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Abstract. Surface temperature at polar regions is not only affected by local forcings and feedbacks, but also depends on 

teleconnections between polar regions and low latitude regions. In this study, the responses of energy budget in polar regions 

to remote SST changes are analysed using a set of idealized SST patch experiments. The results show that responses of polar 

energy budget to remote sea surface warmings are regulated by changes in atmospheric energy transport, and radiative 

feedbacks also contribute to the polar energy budget at both the top-of-atmosphere (TOA) and surface. An increase of poleward 10 

atmospheric energy transport to polar regions results in an increase of surface and air temperature, leading to a radiative 

warming at surface and radiative cooling at TOA. In response to sea surface warmings in most midlatitude regions, the 

poleward atmospheric energy transport to polar regions in the corresponding hemisphere increases. Sea surface warming over 

most tropical regions enhances the polar energy transport to both Arctic and Antarctic regions, except that an increase in the 

Indian Ocean's temperature results in a decrease in poleward atmospheric energy transport to the Arctics due to different 15 

responses of stationary waves. Sensitivity of Arctic energy budget to tropical SST changes is generally stronger than that of 

Antarctic energy budget, and poleward atmospheric heat transport is dominated by dry static energy, with a lesser contribution 

from latent heat transport. Polar energy budget is not sensitive to SST changes in most subtropical regions.  

1 Introduction  

As global surface temperature increases, the Arctic region has experienced a surface temperature rise more than twice the 20 

global average (Lenssen et al., 2019), a phenomenon known as "Arctic Amplification" (AA). AA exemplifies the broader 

phenomenon of polar amplification, which is also applicable to the Antarctic. However, due to factors such as the higher 

average elevation of the Antarctic continent, its lower albedo, and feedback efficiency differences, as well as the Southern 

Ocean's heat absorption capacity (Salzmann, 2017; Hahn et al., 2021), the warming in Antarctica appears more moderate 

compared to the Arctic (Marshall 2015; Smith, 2019). 25 

The polar energy budget (PEB) is highly sensitive to various local feedback mechanisms. One important mechanism is the ice-

albedo feedback. Climate warming reduces polar region snow cover, leading to more solar radiation being absorbed, which in 

turn accelerates climate warming and further decreases albedo (Dickinson et al., 1987; Hall, 2004; Boeke and Taylor, 2018; 

Duan et al., 2019). This feedback mechanism forms a positive feedback loop, making the warming in the Arctic more 
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pronounced compared to other regions. Additionally, temperature feedback is another significant contributor to AA (Pithan 30 

and Mauritsen, 2014; Laîné et al., 2016; Sejas and Cai, 2016). Temperature feedback manifests as increased downwelling 

longwave radiation due to atmospheric warming, which in turn heats the surface and increases upwelling longwave radiation, 

creating a positive feedback loop that amplifies surface and atmospheric warming (Sejas and Cai 2016; Vargas et al., 2019). 

During climate warming, the transformation of ice clouds into water clouds increases cloud albedo, leading to negative 

feedback (Mitchell et al., 1989; Li and Le Treut, 1992). Simultaneously, the decrease in lower tropospheric stability increases 35 

Arctic cloud cover and optical thickness (Barton et al., 2012; Solomon et al., 2014; Taylor et al., 2015; Yu et al., 2019), 

contributing to Arctic autumn and winter warming (Boeke and Taylor, 2018). These local feedback mechanisms collectively 

enhance Arctic warming.  

However, polar climate is not only influenced by local feedback processes, but is also highly sensitive to remote effects (Li et 

al., 2021). Specifically, meridional atmosphere heat transport (AHT) plays a crucial role in polar temperatures (Budyko, 1969; 40 

Sellers, 1969; North, 1975), and the efficiency of heat transfer from low latitude regions to the poles significantly surpasses 

that from high latitude regions to the equator under global warming (Alexeev et al., 2005; Chung and Räisänen, 2011; Park et 

al., 2018; Shaw and Tan, 2018; Stuecker et al., 2018; Semmler et al., 2020). Multiple global climate model experiments have 

been conducted to measure the remote influence on Arctic warming. These experiments include adding additional energy terms 

directly to the surface energy balance (Alexeev et al., 2005; Park et al., 2018), using latitude-restricted increases in CO2 (Chung 45 

and Räisänen, 2011; Shaw and Tan, 2018; Stuecker et al., 2018; Semmler et al., 2020), and specifying increases in sea surface 

temperature (SST) in low-latitude regions (Yoshimori et al., 2017). These studies indicate that a portion of Arctic warming is 

induced by indirect effects of remote warming. It is estimated that 50%-85% of Arctic warming is induced by non-local drivers 

(Chung and Räisänen, 2011; Yoshimori et al., 2017; Park et al., 2018; Shaw and Tan, 2018; Stuecker et al., 2018). Local Arctic 

feedbacks further amplify this remotely induced Arctic warming, resulting in the final remotely induced warming, accounting 50 

for half or more of the total Arctic warming. 

In low-latitude regions, sea surface temperature (SST) variations markedly affect the PEB (Alexeev, 2005). It is widely 

accepted that planetary waves play a critical role in establishing teleconnections between tropical oceans and polar regions. 

These waves are pivotal in the transport of heat and moisture to the Arctic, consequently driving the increase in polar 

temperatures (Graversen and Burtu, 2016; Baggett and Lee, 2017). For instance, intensified convective activity within the 55 

Pacific Warm Pool not only strengthens the propagation of Rossby waves toward the poles but also increases the frequency of 

these fluctuations. This enhancement in Rossby wave activity boosts the transport of water vapor to the Arctic, augmenting 

the downward longwave radiation in the Arctic regions (Rodgers et al., 2003; Lee et al., 2011; Lee, 2012; Lee, 2014). While 

synoptic-scale waves also contribute to the transport of heat and moisture to the Arctic, their overall impact is relatively minor 

and becomes significant mainly in the context of amplified planetary waves (Baggett and Lee, 2017). Atmospheric circulation 60 

models reveal that warming of tropical SST from glacial to interglacial periods significantly elevates summer temperatures in 

regions where the Canadian ice sheet forms. This high-latitude response arises from small-amplitude extra-annular climate 

changes, which alter the vertical distribution of atmospheric temperature and water vapor in the extra-annular zone, primarily 
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through atmospheric bridging mechanisms. Conversely, cold tropical SST variations exert a lesser impact on water vapor 

transport and temperature in the Canadian region (Rodgers et al., 2003). The "Tropical Excitation of Arctic Warming 65 

Mechanisms" (TEAM) further elucidates this phenomenon: increased polar moist static energy transport during La Niña 

episodes leads to Arctic winter surface warming, whereas the opposite is true during El Niño episodes (Lee, 2011; 2012; 2014. 

Analysis of El Niño and La Niña composite data shows that localized tropical convective heating intensifies polar temperature 

anomalies.  

In previous researches, scholars primarily focused on the impact of SST over a large area of tropical oceans on the PEB. 70 

However, studies have indicated significant variations in the effects of SST anomalies in different oceanic regions on the global 

climate system (Barsugli,2002; Fletcher,2011). In this study, we employ a set of idealized SST patches experiments to perform 

a systematic analysis on the response of the PEB to SST changes in various areas. 

2 Data and Method 

2.1 Individual patch experiments 75 

The patch experiments were conducted using the Community Earth System Model version 1.2.1 integrated with the 

Community Atmospheric Model 5.3 (CESM1.2.1-CAM5.3, Neale et al. (2012)), operating at a spatial resolution of 1.9° 

latitude by 2.5° longitude. The experimental setup included a control experiment and two sets of patch experiments—one with 

warm patches and another with cold patches. The control experiment spanned 41 years, maintaining the sea surface temperature 

(SST), sea ice, and climatic forcings at the constant present-day levels observed in the (year 2000). The global ocean was 80 

segmented into 80 overlapping rectangular areas, comprehensively covering the global ice-free ocean surface, as depicted in 

Figure 1 of Zhou et al. (2020). In the warm patch experiments, a positive SST anomaly was introduced at the ocean surface 

within a designated patch, while the SST in other regions is same as the control setup. Conversely, the cold patch experiments 

involved introducing a negative SST anomaly at the ocean surface within the respective patches. The SST anomalies in each 

patch were designed according to the equation proposed by Barsugli and Sardeshmukh (2002), which effectively mitigates 85 

nonlinearity due to unrealistic SST gradients, ensuring a more realistic simulation of oceanic temperature variations, 

𝛥𝑆𝑆𝑇𝑃(𝑙𝑎𝑡, 𝑙𝑜𝑛)     = 𝐴 cos2 (
𝜋

2

𝑙𝑎𝑡−𝑙𝑎𝑡𝑝

𝑙𝑎𝑡𝑤
) (

𝜋

2

𝑙𝑜𝑛−𝑙𝑜𝑛𝑝

𝑙𝑜𝑛𝑤
) ,       (1) 

where |𝑙𝑎𝑡 − 𝑙𝑎𝑡𝑝| < 𝑙𝑎𝑡𝑤, |𝑙𝑜𝑛 − 𝑙𝑜𝑛𝑝| < 𝑙𝑜𝑛𝑤. The terms 𝑙𝑎𝑡𝑝 and 𝑙𝑜𝑛𝑝 are the latitude and longitude of the center point for 

a specific patch, respectively; 𝑙𝑎𝑡𝑤 and 𝑙𝑜𝑛𝑤 are the meridional and zonal half-width of the patch, respectively, with their 

values set to 𝑙𝑎𝑡𝑤 = 10° and 𝑙𝑜𝑛𝑤 = 40° in these experiments; and 𝐴 is the amplitude of the SST anomaly.  90 

In this study, we analyzed the responses of polar TOA radiation (𝑅𝑇𝑂𝐴), polar surface radiation (𝑅𝑠𝑓𝑐 ), and meridional 

atmospheric advection to the polar regions (𝑅𝑎𝑑𝑣). The equations for calculating these parameters are listed as follows: 

𝑅𝑇𝑂𝐴 = 𝐹𝑆𝑁𝑇 − 𝐹𝐿𝑁𝑇 ,           (2) 
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𝑅𝑠𝑓𝑐 = 𝐹𝑆𝑁𝑆 − 𝐹𝐿𝑁𝑆 − 𝑆𝐻 − 𝐿𝐻 ,         (3) 

𝑅𝑎𝑑𝑣 = 𝑅𝑠𝑓𝑐 − 𝑅𝑡𝑜𝑎 ,           (4) 95 

where 𝐹𝑆𝑁𝑇 represents the net downward shortwave radiation at the TOA, 𝐹𝐿𝑁𝑇 denotes the net upward longwave radiation 

at the TOA, 𝐹𝑆𝑁𝑆 is the net downward shortwave radiation at the surface, 𝐹𝐿𝑁𝑆 represents the net upward longwave radiation 

at the surface, and 𝑆𝐻 and 𝐿𝐻 account for the sensible and latent heat fluxes, respectively. 

2.2 EOF-SST experiments 

To quantify the PEB response to realistic SST anomaly patterns, we applied EOF analysis to historical SST data from 1980 to 100 

2019, and identified the first eight EOF modes. We then conducted eight separate EOF-SST experiments, and the SST of each 

experiment was perturbed by a specific EOF mode relative to the control run. These experiments allow us to isolate and 

understand the impact of realistic SST anomaly patterns on the PEB. 

3 Result 

3.1 Responses of PEB to Local SST Changes 105 

The differences of annual PEB in conjugate SST patch warming experiments and SST cooling experiments are shown in Figure 

1. The location of each point denotes the center of corresponding patch, and the colors of these points denote the differences 

of PEB between corresponding conjugate warming and cooling patch experiments. Additionally, t-tests were conducted to 

assess their statistical significance.  

Figure 1(a) shows the response of Arctic TOA radiation (𝑅𝑇𝑂𝐴) to global ocean warming. Significant changes are noted 110 

primarily in patches located in the tropical Indian Ocean and the eastern tropical Pacific. The response of Arctic Δ𝑅𝑇𝑂𝐴 to SST 

warmings in the eastern tropical Pacific is negative, whereas the Arctic Δ𝑅𝑇𝑂𝐴 response to warmings in the tropical Indian 

Ocean is positive. Additionally, there are several patches in the tropical Atlantic and near Antarctica contribute a negative  

Arctic 𝑅𝑡𝑜𝑎 anomaly. Figure 1(b) depicts the Arctic surface radiation response (𝑅𝑠𝑓𝑐) to global ocean warming. Significant 

changes can be found in patches located in the tropical Pacific and the tropical Indian Ocean. The response of 𝑅𝑠𝑓𝑐  to warming 115 

in the tropical Pacific and the northwestern tropical Indian Ocean is positive, while the response to warming in the southeastern 

tropical Indian Ocean is negative. Figure 1(c) shows the response of meridional atmospheric advection near 60°N (𝑅𝑎𝑑𝑣) to 

global ocean warming. Similar to the 𝑅𝑠𝑓𝑐  response, significant responses can be found in patches located in the tropical Pacific 

and the tropical Indian Ocean. The response of 𝑅𝑎𝑑𝑣  to warming in the tropical Pacific and the northwestern tropical Indian 

Ocean is positive, while the response to warming in the southeastern tropical Indian Ocean is negative. 120 

Figure 1(d-f) illustrates the Antarctic 𝑅𝑇𝑂𝐴 , 𝑅𝑠𝑓𝑐  and 𝑅𝑎𝑑𝑣  response to global ocean warming. The response of Δ𝑅𝑡𝑜𝑎  to 

warming in the tropical Indian Ocean, tropical Pacific Ocean, and Southern Ocean is negative, while the response to warming 
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in the tropical Atlantic is positive. The response of Δ𝑅𝑠𝑓𝑐  to warmings in most tropical regions and part of the Southern Ocean 

is positive, while the response of Δ𝑅𝑠𝑓𝑐 to warmings around 60°S is negative. The response of Δ𝑅𝑎𝑑𝑣  to warmings in the 

tropical Indian Ocean, tropical Pacific Ocean, and part of the Southern Ocean is positive. 125 

 

Figure 1: Responses of polar energy budget to regional SST changes. (a) Differences of Arctic (60°N-90°N) annual mean 𝚫𝑹𝑻𝑶𝑨 

between conjugate warming and cooling patch experiments. (b) Differences of Arctic annual mean 𝚫𝑹𝒔𝒇𝒄, (c) Differences of 𝚫𝑹𝒂𝒅𝒗 

at 60°N. (d-e) Responses of 𝚫𝑹𝑻𝑶𝑨, 𝚫𝑹𝒔𝒇𝒄, and 𝚫𝑹𝒂𝒅𝒗 in the Antarctic regions. The location of each point denotes the center of 

corresponding patch, and the colors denotes the differences between conjugate warming and cooling patch experiments. Black circles 130 
denote that the differences are statistically significant at 95% confidence level. 

 

The responses of PEB depend on the season. The spatial distribution of the Arctic PEB (Figure 2a-c) response to regional SST 

in boreal winter (DJF) is similar to the annual average values (Figure 1a-c), but the magnitude of DJF responses is greater than 

annual responses. For the Antarctic regions, the response of DJF PEB to tropical ocean warming aligns with the annual average. 135 
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Figure 2: Similar to Figure 1, but for the DJF season. 

 

During boreal summer (JJA), the spatial distribution of Arctic PEB responses (Figs. 3a-c) differ from the annual average. 

Specifically, the responses of Δ𝑅𝑎𝑑𝑣  to warmings in both the eastern Indian Ocean and western Pacific Ocean are positive. The 140 

responses of Δ𝑅𝑠𝑓𝑐  and Δ𝑅𝑇𝑂𝐴  in most patch experiments are statistically insignificant. Conversely, the Antarctic PEB 

responses to tropical ocean warming in JJA are similar to annual mean values. 
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Figure 3: Same as Figure 1, but for the JJA season. 

 145 

To understand the mechanism how PEB is affected by remote SST, we quantify the contributions of meteorological factors 

to PEB responses (Figures. 4-5) using radiative kernels (Huang et al. 2017).  

Figure 4a shows that the contribution of cloud is small to the Arctic Δ𝑅𝑇𝑂𝐴 response. Albedo makes an insignificant 

contribution to Arctic Δ𝑅𝑡𝑜𝑎  response for most cases, which is positive in both the tropical Indian Ocean and the Pacific 

Δ𝑅𝑇𝑂𝐴,𝑎𝑙𝑏(Figure 4b). The impact of Arctic Δ𝑅𝑇𝑂𝐴,𝑇𝑎 exhibits a positive response to SST increases in the tropical Indian 150 

Ocean and a negative response to the tropical Pacific (Figure 4c), indicating that Ta is the primary contributor to Arctic 

Δ𝑅𝑇𝑂𝐴. The sensitivity of Arctic Δ𝑅𝑇𝑂𝐴,𝑇𝑠 only responds to increases in the SST of the tropical eastern Pacific, with a 

negative response. (Figure 4d). 

For the Antarctic, the contributions of cloud to Δ𝑅𝑇𝑂𝐴 responses are relatively small, despite that the response of Δ𝑅𝑇𝑂𝐴,𝑐𝑙𝑑 

to SST warming in tropical Pacific Ocean and the Southern Ocean are statistically significant (Figure 4e). The contribution 155 

of albedo changes is also small to the response of Antarctic Δ𝑅𝑇𝑂𝐴 (see Figure 4f). Similar to the Arctic, Antarctic Δ𝑅𝑇𝑂𝐴,𝑇𝑎 

shows significant responses to regional SST changes, indicating air temperature change is the main contributor to Antarctic 

Δ𝑅𝑇𝑂𝐴. In response to SST increase in the tropical Indian Ocean and eastern tropical Pacific, Antarctic Δ𝑅𝑇𝑂𝐴,𝑇𝑎 is negative, 

while the response is positive to SST increase in the western tropical Pacific and tropical Atlantic (Figure 4g). Surface 

temperature also contributes to Antarctic Δ𝑅𝑇𝑂𝐴 (Figure 5h), but the contribution of surface temperature change is less than 160 

that of air temperature change. 

 

Figure 4: Difference of annual mean 𝚫𝑹𝑻𝑶𝑨,𝒄𝒍𝒅(a), 𝚫𝑹𝑻𝑶𝑨,𝒂𝒍𝒃(b) , 𝚫𝑹𝑻𝑶𝑨,𝑻𝒂(c) , 𝚫𝑹𝑻𝑶𝑨,𝑻𝒔(d) for Arctic and annual mean 𝚫𝑹𝑻𝑶𝑨,𝒄𝒍𝒅(e), 

𝚫𝑹𝑻𝑶𝑨,𝒂𝒍𝒃(f) , 𝚫𝑹𝑻𝑶𝑨,𝑻𝒂(g) , 𝚫𝑹𝑻𝑶𝑨,𝑻𝒔(h) for Antarctica between conjugate warming and cooling patch experiments. 
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 165 

Figure 5 shows the contributions of meteorological factors to the responses of Arctic and Antarctic Δ𝑅𝑠𝑓𝑐. For the Arctic, 

clouds have negligible contribution to Arctic Δ𝑅𝑠𝑓𝑐 (Figure 5a). The response of arctic Δ𝑅𝑠𝑓𝑐,𝑎𝑙𝑏 is similar as that of Δ𝑅𝑇𝑂𝐴,𝑎𝑙𝑏  

(Figure 5b). Similar to the response of Arctic Δ𝑅𝑇𝑂𝐴,𝑇𝑎, the Arctic Δ𝑅𝑠𝑓𝑐,𝑇𝑎 response is also strong (Figure 5c), but the signs 

of Δ𝑅𝑠𝑓𝑐,𝑇𝑎  responses are generally opposite from those of Δ𝑅𝑇𝑂𝐴,𝑇𝑎 response. Notably, the response of Arctic Δ𝑅𝑠𝑓𝑐,𝑇𝑠  to 

tropical ocean warming is significantly greater than that of Δ𝑅𝑇𝑂𝐴,𝑇𝑠. The sign of Arctic Δ𝑅𝑠𝑓𝑐,𝑇𝑠 is opposites to that of Arctic 170 

Δ𝑅𝑠𝑓𝑐,𝑇𝑎, but they exhibit similar spatial distributions (Figure 5d). This indicates that an increase in Ta leads to radiative 

warming to the surface, but the surface loses more energy by emitting more thermal radiation after the surface is warmed up. 

The responses of Arctic Δ𝑅𝑠𝑓𝑐,𝐿𝐻 and Arctic Δ𝑅𝑠𝑓𝑐,𝑆𝐻 are negative in response to warmings in the tropical Pacific and positive 

in response to warmings in the tropical Indian Ocean (Figure 5e, f); however, these responses are relatively small, suggesting 

that these factors have a limited impact on Arctic Δ𝑅𝑠𝑓𝑐 .  175 

Similar to the Arctic regions, the contribution of cloud to Antarctic Δ𝑅𝑠𝑓𝑐  is also negligible (Figure 5g). Albedo has no 

significant impact on Antarctic Δ𝑅𝑠𝑓𝑐 (Figure 5h), because sea ice concentration is fixed in these patch experiments and snow 

cover in the Antarctica does not change significantly in these experiments. Ta and Ts are the main contributors to Antarctic 

Δ𝑅𝑠𝑓𝑐, with Antarctic Δ𝑅𝑠𝑓𝑐,𝑇𝑎 responding positively and Antarctic Δ𝑅𝑠𝑓𝑐,𝑇𝑠 responding negatively to tropical ocean warming 

(Figure 5i, j). The responses of Antarctic Δ𝑅𝑠𝑓𝑐,𝐿𝐻, and Δ𝑅𝑠𝑓𝑐,𝑆𝐻 are minimal (Figure 5k, l). These results suggest that while 180 

temperature adjustments are notable in Antarctica, responses of cloud cover and surface heat fluxes to remote SST warming 

have a small impact on Antarctic Δ𝑅𝑠𝑓𝑐. 
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Figure 5: Difference of annual mean 𝚫𝑹𝒔𝒇𝒄,𝒄𝒍𝒅(a), 𝚫𝑹𝒔𝒇𝒄,𝒂𝒍𝒃(b) , 𝚫𝑹𝒔𝒇𝒄,𝑻𝒂(c) , 𝚫𝑹𝒔𝒇𝒄,𝑻𝒔(g) , 𝚫𝑹 𝑳𝑯(h) , 𝚫𝑹 𝑺𝑯(i) for Arctic 185 

and annual mean 𝚫𝑹𝒔𝒇𝒄,𝒄𝒍𝒅 (d), 𝚫𝑹𝒔𝒇𝒄,𝒂𝒍𝒃 (e) , 𝚫𝑹𝒔𝒇𝒄,𝑻𝒂 (f) , 𝚫𝑹𝒔𝒇𝒄,𝑻𝒔 (j) , 𝚫𝑹 𝑳𝑯 (k) , 𝚫𝑹 𝑺𝑯 (l) for Antarctica between 

conjugate warming and cooling patch experiments. 
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3.2 AHT responses to Regional SST Changes 

According to Figures. (4-5), air temperature change is the primary contributor to PEB responses in these experiments. The 190 

sign of Δ𝑅𝑎𝑑𝑣  is generally same as Δ𝑅𝑠𝑓𝑐,𝑇𝑎, and oppsite from Δ𝑅𝑇𝑂𝐴,𝑇𝑎. In addition, the difference between TOA and surface 

energy budget reflects the contribution of changes in polar AHT. Therefore, AHT plays a critical role in determining PEB by 

changing the air temperature of polar regions. The responses of AHT to SST perturbations in the midlatitudes are consistent 

with our intuition, but the opposite Arctic AHT responses to SST warming over the tropical Indian Ocean and tropical Pacific 

Ocean requires further investigations.  195 

To explore the underlying mechanisms of this phenomenon, we compared the climate responses to warmings in two illustrative 

patches within the tropical Pacific Ocean (TPO) and Indian Ocean (TIO). The center of the illustrative TPO patch is (180°E, 

0°), and the center of the illustrative TIO is (60°E, 0°).  

The responses of surface temperature (𝛥𝑇𝑠), meridional wind (𝛥𝑉), air temperature (𝛥𝑇𝑎), and humidity (𝛥𝑄) to warmings in 

these patches are presented in Figure 6, which provide background information to later AHT studies. In response to warmings 200 

in the illustrative TPO region, the response of zonal mean meridional wind is significant in the tropical and subtropical regions, 

but small at high latitudes. Near the surface around 10°S, as well as at 250 hPa in the upper atmosphere between the equator 

and 20°S, there is a significant northerly wind anomaly. However, at 100 hPa in the upper atmosphere near 10°S, there is a 

southerly wind anomaly (Figure 6b). There is a significant increase in 𝛥𝑄 in the northern hemisphere from the surface up to 

550 hPa (Figure 6c). In terms of 𝛥𝑇, warming begins at the surface around 0° and extends upwards to 100 hPa, then propagates 205 

towards the poles, and there is an air temperature increase in the Arctic regions (Figure 6d). The increase of Arctic air 

temperature is a result of enhanced AHT to Arctic regions, which leads to a radiative heating to the surface and radiative 

cooling to the TOA fluxes.  

In response to warmings in the illustrative TIO region, there are southerly wind anomalies at the surface around 10°N, while 

at higher altitudes, northerly wind anomalies prevail (Figure 6f). 𝛥𝑄 increases in the southern hemisphere, but decreases in the 210 

northern hemisphere, indicating a decrease of meridional latent heat transport near 60°N. TIO warming results in a cooling 

effect in the Arctic, which is induced by the decrease of AHT to the Arctic regions (Figure 6h). 
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Figure 6: The spatial distribution of 𝜟𝑻𝒔 response (a) following an increase in SST over the TPO, along with the zonal 215 

mean profiles of 𝜟𝑽 (b), 𝜟𝑸 (c), and 𝜟𝑻𝒂 (d), compared to the spatial distribution of 𝜟𝑻𝒔 response (e) after an increase 

in SST over the TIO, and the zonal mean profiles of 𝜟𝑽 (f), 𝜟𝑸 (g), and 𝜟𝑻𝒂 (h). 

 

To quantify the impacts of SST warming over the TPO and TIO on the Arctic AHT, we computed the AHT responses to the 

warming of the two patches separately. AHT can be calculated as the vertically integrated and zonally averaged transport of 220 

moist static energy (𝑆). According to Neelin and Held (1987), 𝑆 can be defined as follows: 

𝑆 = 𝑐𝑝𝑇𝑎 + 𝐿𝑄 + 𝑔𝑍,           (5) 

where 𝑇𝑎 represents atmospheric temperature, 𝑐𝑝 is the specific heat capacity of air at constant pressure, 𝐿 denotes the latent 

heat of vaporization of water, 𝑄 is specific humidity, 𝑔 is the acceleration due to gravity, and 𝑍 represents geopotential height. 

The components of 𝑆 will be denoted below by 𝑆𝑇, 𝑆𝑍, and 𝑆𝑄. 225 

The poleward transport of moist static energy 𝑆 can be decomposed into mean meridional circulation (MOC), stationary eddy 

(SE), transient eddy (TE), and transient overturning circulation (TOC) components, following the methodologies of Priestley 

(1948) and Lorenz (1953). According to Donohoe (2020), for each latitude 𝜃, atmospheric energy transport is: 

𝐴𝐻𝑇(𝜃) = 2𝜋 𝑎𝑐𝑜𝑠(𝜃) ∫ [�̅�][�̅�] + [𝑉∗𝑆∗] + [𝑉′∗̅̅ ̅̅ 𝑆′∗̅̅ ̅̅ ] + [𝑉]′[𝑆]′̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑑𝑝

𝑔

𝑃𝑠

0

 ,      (6) 

where 𝑉 represents the meridional velocity. Square brackets [⬚] denote zonal averages, overbars (⬚)̅̅ ̅̅ ̅ denote time averages 230 

over each month of analysis, asterisks (⬚∗) are departures from the zonal average, and primes (⬚′) are departures from the 

time average. The first term signifies the MOC driven by the vertical gradient in S, taking into account mass conservation in 

MOC energy transport. The second term is SE, showing poleward transport in warm or moist sectors. These first two terms 

are derivable from monthly mean data. The third term pertains to the transport associated with TE, primarily baroclinic 

synoptic eddies. The fourth term involves energy transport by the covariance between zonal-mean overturning circulation 235 
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and vertical stratification, referred to as TOC, which is significantly smaller than the other components and thus often 

excluded in AHT discussions. 

Figure 7 shows the changes in AHT and its components in response to warmings in the TPO and TIO. AHT response to 

warmings in TPO at 60°N is positive, and AHT response to warmings in TIO at 60°N is negative. For both cases, AHT to 

the Arctic region is dominated by SE (Figure 7b), and the opposite SE response to TPO and TIO leads to opposite responses 240 

in AHT, which also causes different responses of TOA and surface energy budgets in the Arctic regions. Additionally, 

Figures. 7(c) and (d) further dissect the SE responses to warmings in the TPO and TIO, respectively, and the results indicates 

that dry static energy predominantly drives the SE response to warmings in both TPO and TIO. 

 

 245 

Figure 7: Decomposition of meridional AHT. (a) and (b) display the changes in meridional AHT following SST 

warming in the TPO and TIO, respectively. The total AHT is represented by a thick black line, while the 

contributions from the MOC, SE, and TE are depicted by fine lines in green, blue, and red, respectively. Panels (c) 

and (d) detail the decomposition of the SE component from (a) and (b), with the contributions from Z, Q, and T 

shown in green, blue, and red, respectively. The purple dotted line represents the 60°N latitude line. 250 

 

To better understand the opposite response of SE heat flux to warmings in TPO and TIO, we analyzed the spatial distribution 

of SE heat fluxes. Following the approach outlined by Yohai Kaspi (2013), the calculation of SE heat flux denoted as 𝑉∗𝑆∗ 

involves the direct subtraction of zonal and time mean components: 
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𝑉∗𝑆∗ = 𝑉𝑆̅̅̅̅ − [�̅�][�̅�] ,           (7) 255 

and the vertically integrated SE heat flux（𝜙）can be computed through the following integral: 

𝜙 =  ∫ 𝑉∗𝑆∗  
𝑑𝑝

𝑔

𝑃𝑠

0

 ,           (8) 

In response to warmings in the TPO, the vertically integrated SE heat flux exhibits significant oscillatory characteristics over 

the Pacific Ocean. According to Figure 8(a), 𝜙 increases in the western tropical Pacific, decreases over the north-west and 

central Pacific, and then increases again over the northeastern Pacific and Alaska. Over land, 𝜙 decreases over north-east 260 

Asia, increases over the Tibetan Plateau and Europe. This phenomenon is consistent to Goss (2016), who found that 

warming in the low-latitude Pacific leads to increased 𝜙 in higher latitudes. 

Combining Eq. (7) and Eq. (10), we are able to further attribute 𝜙 to changes in dry static heat flux (∆𝜙𝑇𝑎), latent heat flux 

(∆𝜙𝑄), and potential energy (∆𝜙𝑍), respectively. Among the three main contributing factors to ∆𝜙, ∆𝜙𝑇𝑎  aligns closely with 

the overall ∆𝜙 pattern, indicating it as the primary contributor (Figure 8b). The spatial pattern of ∆𝜙𝑇𝑎  can be explained by 265 

the change of ∆𝑉∗ and ∆𝑆𝑇𝑎
∗ (Figure 8c-d), which reflects the spatial pattern of stationary waves. In addition, ∆𝜙𝑄 is large in 

the low latitudes, but is small near the poles (Fig. 8e). The ∆𝜙𝑍 pattern is also similar to ∆𝜙 but with lower values (Fig. 8f).  

The spatial pattern of ∆𝜙𝑄 and ∆𝜙𝑧  can be understood by the change of ∆𝑉∗, ∆𝑆𝑄
∗ and ∆𝑆𝑍

∗ (Figures 8c, g, h). 

In response to warmings in the TIO, the spatial pattern of ∆𝜙 oscillation is quite different from the TPO case. The transfer of 

SE heat flux encounters obstacles near the Tibetan Plateau, which might explain why the response of ∆𝜙 is different in the 270 

Northern hemisphere and the Southern hemisphere. ∆𝜙𝑇𝑎  remains dominant, ∆𝜙𝑄 's contribution is low, and ∆𝜙𝑍 mirrors the 

∆ϕ pattern (Figs. 8i-n).  

Based on these results, we are able to understand why the responses of AHT near 60°N to warmings in TPO and TIO are 

different. TPO warming triggers local northward SE, leading to significant energy fluctuation amplitude in the mid-to-high 

latitude Pacific, thereby enhancing meridional energy flow northward. This mechanism facilitates the influx of warm, moist 275 

air into the Arctic, ultimately causing Arctic warming. Conversely, in the TIO, the Tibetan Plateau effects the poleward 

propagation of SE in the tropical warm pool, and the SE responses finally leads to Arctic cooling. These findings support the 

research results of Goss (2016) and the tropical excitation mechanism for Arctic warming outlined by Lee et al. (2011). 
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Figure 8: (a) ∆𝝓 induced by SST warming in the TPO. (b) The contribution of ∆𝝓𝑻𝒂 to the SE. (c) The vertical 280 

integration of ∆𝑽∗ from the surface to the TOA. (d) The vertical integration of ∆𝑺𝑻𝒂
∗
 from the surface to the TOA. (e) 

The contribution of ∆𝝓𝑸 to the SE. (f) The contribution of ∆𝝓𝒁 to the SE. (g) The vertical integration of ∆𝑺𝑸
∗
 from 

the surface to the TOA. (h) The vertical integration of ∆𝑺𝒁
∗
  from the surface to the TOA. (i) Same as (a) but for the 

TIO. (j) Same as (b) but for the TIO. (k) Same as (c) but for the TIO. (l) Same as (d) but for the TIO. (m) Same as (e) 

but for the TIO. (n) Same as (f) but for the TIO. (o) Same as (g) but for the TIO. (p) Same as (h) but for the TIO. 285 

 

3.3 Reconstruction of polar energy budget based on the Green's function approach 

The response of PEB to regional SST changes might be used to qualitatively explain how SST variations affect PEB.  

The sensitivity of the PEB to SST perturbations within a specific grid box, identified by index 𝑖, can be estimated using the 

following equation (Zhou et al. 2017): 290 

(
𝜕𝑅

𝜕𝑆𝑆𝑇𝑖
)

𝑝
=

∑ 𝛥𝑆𝑆𝑇𝑃(
𝜕𝑅

𝜕𝑆𝑆𝑇𝑖
)

𝑝𝑃

∑ 𝛥𝑆𝑆𝑇𝑃𝑃
=

𝜕𝑅

𝜕𝑆𝑆𝑇𝑃

𝑆𝑖

𝑆𝑃
,         (9) 
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where 𝑅 denotes a specific energy flux, 𝑆𝑖  and 𝑆𝑃 represent the ocean surface area of the specific grid point and the patch, 

respectively, and 𝛥𝑆𝑆𝑇𝑃 is the SST anomaly in the 𝑝th patch [Eq. (1), noting that 𝛥𝑆𝑆𝑇𝑃 equals zero for grid points outside 

of a patch], and 𝑆𝑆𝑇𝑖 denotes the SST in the 𝑖th grid box. (
𝜕𝑅

𝜕𝑆𝑆𝑇𝑖
)

𝑝
reflects the average response of 𝑅 to a 1 K increase in SST 

within a specific grid box inside the patch. Additionally, 
𝜕𝑅

𝜕𝑆𝑆𝑇𝑃
 illustrates the variation in the PEB per unit of patch-averaged 295 

SST change, derived from experiments involving conjugate ±1 K patch warming. The sensitivity for grid boxes within a 

single patch corresponds to the average 𝑅 change due to a 1 K warming within that specific grid box. For grid boxes 

overlapping multiple patches, the sensitivity is determined by the weighted average value (
𝜕𝑅

𝜕𝑆𝑆𝑇𝑖
)

𝑝
. The sensitivities of PEB 

to SST perturbation in each grid box are shown in Figure 9. 

Utilizing these sensitivities, we can reconstruct the PEB response to arbitrary changes in SST through the Green’s function 300 

approach, represented as: 

𝛥𝑅 = 𝛴𝑖
𝜕𝑅

𝜕𝑆𝑆𝑇𝑖
𝛥𝑆𝑆𝑇𝑖 + 𝜀𝐼  ,           (10) 

where 𝜀𝐼  is an error term, which represents the contributions from nonlinearities and non-SST induced factors. 

Then we use the Green’s function approach to reconstruct the AHT in response to 8 different SST patterns in the EOF-SST 

experiments (Figures. 10a-h), and the Green’s function reconstructed AHT are then compared to model-produced values in 305 

the EOF-SST experiments (Figures. 10i-j). The results show that the majority of the experimental simulations of Δ𝑅𝑎𝑑𝑣  align 

closely with the Δ𝑅𝑎𝑑𝑣  reconstructed by the Green's function, lying near the y = x line. The biases of the Green’s function 

reconstructed values are partially induced by the SST change inside the Arctic region, which is not captured by the Green’s 

function reconstruction, and non-linear terms also contribute to the bias. Therefore, the Green’s function approach can 

qualitatively explain how the SST perturbation patterns in Figure 10(a-h) affects PEB. 310 
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Figure 9: The sensitivity of (a) 𝝏𝑹𝒕𝒐𝒂/𝝏𝑺𝑺𝑻𝒊 of Arctic, (b) 𝝏𝑹𝒔𝒇𝒄/𝝏𝑺𝑺𝑻𝒊 of Arctic, (c) 𝝏𝑹𝒂𝒅𝒗/𝝏𝑺𝑺𝑻𝒊 of Arctic, (d) 

𝝏𝑹𝒕𝒐𝒂/𝝏𝑺𝑺𝑻𝒊 of Arctic, (e) 𝝏𝑹𝒔𝒇𝒄/𝝏𝑺𝑺𝑻𝒊 of Arctic, (f) 𝝏𝑹𝒂𝒅𝒗/𝝏𝑺𝑺𝑻𝒊 of Antarctica to surface warming in each grid 

box, calculated using Eq. (9). The units are W/m²/K.  

 315 

 

Figure 10: (a-h) The surface temperature change patterns in individual EOF-SST experiments. (i) Comparison of 

Arctic 𝚫𝑹𝒂𝒅𝒗 responses to different SST change patterns in EOF-SST experiments (y-axis) and that reconstructed by 

the Green's function approach (x-axis). The digits represent the number of corresponding EOF modes in each 

experiment. Error bars correspond to the 95 % confidence interval. (j) Response of Antarctica 𝚫𝑹𝒂𝒅𝒗. 320 

4 Conclusion 

This study delves into the mechanisms behind the responses of radiative budget in high-latitude regions to sea surface 

warmings in the low latitudes through a series of idealized SST change experiments. It elucidates the mechanisms through 

which the PEB responds to distant SST variations, revealing significant different impacts of SST changes across different 

oceanic regions on the Arctic and Antarctic energy budgets. These impacts are mediated by alterations in AHT, the 325 
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distribution of sensible heat flux from stationary eddies, and the interactions among various climatic drivers such as 

temperature, humidity, and cloud radiative processes. 

Specifically, increases in SST in the Pacific and Indian Oceans have opposing effects on the Arctic PEB in Boreal winter, 

attributable to different responses of stationary waves to warming in these oceans, which subsequently alter the patterns of 

poleward AHT. Warming in the Pacific SST tends to enhance heat transport to the Arctic, leading to Arctic air temperature 330 

increases, whereas warming in the Indian Ocean diminishes the heat transport towards the Arctic, resulting in Arctic air 

temperature decreases. Additionally, the study highlights that the response of the PEB varies with the season. During Boreal 

winter, the sensitivity of the Arctic PEB to SST changes in tropical regions is stronger, indicating a higher sensitivity of the 

polar region to tropical ocean warming in winter. Using radiative kernels, the contributions of meteorological factors to the 

TOA radiation response were quantified. The results indicate that air temperature change is the primary contributor to 335 

changes in polar TOA radiation, while the contributions from clouds and albedo are relatively smaller. The decomposition of 

surface radiation also shows that air temperature and surface temperature are the main contributors to changes in polar 

surface radiation. Finally, the study reconstructed the AHT responses under different EOF-SST modes using the Green's 

function approach, validating the consistency between the model experiment results and the Green's function reconstructions. 

Although biases exist in certain EOF modes, partially due to SST changes within the polar regions and non-linear effects, the 340 

Green's function method generally provides a reasonable reconstruction of the PEB response to SST changes. 

The primary findings of the study are summarized as follows: 

1. In response to SST warmings in most tropical and midlatitude regions, polar air temperatures increase due to enhanced 

AHT, leading to an increase in the polar surface energy budget and a decrease in the polar TOA energy budget. 

2. The response of Arctic AHT to warmings in the tropical Indian Ocean is negative in Boreal winter. Stationary eddies 345 

play a crucial role in modulating the polar AHT response to global SST changes. 

3. Subtropical SST changes have relatively weak impacts on the polar energy budget. 

The findings of this study have significant implications for understanding and predicting polar climate responses to global 

warming. We find that the distinct responses of the Arctic and Antarctic energy budgets to regional SST changes underscore 

the necessity of considering regional specificity when modeling and predicting climate change. Our findings emphasize the 350 

critical role of radiative feedbacks in shaping the polar climate, providing insights that could enhance the accuracy of climate 

models. The differential impacts of SST changes in various oceanic regions on the polar energy budgets highlight the 

importance of incorporating regional specificity in climate models. Accurate modeling of these impacts is crucial for reliable 

climate projections. Moreover, the study underscores the pivotal role of AHT in modulating polar temperatures. 

Understanding the mechanisms of AHT and its interaction with stationary eddies can lead to improved predictions of polar 355 

climate responses to global SST changes. The analysis of radiative feedbacks, including the roles of temperature, humidity, 

and clouds, provides a comprehensive understanding of the factors contributing to polar amplification. This knowledge can 

be utilized to refine radiative transfer models and enhance their predictive capabilities. 
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