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ABSTRACT 

 

Relative contributions to the zonal mean meridional heat transport by the 

climatological annual mean, climatological annual variation, synoptic, intra-seasonal, and 

lower-frequency motions were examined based on the ERA-Interim reanalysis data for the 

period of 1981-2015. The meridional heat transport analyzed in this study only includes the 

component related to meridional wind and temperature. In the tropics, the climatological 

annual mean circulations dominate the long-term mean meridional heat transport, while the 

interaction between the climatological annual mean temperature and the seasonal 

anomalous flow largely contributes to the seasonal variation of the meridional heat 

transport. In the middle latitudes, the climatological annual mean circulations and transient 

eddies (mostly synoptic and intra-seasonal eddies) are of roughly equal importance in the 

poleward heat transport, leading to the maximum poleward heat transport around 50°N/S. 

The upper- and lower-tropospheric heat transports by the climatological annual mean 

circulations appear opposite, with the magnitude of the lower-tropospheric transport being 

greater. The preferred maximum zonal mean heat transport at 50°N by the climatological 

mean flow is attributed to the maximum zonal mean low-level southerly in situ. The 

preferred peak latitude of the mid-latitude poleward heat transport by synoptic eddies near 

50°N arises from the combined effect of the strong synoptic-scale meridional wind and 

temperature variabilities in situ and their in-phase relationship. The heat transport by 

tropical cyclones (TCs) was estimated by applying a statistical relationship between TC 

intensity and the vertically integrated temperature averaged over the TC core region derived 

from high-resolution Weather Research and Forecasting (WRF) model simulations. For 

northern hemisphere summer, TCs contribute about 35% of the total heat transport in the 

active TC regions, suggesting that TCs play a critical role in the regional meridional heat 

transport. 

 

Key words: meridional heat transport by multi-timescale motions, TC-induced heat 

transport  



1. Introduction 

The primary driver of the global climate system is solar radiation. Due to the 

differences between the absorbed sunlight and the heat radiated into space, there is a net 

energy surplus in the tropics and a net energy deficit in the polar regions. To balance the 

heat surplus and deficit and maintain a quasi-steady climate state, meridional heat transport 

by the atmosphere and oceans must occur. Many previous studies have estimated the zonal 

mean meridional atmosphere and ocean heat transports (e.g., Houghton 1954; Vonder Haar 

and Oort 1973; Oort and Haar Vonder 1976; Hsiung 1985; Masuda 1988; Hsiung et al. 

1989; Messori and Czaja 2013; Armour et al. 2019). It was shown that the atmosphere is 

the major poleward heat transport agent poleward of 30° (Czaja and Marshall 2006), while 

the meridional ocean heat transport is comparable to the transport in the atmosphere 

between 10°S and 10°N (Trenberth et al. 2019). The meridional heat transport by 

atmospheric circulations plays a key role in reaching the equilibrium state of the Earth 

climate.   

Previous studies mostly decomposed the heat transport into the contribution by the 

time and zonal mean circulations, stationary eddies, and transient eddies (e.g., Peixoto and 

Oort 1992; Zhu and Newell 1998). It was noted that the atmospheric heat transport in the 

tropics is primarily controlled by the mean meridional circulations (i.e., the Hadley Cells; 

Hadley 1735), while the poleward heat transport by transient eddies is stronger in the mid 

and high latitudes (Peixoto and Oort 1992; Oort and Peixoto 1983; Barry et al. 2002; Yang 

et al. 2015). The largest contribution from transient eddies to the atmospheric heat transport 

arises from the lower troposphere (say, at 850 hPa) (Lau 1978; Peixoto and Oort 1992). 

However, relative contributions from the synoptic, intra-seasonal and lower-frequency 

motions to the poleward heat transport in the mid and high latitudes remain unclear. 

The atmospheric heat transport in climate models was examined in various previous 

studies (e.g., Donohoe and Battisti 2012; Donohoe et al. 2013; Yang et al. 2015; Feldl and 

Bordoni 2016). Donohoe et al. (2013) suggested that the seasonal cycle of the location of 

the Intertropical Convergence Zone was highly anti-correlated with the atmospheric heat 

transport at the equator in both observations and 16 models in the Coupled Model 

Intercomparison Project phase 3 (CMIP3) multi-model database. Yang et al. (2015) 



separated the atmospheric heat transport into a mean component and an eddy component 

using the Community Earth System Model (version 1.0) and found that the dry static 

energy transport by eddy activities accounted for more than 50% of the total transport in the 

middle latitudes. Moreover, some attention was paid to the changes of atmospheric heat 

transport in the warmer climate (Held and Soden 2006; Langen and Alexeev 2007; 

Graversen et al. 2011; Zelinka and Hartmann 2012). Zelinka and Hartmann (2012) revealed 

that greater poleward energy transport is required on a warming planet in a suite of global 

climate models from CMIP3. To understand climate change more clearly, a detailed 

understanding of the atmospheric heat transport by different timescale motions is needed.  

As intensive weather systems, tropical cyclones (TCs) may exert a significant impact 

on the Earth’s climate (Emanuel 2001, 2005; Kossin et al. 2007). In a parallel study, we 

examined the TC-induced poleward moisture transport (Liu et al. 2021) and found that TCs 

might contribute about 28% of the total moisture transport over the western North Pacific 

(WNP). The role of Atlantic hurricanes in meridional heat transport was examined by Hu 

and Meehl (2009). They found that strong hurricane winds could strengthen the Atlantic 

meridional overturning circulation, leading to increased northward heat transport in a state-

of-the-art global coupled climate model (CCSM3). As TCs transport heat poleward during 

the poleward movement, it is critical to understand the role of TCs in the global and 

regional meridional heat transport.  

The total atmospheric energy is defined as the sum of four major components: internal 

energy, latent heat, geopotential energy and kinetic energy (e.g., Mayer and Haimberger 

2012; Liu et al. 2020). In this study, we only focus on the atmospheric heat transport 

associated with temperature and intend to investigate the relative importance of different 

timescale motions contributing to the zonal mean meridional heat transport. The meridional 

heat transport by TCs will also be examined. As the temperature in the TC warm core 

region is often underestimated in the coarse-resolution reanalysis data (Zick and Matyas 

2015), we intend to estimate the TC-induced heat transport by using a more realistic 

temperature profile in the TC core region derived from a large number of high-resolution 

Weather Research and Forecasting (WRF) model simulations. The data and methods used 

in this study are described in Section 2. Relative contributions by the climatological annual 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2008GL036680#grl25547-bib-0004
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2008GL036680#grl25547-bib-0005
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2008GL036680#grl25547-bib-0015


mean, climatological annual variation, synoptic, intra-seasonal, and lower-frequency 

motions to the zonal mean meridional heat transport are assessed in Section 3. The causes 

of the maximum zonal mean heat transport by synoptic eddies are discussed in Section 4. 

The seasonal variation of the meridional heat transport is examined in Section 5. In Section 

6, the poleward heat transport by TCs is analyzed. Finally, Section 7 summarizes the key 

findings. 

 

2. Data and methodology 

a. Data 

The meridional heat transport is computed by using the daily wind and temperature 

fields from the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim 

reanalysis (ERA-Interim; Dee et al. 2011) at 19 isobaric levels from 1000 to 100 hPa at a 

50-hPa interval. The horizontal resolution of the dataset is 1.5°×1.5°. The analysis in this 

study covers a period from 1981 to 2015. TC information comes from the International 

Best Track Archive for Climate Stewardship (IBTrACS; Knapp et al. 2010).  

 

b. Decomposition of the meridional heat flux into different timescales 

The vertically integrated atmospheric meridional heat flux, denoted by HF, is 

expressed as: 

𝐻𝐻𝐻𝐻���� = 1
𝑔𝑔 ∫ 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏

𝑃𝑃𝑏𝑏𝑏𝑏𝑡𝑡
 , (1) 

where v denotes the meridional wind, T denotes the temperature, 𝑔𝑔 = 9.8 m s-2 is the 

gravitational acceleration, 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏 represents the closest pressure level to the surface, and 

𝑃𝑃𝑏𝑏𝑏𝑏𝑡𝑡 = 100 hPa denotes the top of the troposphere. HF is computed by using the 

meridional wind and temperature fields in the reanalysis data and the unit of HF is K kg m-1 

s-1. The overbar denotes the time average. To account for the changes of mass due to the 

curvature of the earth, the vertically integrated heat flux is weighted by latitudes (multiply 

by 𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑)). 𝜑𝜑 denotes the latitude. 

We use the Fourier analysis technique (Saltsman 1957) and the Lanczos filter (Duchon 

1979) to separate the original meridional wind and temperature fields into different 



timescale components. The Fourier analysis technique is applied to the 35-year averaged 

daily data (with 365 days) to obtain the climatological annual mean component (0 

harmonic) and the climatological annual variation component (1-4 harmonics), 

respectively. Then, we use the Lanczos filter to separate the anomalous field which has 

been derived by removing the climatological annual mean and annual variation components 

from the 35-year reanalysis data into a 10-day high-pass filtered field representing the 

synoptic-scale component, a 10–90-day band-pass filtered field representing the intra-

seasonal component, and a lower-frequency (inter-annual or longer timescale) component. 

Thus, the temperature and meridional wind fields are separated into five portions in the 

frequency domain which can be written as 𝑣𝑣 = 𝑣𝑣𝑀𝑀 + 𝑣𝑣𝐴𝐴 + 𝑣𝑣𝑆𝑆 + 𝑣𝑣𝐼𝐼 + 𝑣𝑣𝐿𝐿, (2) and 𝑣𝑣 = 𝑣𝑣𝑀𝑀 +

𝑣𝑣𝐴𝐴 + 𝑣𝑣𝑆𝑆 + 𝑣𝑣𝐼𝐼 + 𝑣𝑣𝐿𝐿, (3). Subscripts represent the climatological annual mean (M), 

climatological annual variation (A), synoptic scale (S), intra-seasonal scale (I), and lower-

frequency scale (L). Applying these definitions to calculating the meridional heat flux by 

different timescale motions, we obtain the following: 

𝐻𝐻𝐻𝐻���� = 1
𝑔𝑔 ∫ (𝑣𝑣𝑀𝑀𝑣𝑣𝑀𝑀 + 𝑣𝑣𝐴𝐴𝑣𝑣𝐴𝐴 + 𝑣𝑣𝑆𝑆𝑣𝑣𝑆𝑆 + 𝑣𝑣𝐼𝐼𝑣𝑣𝐼𝐼 + 𝑣𝑣𝐿𝐿𝑣𝑣𝐿𝐿) 𝑣𝑣𝑣𝑣𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏

𝑃𝑃𝑏𝑏𝑏𝑏𝑡𝑡
����������������������������������������������������������� + 𝐻𝐻𝐻𝐻𝑅𝑅�����, (4) 

where 𝑣𝑣𝑀𝑀𝑣𝑣𝑀𝑀 represents the meridional heat flux contributed by the climatological annual 

mean circulations. 𝑣𝑣𝐴𝐴𝑣𝑣𝐴𝐴, 𝑣𝑣𝑆𝑆𝑣𝑣𝑆𝑆, 𝑣𝑣𝐼𝐼𝑣𝑣𝐼𝐼, and 𝑣𝑣𝐿𝐿𝑣𝑣𝐿𝐿 denote the contribution from the 

climatological annual variation, the synoptic-scale anomalies, the intra-seasonal anomalies, 

and the lower-frequency anomalies, respectively.  𝐻𝐻𝐻𝐻𝑅𝑅   represents the residual term, 

including the cross-timescale terms. 𝐻𝐻𝐻𝐻𝑅𝑅   is expected to be zero after taking the full-time 

mean (denoted by the overline) because of the orthogonal timescale decomposition 

methods.  

 

c. Description of the WRF model 

The WRF (Skamarock et al. 2008) model is used for TC numerical simulations. Three 

nested domains with the innermost domain moving with the storm are constructed and 

horizontal resolutions are 16 km, 8km and 2 km, respectively. The outermost domain 

covers a region within (100°E-180°E and 10°S-50°N). The Kain-Fritch convective scheme 

is applied to the outermost mesh. Other model physics include the Dudhia shortwave 



radiation parameterization, the WRF-single moment 6-class (WSM6) microphysics scheme 

and the Rapid Radiative Transfer Model (RRTM) longwave radiation parameterization. 

National Centers for Environmental Prediction (NCEP) Final (FNL) Operational Global 

Analysis (available online at https://rda.ucar.edu/datasets/ds083.2/) data, with 1°×1° 

resolution, are used as the initial and boundary conditions in the numerical simulations. 

 

3. Meridional heat transport by different timescale motions 

The zonal mean meridional heat transport by different timescale motions is shown in 

Figure 1. The sum of the zonal mean meridional heat transport associated with the synoptic, 

intra-seasonal, lower-frequency, climatological annual variation and climatological annual 

mean components is in good agreement with the total heat transport. A small difference 

between the total heat flux and the sum of the five terms above is likely a numerical error 

due to the temporal filtering. The result implies that the contribution from the residual term 

(𝐻𝐻𝐻𝐻𝑅𝑅�����) in Equation (4) is small and negligible. The dominant role of the climatological 

annual mean circulations in driving the zonal mean meridional heat transport in the tropics 

is evident in Figure 1a. It has been well documented that much of the heat transport is 

accomplished by the Hadley cells within the tropical latitudes (Peixoto and Oort 1992). To 

examine the contribution by the mean meridional circulations, we calculate the associated 

heat flux using the following formula: 

𝐻𝐻𝐻𝐻𝑀𝑀𝑀𝑀𝑀𝑀 = 1
𝑔𝑔 ∫ (�𝑉𝑉𝑀𝑀��𝑣𝑣𝑀𝑀�)

𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏
𝑃𝑃𝑏𝑏𝑏𝑏𝑡𝑡

𝑣𝑣𝑣𝑣, (5) 

where 𝐻𝐻𝐻𝐻𝑀𝑀𝑀𝑀𝑀𝑀  represents the vertically integrated meridional heat flux contributed by the 

mean meridional circulations and the square bracket denotes the zonal mean. The mean 

meridional circulations largely contribute to the climatological annual mean component, 

illustrating the dominant role of the Hadley cells in the tropical zonal mean meridional heat 

transport. The meridional heat transport by the climatological annual mean circulations also 

plays the most important role in the mid-latitude poleward heat transport, followed by the 

contributions from the synoptic and intra-seasonal motions. The zonal mean heat flux 

associated with the climatological annual variation and lower-frequency components is near 

zero. A recent study (Liu et al. 2021) has shown that the synoptic and intra-seasonal 



motions contribute to 80% of the maximum poleward moisture transport at 40°N/S. 

However, the zonal-mean poleward heat transport peaks occur at around 50°N/S, and the 

transient eddy (including the synoptic and intra-seasonal anomalies) and the annual cycle 

(including the climatological annual mean and annual variation) components are equally 

important to the poleward heat transport in the middle latitudes. The transient eddy and the 

annual cycle components account for 52% and 48% of the total meridional heat transport at 

50°, respectively (Fig. 1b).  

The horizontal patterns of the meridional heat transport by different timescale motions 

are shown in Figure 2. Two southwest-northeast oriented northward heat transport branches 

occur in the North Pacific and Atlantic (Fig. 2a). Strong southward heat transport centers 

are located in East Asia and North America. The heat flux in East Asia, the North Pacific, 

North America, and the North Atlantic (NA) shows a wave train pattern. Strong northward 

heat transport centers in the southern hemisphere (SH) occur in the mid-latitude South 

Atlantic basin and South Indian Ocean (SIO), and east of Australia, while the southward 

transport center is located to the south of Australia. The total meridional heat transport (Fig. 

2a) is largely contributed by the climatological annual mean component (Fig. 2b). The 

magnitudes of the heat flux associated with other timescale motions (Figs. 2c-f) are much 

smaller than that of the climatological annual mean component due to the smaller 

magnitudes of different timescale temperature anomalies. The meridional heat transport 

associated with the climatological annual variation (Fig. 2c) is stronger in the northern 

hemisphere (NH) with strong northward transport over East Asia. Poleward heat transport 

by the synoptic (Fig. 2d) and intra-seasonal (Fig. 2e) motions occur in the middle latitudes 

of both hemispheres, with enhanced transport over storm tracks. Though the local heat flux 

associated with the climatological annual mean state is much greater than that by synoptic 

and intra-seasonal motions in the middle latitudes, transient eddies are as important as the 

climatological annual mean circulations in the mid-latitude zonal mean heat transport (Fig. 

1). This is attributed to the cancellation of northward and southward transports by the mean 

flows across the latitude bands. The poleward lower-frequency heat transport (Fig. 2f) is 

relatively weak based on 35-year data, resulting in a quite small contribution to the zonal- 

mean meridional heat transport.  



It is worth mentioning that there are a few caveats and biases that have been reported 

about the ERA-Interim data (e.g., Dee et al. 2011; Hersbach et al. 2020). Compared to the 

ERA-Interim, the ERA5 has an enhanced horizontal resolution of 31 km with the use of 

more observations such as hyperspectral data and ground-based radar data (Hersbach et al. 

2019). The ERA5 also rectifies a problem with the earlier 1D+4D-Var assimilation of rain-

affected radiances that led to anomalous precipitation in the ERA-Interim over the oceans 

in the 1990s (Dee et al. 2011; Hersbach et al. 2020). As a result, the ERA5 features a much-

improved troposphere, and more consistent sea surface temperature and sea ice 

concentration (Hersbach and Dee 2016; Wang et al. 2019). To reveal how the current 

analysis result is sensitive to different reanalysis products, we conduct a parallel calculation 

of the meridional heat transport by different timescale motions with the higher-resolution 

(0.25°×0.25°) ERA5 reanalysis product (Fig. S1). The result is quite similar to Fig. 2 

except that the magnitudes of the intra-seasonal and lower-frequency heat transport (Figs. 

S1d, f) are a little larger. 

To examine the vertical distribution of the meridional heat transport in the middle 

latitudes, we plot the vertical profiles of the zonal mean meridional heat flux by different 

timescale motions at 50°N (Fig. 3a). The northward total heat transport decreases with 

height in the lower troposphere (Pbot-650 hPa), and southward total heat transport occurs in 

the upper troposphere (650-100 hPa) with the maximum transport at 200 hPa. The 

meridional heat transport by the climatological annual mean circulations has similar 

vertical distribution to the total transport. The mean meridional circulations are the largest 

contributor to the meridional heat transport associated with the climatological annual mean 

state (Fig. 1a). To examine the effect of the mean meridional circulations on the vertical 

distribution of the heat transport at 50°N, we plot the vertical profile of the zonal and 

annual mean meridional wind (Fig. 3b). The mean southerly in the lower layer and the 

mean northerly in the upper layer are consistent with the opposite meridional heat transport 

in the Ferrel Cell. We also compare the annual and zonal mean meridional wind and 

temperature fields at 850 hPa with that at 200 hPa in the NH (Fig. 3c). The zonal mean 

temperature at 200hPa and 850 hPa is greater than 220 K with a negative meridional 

temperature gradient at 850 hPa in the middle latitudes and a negligibly weak gradient at 



200 hPa. Zonal mean northerlies occur in the equator and middle latitudes, while 

southerlies occur in the low latitudes at 850 hPa. The direction of the meridional wind at 

200 hPa is opposite to that at 850 hPa, which is attributed to the three-cell meridional 

circulations known as the Hadley Cell, Ferrel Cell, and Polar Cell. Additionally, the 

maximum northerly occurs at around 15°N and the maximum southerly occurs at around 

50°N at 850 hPa, which is consistent with the latitudinal locations of the maximum zonal-

mean equatorward and poleward heat transports by the annual mean circulations (Fig. 1a). 

The vertically integrated heat flux associated with the annual mean circulations in the lower 

and upper troposphere is shown in Figure 3d. The heat transport by the annual mean 

circulations in the upper layer is opposite to that in the lower layer. As the climatological 

annual mean temperature decreases with height, the heat transport in the upper layer is 

offset by that in the lower layer and the vertically integrated heat flux is largely contributed 

by the lower troposphere. Different from the vertical distribution of the meridional heat 

transport by the climatological annual mean circulations, poleward heat transport by 

synoptic eddies occurs in both the upper and lower troposphere with the maximum 

transport in the lower troposphere (Fig. S2). 

 

4. Causes of the maximum heat transport by synoptic eddies at 50°N or S 

An interesting question is why the maximum zonal mean heat transport by synoptic 

eddies occurs near 50°N/S. As the synoptic-scale heat transport is greater in the lower 

troposphere (Fig. S2), we plot the horizontal maps of standard deviations of the 850-hPa 

synoptic-scale meridional wind [𝜎𝜎(𝑣𝑣𝑠𝑠)] and temperature [𝜎𝜎(𝑣𝑣𝑠𝑠)] fields and their correlation 

(Figs. 4a-c) to examine the relative roles of meridional wind and temperature anomalies in 

the mid-latitude poleward heat transport. It is note that the correlation coefficients between 

the synoptic meridional wind and temperature anomalies (Fig. 4c) are generally positive 

(negative) in the NH (SH). The in-phase relationship between the temperature anomalies 

and the poleward wind anomalies leads to the poleward heat transport at the synoptic scale. 

The variabilities of the synoptic-scale meridional wind and temperature are large in the 

middle latitudes with enhanced synoptic-scale activities over the storm track regions (Fig. 

4a). The synoptic-scale temperature variabilities are also strong in East Asia and North 



America (Fig. 4b).  

In addition, to reveal the mechanism behind the synoptic poleward heat transport peak 

at around 50°N/S, the meridional profiles of the zonal mean standard deviations of the 

synoptic-scale meridional wind and temperature and their correlation in the NH are shown 

in Figures 4d-f. The maximum variabilities of the zonal-mean synoptic meridional wind 

and temperature occur at around 50°N, resulting in a maximum of their product at around 

50°N. The correlation between the synoptic-scale meridional wind and temperature reaches 

a peak at 40°N and the positive correlation coefficient is large at 50°N. These lead to the 

peak latitude of the northward heat transport by the synoptic motion at around 50°N. The 

maximum variability of the synoptic meridional wind anomalies is primarily attributed to 

the mid-latitude atmospheric baroclinic instability, which is determined by either the 

vertical wind shear or meridional temperature gradient. From a potential vorticity (PV) 

point of view, the instability may also depend on atmospheric static stability (Grotjahn 

2003; Robinson 2010). An Eady Growth Rate index was introduced to measure the strength 

of atmospheric baroclinic instability (Lindzen and Farrell 1980; Chu et al. 2020). It is given 

by: 

𝐼𝐼𝐵𝐵 = 0.31𝑓𝑓
�
𝜕𝜕𝑉𝑉ℎ
�⎯�

𝜕𝜕𝜕𝜕 �

𝑁𝑁
, (6) 

where f is the Coriolis parameter, 𝑉𝑉ℎ
�� is the horizontal wind field, and N is the Brunt–

Väisälä frequency. The zonal mean Eady Growth Rate index (red dashed curve in Fig. 4d) 

is found to peak south of the maximum variability of the 850-hPa synoptic-scale meridional 

wind (red solid curve in Fig. 4d). Atmospheric synoptic-scale perturbations are often 

enhanced to the northeast of the mid-latitude westerly jet in the jet exit region (Holton 

2004; Diao et al. 2018), due to the geostrophic velocity and so induced vertical motion. As 

a result, the maximum synoptic-scale activity occurs to the north of the 200-hPa jet (blue 

curve in Fig. 4d). The latitudinal location of the maximum synoptic-scale temperature 

variability is consistent with the latitudinal location of the maximum product of the mean 

temperature gradient and the standard deviation of the synoptic meridional wind (Fig. 4e). 

Thus, the preferred latitudinal location of the maximum zonal mean meridional heat 



transport by the synoptic-scale motion is largely attributed to the latitudinal locations of the 

maximum variability of the synoptic meridional wind associated with the mid-latitude 

baroclinic instability and the maximum variability of the synoptic temperature anomalies 

associated with the anomalous advection of the mean temperature. 

An empirical orthogonal function (EOF) analysis is conducted to show the dominant 

modes of the 850-hPa synoptic-scale wind and temperature fields in the middle latitudes. 

The first leading EOF mode is shown in Figure 5. Mid-latitude synoptic-scale waves are 

evident over the North Pacific, North America, the Atlantic, the SIO, and the western South 

Pacific. The second mode has a similar wave like pattern to the first mode but with a 90-

degree phase difference (figure not shown). The two leading modes capture about 12% of 

the total variance. The positive temperature anomalies are located at the east (west) of a 

synoptic-scale cyclonic (anti-cyclonic) circulation, while negative temperature anomalies 

are located at the west (east) of the cyclonic (anti-cyclonic) circulation. As the anomalous 

poleward flow transports warm air poleward, the temperature anomalies are in phase with 

the poleward wind anomalies. The anomalous advection of the mean temperature results in 

the poleward synoptic-scale heat transport in the middle latitudes. 

Figure 6 shows the standard deviations of the meridional wind and temperature 

anomalies and their correlations associated with the intra-seasonal and lower-frequency 

timescales at 850 hPa. The in-phase relationship between the temperature anomalies and 

the anomalous poleward wind on the intra-seasonal/lower-frequency timescale is similar to 

the synoptic-scale counterpart and the correlation is as strong. The weaker intra-seasonal 

heat transport is due to the weaker variabilities of the meridional wind anomalies. 

Moreover, variabilities of both the lower-frequency meridional wind and temperature 

anomalies are extremely weak, leading to the negligible lower-frequency heat transport 

(Fig. 2f).  

 

5. Seasonal variation of the meridional heat transport 

Figure 7 shows the zonal mean meridional heat transport by various timescale 

components in northern winter (December–February, DJF) and summer (June-August, 

JJA), respectively. Similar to the seasonal mean moisture transport examined in Liu et al. 



(2021), the contribution from the interactions between the climatological annual mean and 

the climatological annual variation to the seasonal mean heat transport is not negligible. 

Note that the seasonal reverse heat transport in the tropics (Figs. 7a, b) is largely 

contributed by the interaction between the mean temperature and the seasonal anomalous 

meridional wind which is related to the seasonal variation of the Hadley cells. The 

poleward heat transport in the mid-latitude NH in DJF is greater than that in JJA, which is 

attributed to the seasonal reverse heat transport by the interactions between the 

climatological annual mean and annual variation components. The relative contributions 

from different timescale components averaged at 50°N and 50°S are shown in Figures 7c-d. 

The annual cycle and transient eddy components play equally important roles in the mid-

latitude seasonal mean heat transport. In DJF, the interactions between the climatological 

annual mean and annual variation components drive about 15% of the poleward heat 

transport, while equatorward transport due to the two interaction components occurs in JJA. 

This leads to the weaker poleward heat transport in JJA at 50°. 

The horizontal patterns of the total meridional heat flux and the meridional heat flux 

due to the interaction between the mean temperature and the seasonal anomalous wind in 

boreal winter are shown in Figure 8. The horizontal pattern of the total heat transport in 

DJF (Fig. 8a) is similar to that of the long-term mean transport (Fig. 2a). The magnitude of 

the transport in DJF in the NH is stronger than the long-term mean transport, especially in 

East Asia, North America, the North Pacific, and the NA, resulting in a more obvious wave 

train pattern of the heat transport in the middle latitudes. The magnitude of the meridional 

heat transport of the mean temperature by the seasonal anomalous flow (Fig. 8b) is 

comparable to that by the mean flow (Fig. 2b). In addition, the horizontal pattern of the 

transport of the mean temperature by the seasonal anomalous wind in DJF in the NH is 

similar to that by the mean flow, resulting in the enhanced heat transport in DJF in the NH 

(Fig. 8a). 

The climatological annual mean and annual variation components of the 850-hPa 

temperature and wind fields in DJF are plotted in Figs. 8c-d to understand the seasonal 

variation of the meridional heat transport. The maximum seasonal anomalous meridional 

wind at the equator (Fig. 8c) is related to Somali low-level jet. The mean northerlies in East 



Asia and North America and the mean southerlies in the North Pacific and Atlantic 

associated with the mid-latitude cyclonic circulations (Fig. 8d) contribute to the wave train 

pattern of the heat transport in the mid-latitude NH (Fig. 2b). The anomalous cyclonic 

circulations in the North Pacific and Atlantic in DJF (Fig. 8c), which are caused by the 

land-ocean thermal contrast, enhance the wave train pattern.  

The relative contributions of the climatological annual mean component and the 

interaction between the seasonal anomalous meridional wind and mean temperature to the 

wave train pattern of the total heat transport in DJF are shown in Figure 9. They appear 

roughly equally important. The averaged meridional heat flux in the key regions (black 

boxes in Fig. 8) is calculated by subtracting the negative box-averaged heat flux in the 

North Pacific and Atlantic from the positive box-averaged heat flux in North America and 

East Asia. The transport of the mean temperature by the seasonal anomalous wind is as 

important as the transport by the climatological annual mean wind. The transport of the 

seasonal anomalous temperature by the annual mean wind, on the other hand, is negligibly 

small in contributing to the wave train pattern. 

 

6. Meridional heat transport by TCs 

TCs are unique weather systems with positive-only temperature distribution and 

poleward movement, which differs considerably from the synoptic-scale eddies that have 

both positive and negative meridional wind and temperature components. As such, the 

zonal average of the synoptic-scale meridional wind or temperature is zero across a 

latitudinal band. Therefore, the heat transport by TCs deserves a specific section to discuss, 

and it cannot be simply regarded as a part of the synoptic-scale contribution. 

As TCs transport heat poleward during their poleward movement, the total meridional 

heat transport by TCs is defined as:  

𝐻𝐻𝐻𝐻𝑇𝑇𝑀𝑀������� =
1
𝑔𝑔
� 𝐶𝐶𝑇𝑇𝑣𝑣𝑇𝑇
𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏

𝑃𝑃𝑏𝑏𝑏𝑏𝑡𝑡
𝑣𝑣𝑣𝑣

��������������������
 , (7) 

where 𝐶𝐶𝑇𝑇 is the meridional moving speed of a TC calculated by using the TC best track 

data from the IBTrACS and 𝑣𝑣𝑇𝑇 is the total temperature averaged within a 500-km radius 

from the TC center. The TC-induced heat transport is calculated based on TC moving speed 



and temperature averaged within the TC core region. TCs with the tropical depression 

category or above (i.e., maximum wind greater than 21 knots) are considered in this study. 

Given the unique poleward heat transport feature of TCs, a part of TC meridional heat 

transport may be included in the annual mean component. As reanalysis products always 

underestimate TC warm core intensity, we develop an approach to construct a statistical 

relationship between the vertically integrated temperature in the TC inner core region and 

TC intensity by using outputs from the WRF model. 100 TC cases in the WNP during 

JASO for the period of 2000-2008 are simulated. The positive relationship between the TC 

warm core strength and the TC minimum sea level pressure is shown in Figure 10. The 

linear regression equation is represented by: 

〈𝑣𝑣𝑇𝑇〉 =  −0.0046𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 + 249.6, (8) 

where 〈𝑣𝑣𝑇𝑇〉 is the vertically integrated temperature of a TC averaged within a 500-km 

radius from the TC center and 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 is the minimum sea level pressure of the TC. The unit 

of 〈𝑣𝑣𝑇𝑇〉 is 104 K kg m-2 and the unit of 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 is hPa. Then we apply this linear relationship to 

Equation (7) and obtain the heat transport by TCs as following: 

𝐻𝐻𝐻𝐻𝑇𝑇𝑀𝑀������� =
1
𝑔𝑔
𝐶𝐶𝑇𝑇〈𝑣𝑣𝑇𝑇〉

�����������
=

1
𝑔𝑔
𝐶𝐶𝑇𝑇(−0.0046𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 + 249.6)

������������������������������������
, (9) 

As most of TCs form in July to October (JASO) in the NH and in January to April 

(JFMA) in the SH, we only focus on the heat transport by TCs during active TC seasons. 

Horizontal patterns of the TC meridional heat transport during JASO and JFMA 1981-2015 

are shown in Figure 11. The poleward heat transport by TCs in the NH is consistent with 

the poleward TC tracks, with maximum centers in the WNP, eastern North Pacific (ENP), 

NA, SIO, Australia, and South Pacific (SP) basins. The zonal mean heat transport by TCs is 

shown in Figure 11c, which displays that the TC northward (southward) heat transport 

peaks at around 20°N (20°S) in JASO (JFMA). The magnitude of the poleward TC heat 

transport is larger in JASO than in JFMA. Area-averaged meridional heat flux by TCs and 

the total meridional heat flux in active TC regions (black boxes in Figs. 11a, b) during 

JASO and JFMA are listed in Table 1. The TC-induced heat flux and the total heat flux in 

the TC active regions in the NH in JFMA are positive and TC contributes about 35% of the 

total heat transport, indicating the important role of TCs in the regional heat transport. 



However, positive and negative total heat flux cancel each other in the active TC regions in 

the SH, resulting in the relatively weak area-averaged heat transport.  

 

7. Conclusion 

Although the zonal mean heat transport by the mean flow and eddies was investigated 

previously, the relative contributions to the transport by different timescale motions such as 

synoptic, intra-seasonal and lower-frequency motions are not clear. By separating the wind 

and temperature fields into the climatological annual mean, annual variation, synoptic, 

intra-seasonal and lower-frequency components, relative contributions from different 

timescale motions to the zonal mean meridional heat transport are evaluated based on the 

35-year ERA-Interim reanalysis data. In the tropics, the annual mean circulations dominate 

the long-term mean meridional heat transport. In the middle latitudes, the mean circulations 

and the synoptic and intra-seasonal eddies are equally important to the poleward heat 

transport. Compared to the moisture transport that peaks at 40°N/S (Liu et al. 2021), the 

maximum heat transport occurs at around 50°N/S. While the synoptic and intra-seasonal 

motions contribute most of the moisture transport in mid-latitudes (Liu et al. 2021), they 

only contribute about a half of the total heat transport at 50°N/S.  

Different from the zonal mean moisture transport that is confined in the low level, the 

zonal mean heat transport in the lower troposphere has an opposite sign to the upper 

troposphere and the magnitude of the transport in the lower troposphere is greater. As a 

result, part of the lower-tropospheric heat transport offsets the upper-tropospheric 

counterpart. The zonal mean meridional heat transport by the climatological annual mean 

circulations has a peak at 50°N, being consistent with the maximum zonal and annual mean 

poleward wind at 850 hPa. The poleward heat transport by synoptic-scale motions also has 

a peak slightly south of 50°N.  It is partially attributed to the in-phase relationship between 

the synoptic-scale temperature and poleward wind anomalies. Besides, the maximum 

variability of the synoptic-scale meridional wind in the NH occurs at around 50°N, due to 

the mid-latitude baroclinic instability. Meanwhile, the combined effect of the strong 

synoptic meridional wind variability and the strong meridional gradient of the mean 

temperature leads to the maximum synoptic temperature variability slightly south of 50°N. 



Both the maximum temperature and meridional wind variabilities and their in-phase 

relationship lead to the peak synoptic-scale heat transport at around 50°N. It is worth 

mentioning that the dominant mode of the 850-hPa synoptic-scale wind field in the middle 

latitudes has a typical zonal wavelength of 1000-6000 km. This implies that spatial scales 

are somewhat linked to temporal scales, and a realistic zonal wavelength can be achieved 

with the current synoptic-scale temporal filtering. Although the temperature anomalies are 

also in phase with the poleward wind anomalies at the intra-seasonal timescale, the 

magnitude of the intra-seasonal meridional wind variabilities is smaller compared to the 

synoptic-scale counterpart. This leads to a weaker intra-seasonal heat transport. Moreover, 

the lower-frequency meridional wind and temperature variabilities are much weaker 

compared to the synoptic and intra-seasonal counterparts. As a result, the lower-frequency 

motion has a negligible contribution to the zonal mean meridional heat transport. There is 

limitation in the current examination of the lower-frequency heat transport by using 35-year 

reanalysis data. 

The interaction between the climatological annual mean temperature and the seasonal 

anomalous flow leads to the seasonal reverse of the zonal mean heat transport in the tropics, 

with southward (northward) heat transport in DJF (JJA). This is largely attributed to the 

seasonal change of the Hadley cells. The poleward heat transport by the interactions 

between the climatological annual mean and annual variation contributes about 15% of the 

total heat transport averaged at 50° in DJF, while the equatorward heat transport by the two 

interaction components is offset by the transient eddy and the annual cycle components in 

JJA. As a result, the mid-latitude heat transport is stronger in DJF in the NH.  

The ERA-Interim reanalysis still suffered from mass imbalance (Berrisford et al., 

2011). In order to obtain reasonable and meaningful meridional heat transport from 

reanalysis and avoid spurious sinks and sources, it is essential to first identify mass residual 

and correct the mass budget (Trenberth 1991; Trenberth and Solomon 1994; Mayer et al. 

2017; Liu et al. 2020). Trenberth (1991) developed a method to correct the mass budget by 

adjusting the barotropic wind and the method was improved in subsequent studies 

(Trenberth et al. 1995; Trenberth and Fasullo 2018). However, the mass residual issue is 

not considered in the current study. As we average the heat transport at different timescales 



and latitudes, the imbalance becomes not so dominant and noticeable. 

As important synoptic weather systems, TCs have a unique feature in comparison with 

the conventional synoptic eddies. TCs have positive-only poleward heat transport, whereas 

synoptic-scale waves can transport heat either poleward or equatorward. The synoptic heat 

transport does not consist of realistic TC contribution. Given the underestimated warm core 

of TCs in the reanalysis products, we estimate TC-induced heat transport based on high-

resolution WRF model simulations of 100 TCs in the WNP during JASO 2000-2008. A 

statistical relationship between the TC intensity and the vertically integrated temperature 

averaged in the TC core region is derived. Thus, the meridional heat transport by TCs 

during active TC seasons is obtained by using the best track data from the IBTrACS. It is 

found that the maximum poleward heat transport by TCs occurs at around 20°N/S and the 

transport in the NH is greater than that in the SH. TCs contribute about 35% of the total 

meridional heat transport averaged over the active TC regions in the NH, indicating that 

TCs play an important role in the regional meridional heat transport. The limitation of the 

TC-induced heat transport is that axisymmetric horizontal distributions of TC wind and 

temperature fields are not considered and the statistical relationship between TC intensity 

and temperature is established only based on the WNP TC cases. 
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TABLE 1 Box-averaged total meridional heat flux (HFtotal, unit: 104 K kg m-1 s-1) and heat 

flux by TCs (HFTC, unit: 104 K kg m-1 s-1) in several TC active regions (black boxes in Fig. 

11) in JASO and JFMA. 

Season region Total heat flux 

HFtotal 

Heat flux by 

TCs 

HFTC 

JASO WNP 147.8 42.8 

ENP 14.7 36.8 

NA 82.3 27.4 

WNP, ENP, and NA 100.9 35.2 

JFMA SIO -0.2 -24.9 

SP 6.5 -18.5 

Australia -10.8 -16.4 

SIO, Australia, and SP 1.0 -20.2 
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FIGURE 1 (a) Zonal mean meridional heat flux (unit: 104 K kg m-1 s-1) associated with 

different timescale motions. The black solid curve denotes the total heat flux. The blue, red, 

brown, green, orange, purple curves denote the contribution by the climatological annual 

mean (M), annual variation (A), synoptic-scale (S), intraseasonal-scale (I), lower-frequency 

(L) motions, and the mean meridional circulations, respectively. The black dashed curve 

represents the sum of the five components (M, A, S, I, and L). (b) Meridional heat flux and 

relative percentage contributions by the annual cycle (climatological annual mean and 

annual variation, yellow) and the transient eddy (synoptic and intra-seasonal anomalies, 

gray) components at 50° (average at 50°N and 50°S). The black bar denotes the total heat 

flux. 

FIGURE 2 (a) Vertically integrated annual mean meridional heat flux (unit: 104 K kg m-1 s-

1) during 1981-2015. (b)-(f) As in (a) except for the meridional heat flux by (b) the 

climatological annual mean, (c) annual variation, (d) synoptic, (e) intra-seasonal, and (f) 

lower-frequency motions.  

FIGURE 3 Vertical profiles of (a) the zonal mean meridional heat flux (unit: 104 K kg m-1 

s-1) by different timescale modes and (b) the zonal and annual mean meridional wind (unit: 

m s-1) at 50°N. Meridional profiles of (c) the climatological annual mean meridional wind 

(red, unit: m s-1) and temperature (blue, unit: K) at 850 hPa (solid curve) and 200 hPa 

(dashed curve) in the NH and (d) the vertically integrated meridional heat flux (unit: 104 K 

kg m-1 s-1) by the climatological annual mean circulations (black) and the vertically 

integrated heat flux in the upper troposphere (blue, 650-100 hPa) and the lower troposphere 

(red, Pbot-650 hPa) in the NH. The black curve in (a) denotes the total heat flux. The blue, 

red, brown, green, and orange curves in (a) denote the contribution by the climatological 

annual mean, annual variation, synoptic-scale, intra-seasonal, and lower-frequency 

motions, respectively. 

FIGURE 4 Standard deviations of (a) the 850-hPa synoptic-scale meridional wind (unit: m 

s-1) and (b) temperature (unit: K), and (c) correlation between the 850-hPa synoptic 

meridional wind and temperature anomalies. Meridional profiles of (d) the standard 

deviation of the 850-hPa synoptic-scale meridional wind (red solid curve), the 



climatological annual-mean zonal wind at 200 hPa (blue curve), and the Eady Growth Rate 

index (red dashed curve, 10-6 s-1), (e) standard deviation of the 850-hPa synoptic-scale 

temperature (red) and anomalous meridional advection of the mean temperature (blue, unit: 

10-6 K s-1), and (f) product (blue, unit: K m s-1) of the standard deviations of the 850-hPa 

synoptic-scale meridional wind and temperature and correlation (red) between the 850-hPa 

synoptic meridional wind and synoptic temperature anomalies. Regions exceeding a 99% 

confidence level are shaded in (c). 

FIGURE 5 Horizontal patterns of the 850-hPa wind (vector, unit: m s-1) and temperature 

(shaded, unit: K) fields regressed onto the standardized time series of the leading EOF 

mode of the 850-hPa synoptic-scale meridional wind in the 30°-60° latitudinal band. 

FIGURE 6 As in Figure 4 (a)-(c) except for (left) the intra-seasonal and (right) lower-

frequency modes.  

FIGURE 7 As in Figure 1 except for the vertically integrated seasonal mean meridional 

heat flux in (a, c) DJF and (b, d) JJA. The purple curve and bar denote the heat flux 

associated with the interaction between the seasonal anomalous meridional wind and the 

climatological annual mean temperature (vATM), the pink curve and bar denote the heat flux 

associated with the interaction between the climatological annual mean meridional wind 

and the seasonal anomalous temperature (vMTA), and the black dashed curve represents the 

sum of the seven components (M, A, S, I, L, vATM, and vMTA).  

FIGURE 8 (a) Vertically integrated seasonal mean meridional heat flux (unit: 104 K kg m-1 

s-1) in DJF during 1981-2015. (b) As in (a) except for the heat flux due to the interaction 

between the seasonal anomalous meridional wind and the climatological annual mean 

temperature. Horizontal patterns of the 850-hPa (c) seasonal anomalous wind (vector, unit: 

m s-1) in DJF and the climatological annual mean temperature (shaded, unit: K) and (d) 

climatological annual mean wind (vector, unit: m s-1) and the seasonal anomalous 

temperature (shaded, unit: K) in DJF. The black boxes in (a, b) represent the key regions 

for the wave train pattern of the meridional heat transport in the mid-latitude NH. 

FIGURE 9 Averaged meridional heat flux (unit: 104 K kg m-1 s-1) and relative percentage 

contributions by the climatological annual mean circulations (blue), the interaction between 

the climatological annual mean meridional wind and the seasonal anomalous temperature 



(pink), and the interaction between the climatological annual mean temperature and the 

seasonal anomalous meridional wind (purple) in the four key regions (black boxes in Figure 

8) for the wave train pattern of the meridional heat transport in the NH in DJF. The black 

bar denotes the averaged total heat flux. 

FIGURE 10 Scatter diagrams between the vertically integrated temperature (unit: 104 K kg 

m-2; red dots) averaged within a 500-km radius from the TC center and the TC minimum 

sea level pressure (unit: hPa). The slope of the linear regression line (black line) exceeds a 

99% confidence level based on Student's t-test.  

FIGURE 11 Horizontal patterns of the vertically integrated TC-induced heat flux (unit: 104 

K kg m-1 s-1) in (a) JASO and (b) JFMA 1981-2015. (c) Zonal mean meridional heat flux by 

TCs in JASO (red) and JFMA (blue). The black boxes in (a, b) represent the major regions 

for TC heat transport in the WNP (10ºN-40ºN, 115ºE-165ºE), ENP (10ºN-25ºN, 135ºW-

100ºW), NA (10ºN-45ºN, 85ºW-40ºW), SIO (10ºS-40ºS, 40ºE-75ºE), Australia (10ºS-30ºS, 

95ºE-125ºE), and SP (10ºS-40ºS, 155ºE-155ºW). 

  



 

FIGURE 1 (a) Zonal mean meridional heat flux (unit: 104 K kg m-1 s-1) associated with 

different timescale motions. The black solid curve denotes the total heat flux. The blue, red, 

brown, green, orange, purple curves denote the contribution by the climatological annual 

mean (M), annual variation (A), synoptic-scale (S), intraseasonal-scale (I), lower-frequency 

(L) motions, and the mean meridional circulations, respectively. The black dashed curve 

represents the sum of the five components (M, A, S, I, and L). (b) Meridional heat flux and 

relative percentage contributions by the annual cycle (climatological annual mean and 

annual variation, yellow) and the transient eddy (synoptic and intra-seasonal anomalies, 

gray) components at 50° (average at 50°N and 50°S). The black bar denotes the total heat 

flux. 



 
FIGURE 2 (a) Vertically integrated annual mean meridional heat flux (unit: 104 K kg m-1 s-

1) during 1981-2015. (b)-(f) As in (a) except for the meridional heat flux by (b) the 

climatological annual mean, (c) annual variation, (d) synoptic, (e) intra-seasonal, and (f) 

lower-frequency motions.  



 
FIGURE 3 Vertical profiles of (a) the zonal mean meridional heat flux (unit: 104 K kg m-1 

s-1) by different timescale modes and (b) the zonal and annual mean meridional wind (unit: 

m s-1) at 50°N. Meridional profiles of (c) the climatological annual mean meridional wind 

(red, unit: m s-1) and temperature (blue, unit: K) at 850 hPa (solid curve) and 200 hPa 

(dashed curve) in the NH and (d) the vertically integrated meridional heat flux (unit: 104 K 

kg m-1 s-1) by the climatological annual mean circulations (black) and the vertically 

integrated heat flux in the upper troposphere (blue, 650-100 hPa) and the lower troposphere 

(red, Pbot-650 hPa) in the NH. The black curve in (a) denotes the total heat flux. The blue, 

red, brown, green, and orange curves in (a) denote the contribution by the climatological 

annual mean, annual variation, synoptic-scale, intra-seasonal, and lower-frequency 

motions, respectively. 



 
FIGURE 4 Standard deviations of (a) the 850-hPa synoptic-scale meridional wind (unit: m 

s-1) and (b) temperature (unit: K), and (c) correlation between the 850-hPa synoptic 

meridional wind and temperature anomalies. Meridional profiles of (d) the standard 

deviation of the 850-hPa synoptic-scale meridional wind (red solid curve), the 

climatological annual-mean zonal wind at 200 hPa (blue curve), and the Eady Growth Rate 

index (red dashed curve, 10-6 s-1), (e) standard deviation of the 850-hPa synoptic-scale 

temperature (red) and anomalous meridional advection of the mean temperature (blue, unit: 

10-6 K s-1), and (f) product (blue, unit: K m s-1) of the standard deviations of the 850-hPa 

synoptic-scale meridional wind and temperature and correlation (red) between the 850-hPa 

synoptic meridional wind and synoptic temperature anomalies. Regions exceeding a 99% 

confidence level are shaded in (c). 



 
FIGURE 5 Horizontal patterns of the 850-hPa wind (vector, unit: m s-1) and temperature 

(shaded, unit: K) fields regressed onto the standardized time series of the leading EOF 

mode of the 850-hPa synoptic-scale meridional wind in the 30°-60° latitudinal band. 

  



 
FIGURE 6 As in Figure 4 (a)-(c) except for (left) the intra-seasonal and (right) lower-

frequency modes.  



 

FIGURE 7 As in Figure 1 except for the vertically integrated seasonal mean meridional 

heat flux in (a, c) DJF and (b, d) JJA. The purple curve and bar denote the heat flux 

associated with the interaction between the seasonal anomalous meridional wind and the 

climatological annual mean temperature (vATM), the pink curve and bar denote the heat flux 

associated with the interaction between the climatological annual mean meridional wind 

and the seasonal anomalous temperature (vMTA), and the black dashed curve represents the 

sum of the seven components (M, A, S, I, L, vATM, and vMTA).  



 
FIGURE 8 (a) Vertically integrated seasonal mean meridional heat flux (unit: 104 K kg m-1 

s-1) in DJF during 1981-2015. (b) As in (a) except for the heat flux due to the interaction 

between the seasonal anomalous meridional wind and the climatological annual mean 

temperature. Horizontal patterns of the 850-hPa (c) seasonal anomalous wind (vector, unit: 

m s-1) in DJF and the climatological annual mean temperature (shaded, unit: K) and (d) 

climatological annual mean wind (vector, unit: m s-1) and the seasonal anomalous 

temperature (shaded, unit: K) in DJF. The black boxes in (a, b) represent the key regions 

for the wave train pattern of the meridional heat transport in the mid-latitude NH. 

  



 
FIGURE 9 Averaged meridional heat flux (unit: 104 K kg m-1 s-1) and relative percentage 

contributions by the climatological annual mean circulations (blue), the interaction between 

the climatological annual mean meridional wind and the seasonal anomalous temperature 

(pink), and the interaction between the climatological annual mean temperature and the 

seasonal anomalous meridional wind (purple) in the four key regions (black boxes in Figure 

8) for the wave train pattern of the meridional heat transport in the NH in DJF. The black 

bar denotes the averaged total heat flux. 

  



 
FIGURE 10 Scatter diagrams between the vertically integrated temperature (unit: 104 K kg 

m-2; red dots) averaged within a 500-km radius from the TC center and the TC minimum 

sea level pressure (unit: hPa). The slope of the linear regression line (black line) exceeds a 

99% confidence level based on Student's t-test.   



 
FIGURE 11 Horizontal patterns of the vertically integrated TC-induced heat flux (unit: 104 

K kg m-1 s-1) in (a) JASO and (b) JFMA 1981-2015. (c) Zonal mean meridional heat flux by 

TCs in JASO (red) and JFMA (blue). The black boxes in (a, b) represent the major regions 

for TC heat transport in the WNP (10ºN-40ºN, 115ºE-165ºE), ENP (10ºN-25ºN, 135ºW-

100ºW), NA (10ºN-45ºN, 85ºW-40ºW), SIO (10ºS-40ºS, 40ºE-75ºE), Australia (10ºS-30ºS, 

95ºE-125ºE), and SP (10ºS-40ºS, 155ºE-155ºW). 
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In the tropics, the climatological annual mean circulations dominate the long-term mean 

meridional heat transport, while the interaction between the climatological annual mean 

temperature and the seasonal anomalous flow largely contributes to the seasonal variation of the 

meridional heat transport. In the middle latitudes, the climatological annual mean circulations and 

transient eddies (mostly synoptic and intra-seasonal eddies) are of roughly equal importance in 

the poleward heat transport, leading to the maximum poleward heat transport around 50°N/S. 




