strengthen the blocking pattern
over northeastern Canada throughout the season. These conditions in turn may support the development
of the high-amplitude Rossby wave flow and atmospheric blocking systems in the middle latitude of the
NH including the southern US in the following summer, paving the path to increased incidence of summer
heat waves across the region.

This study offers a detailed analysis of observational records depicting various spring and summer surface,
atmospheric, and oceanic conditions associated with reduced sea ice conditions across HB between 1979
and 2016. The purpose is to assess the viability of observed relationships between sea ice levels and the inci-
dence of summer heat waves across the SP and SE regions of the USA as a first step in helping to gather evi-
dence to establish a physical mechanism describing the connection between the two and further build on our
existing knowledge of Arctic-middle latitude climate connections and influences.

Observational data sets are limited in length, here to only 38 years, posing a challenge when attempting to
identify a signal in a highly variable atmosphere (e.g., AMO, SIE, and atmosphere interaction assessment).
The difficulty in isolating the linkage mechanism using statistical methods alone is further compounded by
the superimposed influence of various oceanic and atmospheric conditions that are known to shape either
sea ice and/or extreme temperatures and potentially U.S. heat wave occurrence. Our results identify the role
of one low-frequency variability in the Atlantic basin, particularly the AMO+ state, as one such influence
that cannot be overlooked as it is known to impact extreme summer temperatures across eastern US
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(Arguez et al., 2009) and has been dominating the slow-varying state of the Atlantic ocean-atmosphere sys-
tem since the early 1990s. Recent literature on Arctic-middle latitude linkages recognizes that the mean
background state of the ocean-atmosphere system may help shape the response of the atmosphere to sea
ice variability in nonrandom ways, offering a potential to improve the predictions of the impacts resulting
from sea ice decline at decadal timescales (Cohen et al., 2018; Osborne et al., 2017). Osborne et al. (2017)
in turn argue that a particular state of the ocean-atmosphere system should be viewed as an advantageous
phase for interpreting Arctic linkages with lower latitudes. Our results strive to build upon this work by pro-
viding observational evidence that speak to the potential influence of the positive phase of the AMO on the
character of the atmospheric response to sea ice decline in HB.

Finally, it is important to point out that statistical analyses of observational records assessed here cannot rule
out the influence of internal climate variability that may persist over seasonal timescales and act to simulta-
neously modify both SIE in Hudson Bay and southern U.S. heat wave frequency. Therefore, a necessary step
forward in the process of determining the physical linkages responsible for these relationships will require
the use of dynamical modeling methods that will allow for the relationships between sea ice variability
and heat waves/atmospheric responses to be studied in isolation without the influence of random
atmospheric fluctuations.
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