
1. Introduction
Heat extremes are a natural component of the climate system but have become more intense, more frequent, 
and more spatially extensive as a result of a warming climate (Meehl & Tebaldi, 2004; Perkins-Kirkpatrick & 
Lewis, 2020). Heat extremes are also closely related to other compound climate extremes, such as droughts (e.g., 
H. Wang et al. (2014)), wildfires (e.g., P. Williams et al. (2013)) and air pollution (e.g., Schnell et al. (2016); Shen 
et al. (2016)), causing widespread agricultural, ecosystem and societal impacts. Previous work has extensively 
studied the precursors of heat extremes including persistent anticyclones (e.g., Dole et al. (2011); Trenberth and 
Fasullo (2012)) and local land-atmosphere feedbacks (e.g., Fischer et al. (2007); Lorenz et al. (2010); Mueller 
and Seneviratne (2012)).

Multiple remote factors play an important role in affecting U.S. heat extremes during boreal summer. Previ-
ous studies have found that tropical (Deng et al., 2018; Hoerling & Kumar, 2003; Lee & Grotjahn, 2019; Lin 
et al., 2022; Lopez et al., 2022; Schubert et al., 2004) and midlatitude (Namias, 1982; Namias, 1991; Lyon & 
Dole, 1995; B. Wang et al., 2001; Lau et al., 2005; Ding et al., 2011; Donat, 2016; McKinnon et al., 2016; Zhu & 
Li, 2016; Lopez et al., 2019; Jong et al., 2020) sea surface temperature (SST) anomalies can precede extreme heat 
events. Typically these SST anomalies generate a poleward and eastward propagating Rossby wave train pattern 
and establish a high pressure system in the U.S., which is favorable for the occurrence of heat extremes. For exam-
ple, Hoerling and Kumar (2003) attributed the drought/heat conditions in the U.S. to cold SSTs in the eastern 
tropical Pacific and warm SSTs in the western tropical Pacific and Indian Ocean. McKinnon et al. (2016) stud-
ied the heat extremes in the eastern U.S. and found a skillful prediction by as much as 50 days in advance from 
the Pacific Extreme Pattern with a zonal tripole pattern in the midlatitude Pacific SST (i.e., a cold-warm-cold 
SST pattern). However, the impact of the tropical and midlatitude SSTs could be hard to disentangle in nature 
due to their coupling. In addition, a quasi-stationary midlatitude circumglobal teleconnection pattern, likely 
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driven by midlatitude internal dynamics, can also drive U.S. heat extremes (Petoukhov et al., 2013; Screen & 
Simmonds, 2014; Teng et al., 2013).

Considering that many remote factors could contribute to increased U.S. heat extremes, a key question we aim 
to address here is—what is the most effective remote oceanic forcing in driving U.S. heat extremes in summer? 
To answer this question, we make use of a set of Green's function q-flux perturbation experiments, construct the 
linear response function (LRF) that explicitly and causally links U.S. heat extreme response to ocean q-flux forc-
ing and compute the pair of response and forcing that is associated with the largest response-to-forcing ratio. As 
shown in more details below, the Green's function approach is useful in identifying a causal relationship between 
the forcing and response, as compared to conventional statistical methods.

2. Data and Methods
2.1. Model Experiments and Reanalysis Data Sets

First, we make use of the Green's function q-flux perturbation experiments by Liu et al. (2018). The experiments 
are performed using the slab ocean model (SOM) configuration of the CESM1.1 (Hurrell et al., 2013) which 
includes the Community Atmosphere Model version 5 (CAM5) (2.5° longitude by 1.9° latitude horizontal reso-
lution) and a thermodynamic sea ice component of the Community Ice Code (CICE). The control simulation is 
a 900-year long CESM1.1-SOM run, forced with pre-industrial carbon dioxide levels and solar radiation, with a 
specified climatological ocean mixed layer depth h and q-flux that represents the three-dimensional ocean heat 
transport divergence and mixing. The SST is prognostic and calculated based on the thermal coupling between 
the SOM and the atmosphere. For the perturbation experiments, 97 pairs of localized “warm patch” and “cold 
patch” simulations are performed, in which an anomalous elliptical q-flux patch (Figure S1 in Supporting Infor-
mation S1) is added to or subtracted from the climatological q-flux. More details on the experimental design can 
be found in Liu et al. (2018). 200-year daily surface temperature (TS) from the control and 40-year daily TS from 
each of the perturbation experiments are used for the analysis of heat extremes.

For observations, we use the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 reanal-
ysis (Hersbach et al., 2020) due to its long time span (1959–2021) as compared to other reanalysis datasets. We 
remove the linear trend in ERA5 for the analysis. In addition, we also use the prescribed SST global Atmospheric 
Model Intercomparison Project (AMIP) ensembles forced with observational SST and sea ice with CAM5.2 
and CAM6 that are performed by NCAR. For CAM5.2 with a horizontal resolution of 1.25° longitude by 0.9° 
latitude, we focus on 1959–2015, remove the linear trend and aggregate the data over 10 ensemble members, 
and in total we have 570 years. Similarly for CAM6, which has the same horizontal resolution as CAM5.2, we 
have 630 years (1959–2021, 10 ensemble members). We use post-1959 data in prescribed SST runs to match the 
ERA5 time span.

2.2. Linear Response Function

We use the linear response function (LRF) method to extract the most effective q-flux forcing that drives 
U.S. heat extremes from the Green's function experiments. A dynamical climate system can be formulated as 
(Palmer, 1999):

�̇�𝐱 = 𝐋𝐋𝐱𝐱 + 𝐀𝐀𝐀𝐀 , (1)

where x denotes the response in state variables in the climate system, f represents the external forcing, L is the 
LRF that represents the dynamical climate system response to the forcing and is a square matrix, and A works 
to bridge the forcing to the response and could be a non-square matrix if the forcing and response are different 
variables and have different spatial coverage. Since we focus on the equilibrium response, 𝐴𝐴 �̇�𝐱 = 𝟎𝟎 and Equation 1 
can be written as

𝐀𝐀
−𝟏𝟏
𝐋𝐋 = −𝐟𝐟𝐟𝐟

−𝟏𝟏
. (2)

We define 𝐴𝐴 �̃�𝐋 = 𝐀𝐀
−𝟏𝟏
𝐋𝐋 and 𝐴𝐴 �̃�𝐋 plays a similar role as the LRF L as in the literature. We calculate 𝐴𝐴 �̃�𝐋 by using 

Equation 2 and the Green's function experiments. Specifically, f is the q-flux forcing perturbation across all the 
perturbation experiments and has M × J dimension with M representing the number of grid points over the ocean 
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covered by q-flux and J representing the number of perturbation experiments. And, as the linear component 
approximates the actual response when the forcing is small (Gritsun, 2010), we focus on the linear component 
of the U.S. heat extreme response by estimating x = (x+ − x−)/2 with subscripts + and − denoting the positive 
and negative forcing experiments, respectively, across all the perturbation experiments. Although it's not the 
focus of this study, the nonlinear response is non-negligible (not shown). x has a dimension of N × J with N 
indicating the number of grid points covering the contiguous U.S. Since x is not necessarily a square matrix, 
we calculate x −1 using pseudo-inversion as 𝐴𝐴

(

𝐱𝐱
𝐓𝐓
𝐱𝐱
)

−𝟏𝟏

𝐱𝐱
𝐓𝐓 , where superscript T denotes transpose, and x Tx is found 

to be well-conditioned and invertible in our study. Thus 𝐴𝐴 �̃�𝐋 has M × N dimension, independent of the number of 
experiments. Then the singular value decomposition of 𝐴𝐴 �̃�𝐋 is calculated, and the most effective forcing and its 
corresponding response is provided by the pair of singular vectors associated with the smallest singular number 
and thus maximum response-to-forcing ratio (Barsugli & Sardeshmukh,  2002; Dong et  al.,  2019; Goodman 
& Marshall, 2002; Hassanzadeh & Kuang, 2016; Liu et al., 2018; Lu et al., 2020; Marshall & Molteni, 1993; 
Wu et al., 2021). The right singular vector, known as the neutral vector, reveals the most excitable mode of the 
response, and the left singular vector, which corresponds to the optimal forcing, is the most effective q-flux 
forcing in driving the response. The other variables (Z, such as surface temperature and precipitation) associated 
with the neutral vector and optimal forcing can be estimated as Zn ≈ Zx −1xn with subscript n denoting the neutral 
vector.

In addition, we focus on extreme heat frequency and define it as the number of days exceeding the 95th percentile 
of the daily surface temperature threshold. For the linear response of extreme heat frequency, we first calculate 
the 95th percentile based on the 200-year control run. We then calculate the heat frequency separately in the 
positive and negative forcing runs and take the difference between the two divided by 2. We focus the analysis on 
the contiguous U.S., which is the land area in the region of 125°–67°W, 25°–49°N.

3. Results
3.1. Green's Function Experiment Results

Figures 1ab show the neutral vector of U.S. extreme heat frequency and corresponding optimal q-flux forcing that 
is the most effective in exciting a U.S. wide and seasonally increased extreme heat frequency. The optimal forcing 
is first scaled by the smallest singular number. Then both the neutral vector and optimal forcing are scaled so that 
the maximum of the neutral vector over the U.S. is 6 days so as to better compare with the rest of the study. For the 
neutral vector, it shows an increase of extreme heat frequency broadly over the entire U.S. by about 2–6 days in 
summertime mean, especially in the South and the West. For the optimal q-flux forcing, positive values indicate 
that a positive forcing causes an overall increased U.S. extreme heat frequency while negative values indicate 
that a negative forcing leads to an overall increased extreme frequency. The magnitude measures the covariabil-
ity between the optimal forcing and neutral vector, a forcing that projects more strongly on the optimal forcing 
pattern (Figure 1b) tends to drive a larger magnitude of the heat frequency pattern (Figure 1a). The optimal q-flux 
forcing shows an overall positive forcing over the North Pacific and North Atlantic Ocean, a negative forcing in 
the eastern tropical Pacific and patchy patterns in the Southern Hemisphere oceans.

Since the q-flux perturbation is expected to affect the SST, which changes the diabatic heating, atmospheric tele-
connection and thus heat extremes, Figures 1c, 1d, and 1e show these variables that are associated with the neutral 
vector to better reveal the linkage between the neutral vector and optimal forcing. The surface temperature associ-
ated with the optimal forcing shows an overall increase in most of the global ocean, particularly the North Pacific 
Ocean, the North Atlantic Ocean and the Southern Hemisphere oceans, and a relatively weaker cooling in the 
tropical eastern and central Pacific. The precipitation shows an increase in the NH subtropical western Pacific and 
midlatitude western Atlantic, an overall decrease in the Indian Ocean and tropical Pacific, and an overall increase 
in the northern tropical Atlantic. The 200 hPa geopotential height shows a nearly circumglobal wave train pattern 
in the NH midlatitudes, dominated by zonal wave number 4, 5, and 1, with a ridge over the midlatitude western 
Pacific, midlatitude eastern Pacific, contiguous U.S., midlatitude North Atlantic, and southeastern Europe. The 
results suggest that the warming over the North Pacific and its resulting increased precipitation likely drives a 
Rossby wave train and a summertime ridge over the contiguous U.S., which is favorable for heat extremes. The 
warming over the North Atlantic could also play a role and will be discussed next.

To better understand the LRF results, we perform a simple composite analysis based on the linear response 
by selecting the perturbation experiments with the 15 largest (Figure 2 left column) and 15 smallest (Figure 2 
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right column) U.S.-mean extreme heat frequency response, respectively. Figure S2 in Supporting Information S1 
shows the histogram of the linear response of U.S.-mean extreme heat frequency among the q-flux perturbation 
experiments. As can be seen, the 15 largest experiments correspond to the positive q-flux forcings leading to an 
increased heat frequency while the 15 smallest ones are the positive q-flux forcings causing a decreased heat 
frequency. Since the responses are linear, we flip the sign of Figure 2 right column so that negative q-flux forc-
ing corresponds to an increased extreme heat frequency. The resultant q-flux forcing can be compared with the 
optimal forcing pattern in Figure 1b, while the physical consistency across the variables shown in the right panels 
of Figure 2 can be still maintained. As can be seen, Figures 2c and 2d in combination are similar to Figure 1b 
in pattern (i.e., the pattern correlation between Figure 1b and sum of Figures 2c and 2d is 0.66) and verify the 
LRF results, despite the difference in values. The LRF method takes the magnitude and pattern of extreme heat 
frequency into account while the composite analysis is a simple average. Nonetheless some features of the LRF 
results can be interpreted using the composite analysis. In particular, the composite analysis separates the optimal 
q-flux forcing into Figure 2c, which is dominated by positive q-flux forcings over the western and central North 
Pacific and western North Atlantic, and Figure 2d, which shows negative q-flux forcings over the eastern tropical 
Pacific and others scattered in the North Atlantic, Indian Ocean and Southern Ocean.

The associated atmospheric circulation in the composite means is also shown (Figures  2e–2l). Since local-
ized q-flux forcing could drive a global surface temperature response, we test the robustness of the surface 
temperature response by examining the sign agreement in the composite. As a result of the positive q-flux 
forcings in Figures 2c and 2a net energy flux input into the atmosphere, the surface temperature (Figure 2e) 

Figure 1. Linear response function results for summertime (JJA) U.S. extreme heat frequency. (a) The neutral vector for JJA U.S. extreme heat frequency and (b) its 
corresponding optimal q-flux forcing. The associated JJA (c) surface temperature (TS), (d) precipitation (PRECT), and (e) 200 hPa geopotential height (Z200 with 
contours starting from 15 m with an interval of 5 m) with the neutral vector. The neutral vector is scaled so that its maximum over the U.S. is 6 days. The optimal 
forcing is scaled by the smallest singular number and also the neutral vector rescaling. Box in (a) indicates the contiguous U.S.
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Figure 2.
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shows a global warming. Similarly for Figures 2d and 2f, it shows a global cooling. Taking Figures 2e, 2g, & 2i 
all together, the positive q-flux forcings in Figure 2c drive an increased surface temperature and precipitation 
over the western North Pacific and an eastward propagating Rossby wave train that likely originates from the 
western North Pacific as a result of increased precipitation and has upper-level ridges south of Alaska and over 
the contiguous U.S. In the North Pacific Ocean, increased SST warming is generally co-located with increased 
precipitation and an upward turbulent heat flux anomaly (Figure 2k) indicating SST driving the atmosphere. 
For the North Atlantic, although a pronounced increased surface temperature is found in mid-and-high latitudes, 
in the q-flux experiments it lacks robustness in the composite and is thus not further discussed in this study 
although previous studies such as Lopez et al. (2022) found the tropical North Atlantic warming to be important 
for the Great Plains heat waves. On the other hand, the atmospheric circulation associated with Figure 2d shows 
a La Nina-like SST and precipitation in the tropical Pacific and North Pacific, in addition to an overall global 
cooling (Figures 2f, and 2h). This causes a ridge anomaly over the west of the U.S. (Figure 2j), leading to a 
modest increased heat frequency in the West and the South (Figure 2b). The turbulent flux response (Figure 2l) 
is overall consistent with a La Nina-like pattern. We note that the Southern Hemisphere q-flux forcing experi-
ments are challenging to interpret but some of them possibly drive an increase of heat frequency by modifying 
the tropical and Northern Hemisphere SSTs.

The impact of western North Pacific warming and wetting on U.S. heat extremes has been explored in previous 
studies (B. Wang et al., 2001; Zhu & Li, 2016; Lopez et al., 2019). In particular, the underlying dynamical mech-
anism has been well studied in Lopez et al. (2019) using a simple linear baroclinic model forced by East Asian 
monsoon diabatic heating. Our precipitation pattern (Figures 1d and 2g) is similar to their East Asian monsoon 
rainfall (Figure 5ab of Lopez et al. (2019)). Our wave train pattern (Figures 1e and 2i) over the North Pacific 
sector is also similar to Figure 3bd of Lopez et al. (2019), especially the three upper-level ridges over the western 
North Pacific, the Aleutian low region, and the contiguous U.S. Our wave train pattern also extends to the North 
Atlantic and Europe and shares some resemblance to the circumglobal teleconnection in Teng et al. (2013). Our 
results differ from the Pacific Extreme Pattern in McKinnon et al. (2016) which found a zonal tripole pattern in 
the midlatitude Pacific SST in leading to eastern U.S. heat extremes in observations. One possibility underlying 
the difference may be the area of interest—while McKinnon et al. (2016) focused on the eastern U.S., our study 
is on U.S.-wide heat extremes.

In nature North Pacific warming can be caused by eastern tropical Pacific cooling on inter-annual timescales, 
making it challenging to disentangle their contributions. The Green's function experiments have the advantage 
in establishing the causal relationship between the forcing and response and in separating the effect of eastern 
tropical Pacific cooling and North Pacific warming on U.S. heat extremes. Comparing the left and right columns 
of Figure 2, it is clear that although both Figures 2c and 2d lead to an increased U.S. heat extreme frequency, the 
western North Pacific is more effective in causing a larger magnitude of increase averaged across the U.S. (about 
1.05 days) than the eastern tropical Pacific (about 0.29 days). This also explains the dominance of North Pacific 
warming over eastern tropical Pacific cooling in causing the U.S. heat extremes as revealed by the LRF method 
(Figures 1b and 1c).

3.2. Support From Observations and Model Experiments

Next we explore whether there is any support for the LRF results in comprehensive model experiments and obser-
vations. Guided by the LRF results, we aim to separate the effect of western North Pacific warming in the absence 
of eastern tropical Pacific cooling and eastern tropical Pacific cooling on U.S. heat extreme frequency using 
composite analysis despite the caveat that cause-and-effect might be less clear. For the effect of North Pacific 
warming as revealed by Figure 2 left column, the fact that the SST is important in driving the atmosphere suggests 
that atmospheric models with prescribed SSTs may be able to simulate the teleconnection pattern. However, 

Figure 2. Composite analysis of U.S. heat extreme frequency from Green's function q-flux experiments. (Left) Composite mean of the perturbation experiments that 
have the 15 largest U.S.-averaged heat extreme frequency. (Right) Similar to left but with the 15 smallest U.S.-averaged heat extreme frequency. All the variables in the 
right column are multiplied by −1 so that a negative q-flux forcing corresponds to an increase of U.S. heat extreme frequency. (a) U.S. heat extreme frequency, with the 
number within parentheses indicating the U.S.-averaged heat extreme frequency response. (c, e, g, i, k) Associated q-flux forcing perturbation, JJA surface temperature 
(TS), precipitation (PRECT), 200 hPa geopotential height (Z200), and sum of surface sensible (SH) and latent heat flux (LH) (positive upward from the surface to the 
atmosphere). Boxes in (a, b) indicate the contiguous U.S. For (a, b, e–l), grid points with less than 10 out of 15 experiments agreeing on the sign of the response are 
dotted. For (i, j), contours also plot Z200 with positive values in solid contours and negative values in dashed contours. In (i), the contours start from 16 m with an 
interval of 4 m. In (j), solid contours start from 2 m with an interval of 2 m, and dashed contours start from −20 m with an interval of −20 m.
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we also note that the Green's function and prescribed SST experiments might not be directly comparable as the 
composites of the Green's function experiments include a net energy flux input (or output) into the atmosphere 
and thus a global warming (or cooling) due to experimental design.

We start by showing the results in prescribed SST experiments from CAM5.2, a similar model version to that 
in which the Green's function experiments are performed but with a finer horizontal resolution. To isolate 
the effect of western North Pacific warming in the absence of eastern tropical Pacific cooling, guided by 
Figures 2e and 2a composite of 60 years (which is the same 6 years in 10 ensembles, see Text S1 in Supporting 
Information S1 for detailed information) is made by conditioning on a warmer-than-normal western North 
Pacific (i.e., box-averaged temperature larger than 0.5 standard deviation) and a normal eastern tropical Pacific 
temperature (i.e., box-averaged temperature within ±0.5 standard deviation). The box region of the western 
North Pacific is chosen based on Figures 2e, 2g, and 2i to isolate the localized warming and wetting in the 
western part. The box region of the eastern tropical Pacific is similar to the Ni𝐴𝐴 𝐴𝐴𝐴 o 3.4 index region except for an 
extension in latitude to connect seamlessly with the western North Pacific box region. The results are overall 
insensitive to the choice of box region (not shown). The composite selection criterion is chosen to provide an 
adequate composite size but the conclusions remain the same with different criteria (Figure S3 in Supporting 
Information S1). As a result of warmer (Figure 3a) and wetter (Figure 3c) western North Pacific, an eastward 
propagating Rossby wave train is generated and leads to a ridge over the contiguous U.S. (Figure 3a) and an 
increased U.S.-wide heat extreme frequency by as large as 6 days in the JJA mean (Figure 3e), which is in 
agreement with the Green's function results.

For comparison, we also isolate the effect of eastern tropical Pacific cooling from CAM5 prescribed SST 
experiments making a composite of similar size in which the eastern tropical Pacific is colder-than-normal 
(i.e., box-averaged temperature less than −1 standard deviation). As shown in Figures 3b, 3d, and 3f, a typi-
cal poleward and eastward propagating wave train, which is similar to observations (e.g., Figure 3cf of Jong 
et  al.  (2020)), is generated following decreased surface temperature and precipitation in the eastern tropical 
Pacific Ocean, resulting in a ridge anomaly over eastern North America and an increased heat extreme frequency 
over the northeast U.S. by about 0.5–1.5 days in the summertime mean with limited region of statistical signifi-
cance. A significant decrease of heat frequency is also found in the west. Therefore, the CAM5 prescribed SST 
experiments also suggest that western North Pacific warming plays a more important role in contributing to U.S. 
heat extreme frequency increase compared to eastern tropical Pacific cooling, in agreement with the Green's 
function results. However, the 200 hPa geopotential height and U.S. heat extreme frequency associated with 
eastern tropical Pacific cooling in the prescribed SST experiments are quite different from the Green's function 
composite analysis. This could be due to the global cooling and/or more complex remote SST response in the 
Green's function q-flux experiments.

Next we also extend our analysis to CAM6 prescribed SST experiments to explore possible model dependency. 
Overall the results are consistent with the LRF and CAM5 prescribed SST analysis that a warmer-than-normal 
western North Pacific in the absence of eastern tropical Pacific cooling is associated with an increased frequency 
of heat extremes over the contiguous U.S. However, some model-to-model differences are also found. For exam-
ple, while the increased heat extreme frequency mainly occurs in the West and the South in CAM5 (Figure 3e), 
CAM6 composite analysis shows a northward shifted impact, particularly over the Pacific Northwest (Figure 4e). 
Also, despite the similarity in SST composite, the impact of eastern tropical Pacific cooling on U.S. heat extremes 
is slightly larger in the Northeast in CAM6 compared to CAM5 (Figures 3f and 4f). The associated wave train 
simulated in CAM6 also differs slightly from observations and CAM5 as the Aleutian low anomaly is shifted 
westward (Figure 4b).

Finally, we also perform similar composite analysis based on the ERA5 reanalysis (Figure 5). The results are 
mainly consistent with the LRF and prescribed SST experiments although the statistically significant regions are 
limited due to the small sample size. Differences lie in that, for example, in the western North Pacific warming 
composite, the associated increased heat extreme frequency is more confined to the west of the U.S. with a small 
decrease in the east (Figure 5e). In the eastern tropical Pacific cooling composite, while some limited signifi-
cant increased heat extremes are seen in the Northeast and Midwest, decreased extremes are found in the west 
(Figure 5f).
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4. Conclusion and Discussions
In this study we make use of the CAM5 Green's function q-flux perturbation experiments and explore the most 
effective remote oceanic q-flux that drives summertime U.S.-wide heat extremes. We find that q-flux warm-
ing of SSTs over the western North Pacific Ocean is the most effective in causing an increased heat extreme 
frequency via driving increased precipitation over the western North Pacific Ocean and an eastward propagat-
ing Rossby wave train, resulting in a ridge anomaly over the contiguous U.S. In comparison, q-flux cooling 
over the eastern tropical Pacific drives an increased heat extreme frequency but is less effective. Furthermore, 
guided by the LRF results, we separate the role of western North Pacific warming in the absence of eastern 
tropical Pacific cooling and eastern tropical Pacific cooling on U.S. heat extremes in prescribed SST experi-
ments and the ERA5 reanalysis data set. Overall, consistent conclusions are found in both CAM5 and CAM6 

Figure 3. Composite of surface temperature, precipitation and U.S. heat extreme frequency anomalies from CAM5 prescribed SST experiments. June-July-August 
(a) surface temperature (color shadings) and 200 hPa geopotential height (contours), (c) precipitation and (e) U.S. heat extreme frequency anomalies associated with a 
warmer-than-normal western North Pacific (i.e., box-averaged temperature larger than 0.5 standard deviation) and a normal eastern tropical Pacific surface temperature 
(i.e., box-averaged temperature within ±0.5 standard deviation). Panels (a, c, e) are the average of 60 years (see Text S1 in Supporting Information S1 for detailed 
information). Panels (b, d, f) are similar but are associated with a colder-than-normal eastern tropical Pacific (i.e., box-averaged temperature less than −1 standard 
deviation) and are the average of 70 years (see Text S1 in Supporting Information S1 for detailed information). In (a) (b), solid contours indicate positive values and 
dashed contours indicate negative values. The contours in (a) start from 15 m with an interval of 5 m and in (b) start from 5 m with an interval of 5 m. Boxes in (a) 
indicate western North Pacific (120°–180°E, 10°–40°N) and eastern tropical Pacific (190°–240°E, 10°S–10°N), respectively. Box in (b) indicates eastern tropical 
Pacific. Box in (e, f) indicates the contiguous U.S. Dots indicate that the results are statistically insignificant at the 95% level and are plotted at every other grid point for 
better visualization.
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prescribed SST experiments and ERA5 although some model-to-model differences are noticed and the sample 
size is limited in ERA5.

By using novel Green's function experiments, we are able to separate the role of western North Pacific 
warming in the absence of eastern tropical Pacific cooling versus eastern tropical Pacific cooling on U.S. 
heat extremes. Our finding that the western North Pacific is the more efficient area is supported to some 
extent by the observations-based analysis. This has important implications for the predictability of U.S. heat 
extremes based on these remote precursors in SST. However, since we analyze summertime SSTs in both the 
tropical Pacific and western North Pacific regions, it is possible that if there is delayed effect of the tropical 
Pacific on the western North Pacific (e.g., B. Wang et al. (2001)), and our current analysis of the Green's 
function and prescribed SST experiments may not be able to capture the effect. We also note that we focus 
on the linear component of the response in this study but the nonlinear component could be non-negligible 
according to Lu et al. (2020). Also we rely on the Green's function experiments performed by a single atmos-
pheric model given the availability of daily variables for the calculation of extremes. To explore possible 
model-to-model differences, the currently ongoing Green's Function Model Intercomparison Project could 
be the next step.  Future work will also extend to other AMIP ensembles and coupled ocean-atmosphere 
simulations.

Figure 4. Similar to Figure 3 but for CAM6 prescribed SST experiments. Panels (a, c, e) are the average of 90 years. Panels (b, d, f) are the average of 80 years. For the 
composite years, see Text S1 in Supporting Information S1 for detailed information.
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Data Availability Statement
The CAM5 Green's function model output data used for the analysis in the study are available at Columbia 
University Academic Commons via (Wu, 2023). The ERA5 reanalysis data set is downloaded from the Coper-
nicus Climate Change Service (C3S) Climate Date Store - https://cds.climate.copernicus.eu/#!/search?text=ER-
A5&type=dataset. The CAM5 prescribed SST model output is downloaded from https://www.cesm.ucar.edu/
working-groups/climate/simulations/cam5-prescribed-sst. The CAM6 prescribed SST model output is down-
loaded from https://www.cesm.ucar.edu/working-groups/climate/simulations/cam6-prescribed-sst.
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