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Abstract

:

This review provides a comprehensive coverage of changes of the Hadley Cell extent and their impacts on the weather, climate, and society. The theories predicting the Hadley Cell width are introduced as a background for the understanding of the circulation changes and the metrics used for detection. A variety of metrics derived from various data sources have been used to quantify the Hadley Cell width. These metrics can be classified as dynamical, hydrological, thermal, and chemical metrics, based on the properties of the variables used. The dynamical metrics have faster trends than those based on thermal or hydrological metrics, with the values exceeding 1 degree per decade. The hydrological metric edge poleward trends were found a slightly faster expansion in the Northern Hemisphere than its southern counterpart. The chemical metrics show a poleward trend of more than 1 degree per decade in both hemispheres. We also suggest a few reasons for the discrepancy among trends in Hadley Cell expansion found in previous studies. Multiple forcings have been found responsible for the expansion, which seems to be more attributed to the natural variability than anthropogenic forcing. Validation of the scaling theories by the trends in Hadley Cell width suggests that theories considering the extratropical factor would be better models for predicting the Hadley Cell width changes. The Hadley Cell has an impact on different atmospheric processes on varying spatio-temporal scales, ranging from weather to climate, and finally on society. The remaining questions regarding Hadley Cell climate are briefly summarized at the end.
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1. What Is the Hadley Cell?


The Hadley Cell is a salient feature of Earth’s atmospheric circulation spanning half the globe. Such circulation is thermally closed, with warm buoyant fluid rising near the equator then moving poleward and cold fluid descending in the subtropics then moving equatorward. This circulation reduces the equator-to-pole temperature gradient associated with the incoming solar radiation, and makes the extratropics a milder climate. Its ascending branch forms the Inter Tropical Convergence Zone (ITCZ) containing vigorous thunderstorms in the deep tropics, while the descending branch produces a semipermanent high atmospheric pressure lying (mainly over the oceans) between 20   °   and 40   °   of latitude in both the Northern and Southern Hemispheres. The Hadley Cell is named after George Hadley, a British amateur meteorologist who put forward perhaps the first scientific model of the meridional overturning circulation, by which the northern hemispheric trade winds flowing from northeast to southwest over the tropical ocean are sustained. This is a key factor in the early 18th century that ensures European sailing vessels reaching North American shores.



The descending branch of Hadley Cell has a large impact on the weather and climate in the subtropics. The weather there is cloudless and rainless, and thus makes a large extent of arid regions including the largest desert in the world. The poleward extension of the Hadley Cell may result in the extension of these arid regions to higher latitudes. For example, reduced precipitation and more frequent droughts have been observed in the subtropics (e.g., Southern Australia, the Mediterranean region, and Northern China), which are linked to the expansion of Hadley Cell for the past few decades, e.g., [1,2] and others. The frequent extreme events of heat waves occurring in Europe in recent years are attributed to the poleward extension of the subtropical high due to the Hadley Cell expansion and the northward shift of the westerly jet in summer.



The monsoon regions, where about three-quarters of the ITCZ is embedded within [3], are home to about 50% of the world’s population and more than 80% of the terrestrial biome. In the Coupled Model Intercomparison Project (CMIP) models, the stronger Hadley Cell is associated with enhanced monsoon rainfall in the Northern Hemisphere [3,4]. Further, the intensity and extent of the subsidence-induced high pressure can influence the monsoon circulations and tropical cyclone paths. The poleward extension of the western Northern Pacific subtropical high may result in the drying trend in southern China and increasing rainfall over the Yangtze River Valley in spring [5]. It may also lead the tropical cyclones to higher latitudes, threatening Northeast Asia.



The Hadley Cell plays an important role in the Earth’s climate by transporting energy and angular momentum poleward [6,7]. Thus, it is important to understand the physical mechanism for variation in the Hadley Cell extension and shed some light on the debate on the long-term change in the Hadley Cell. The expanding Hadley Cell is characterized as its edge shifting poleward. Since the Hadley Cell determines how far the tropics extend, the Hadley Cell expansion is also known as the tropical widening. Earlier reviews summarized the basic understanding of Hadley Cell expansion; however, much remains unclear, including the metrics describing the Hadley Cell edge, the magnitudes of observed change, and the mechanisms responsible for the expansion. Here, we will review (1) the theories predicting the Hadley Cell width, (2) the metrics describing the Hadley Cell edge, (3) datasets used for the studies for Hadley Cell edge climate change, (4) the amount of Hadley Cell extent changes found by previous studies, (5) the forcings responsible for these changes, and (6) the impacts of Hadley Cell expansion on the weather and society.




2. Hadley Cell Edge Identifications


2.1. Theories for Hadley Cell Width


There are five plausible (and not mutually exclusive) theories predicting the Hadley Cell width based on different thermodynamics considerations. Examining the changes of the variables related to different theories enables us to obtain a better understanding of Hadley Cell width changes.



The first theory, proposed by Schneider [8] and developed by Held and Hou [9], posits that the Hadley Cell is a thermally closed circulation and that the poleward flowing air at its upper branch conserves its angular momentum without the effects of eddy and friction, resulting in a narrow band of fast flow called subtropical jet. Constraints by the thermodynamic, the Hadley Cell edge   ϕ HH   in this theory scales as follows:


   ϕ HH  ∝     g Δ θ  H t     Ω 2   a 2   θ 0      1 / 2   ,  



(1)




where   Ω = 7.292 ×  10  − 5     s    − 1    is Earth’s rotation rate,   a = 6.371 ×  10 6    m is the mean radius of Earth,   θ 0   is a reference potential temperature,   g = 9.81   m s    − 2    is the acceleration due to gravity,   Δ θ   is the equator-to-pole potential temperature difference in radiative equilibrium, and   H t   is the tropical tropopause height. The proportional relationship in Equation (1) implies that the Hadley Cell will expand when the tropical tropopause height raises and/or meridional temperature gradient strengthens. For example, an increasing tropopause height in the tropics is most likely related to stronger ascending branch of the Hadley Cell in the tropics, which also affects the Hadley Cell expansion [7]. This theory indicates that the width of Hadley Cell is sensitive to the thermal structure in the tropics.



If the air moving poleward at the upper branch of the Hadley Cell conserves its angular momentum, while the equatorward return flow at the lower level is smaller (less than 3 m s    − 1   ) due to surface friction, then there will be a large vertical shear increases with latitude, and eventually this will become baroclinically unstable, which leads to the non-conservation of angular momentum. The second theory, proposed by Held [10], posits that the Hadley Cell edge corresponds to the latitude where the vertical shear of the angular momentum-conserving flow becomes baroclinically unstable, when the shear between upper and lower levels reaches a critical value. Using the two-layer model criterion of Phillips [11], the Hadley Cell width   ϕ  H 00    can be calculated as follows:


   ϕ  H 00   ∝     N  H e    a Ω     1 / 2   ,  



(2)




where   N =   ( g / θ ) ( ∂ θ / ∂ z )     is the vertically average Brunt–Väisälä frequency measuring the tropospheric static stability, which employs the subtropical value here, and   H e   is the subtropical tropopause height. This theory predicts that the Hadley Cell will expand when the tropopause raises and/or the static stability enhances in the subtropics. Meanwhile, the rising tropopauses [12,13] enhance the meridional temperature gradient in the upper troposphere [14]. This theory attributes the extent of the Hadley Cell to the changes in the stability and the tropopause height in the subtropics.



However, there is not a critical shear for baroclinic instability in a continuously stratified atmosphere, which makes the critical shear become an artifact of the vertical truncation of the two-layer model. The third theory based on the supercriticality of the slope of isentropes, proposed by Korty and Schneider [15], posits that the Hadley Cell edge can be characterized by a critical value of supercriticality over which vertical wave activity fluxes extend in the dry atmosphere [16]. This theory does not require angular momentum conservation of the tropical upper-tropospheric flow or use an expression for baroclinic instability. The supercriticality   S c   is a nondimensional measure of slope of isentropes, which can be calculated as follows:


   S c  ∼     p ¯  s  −   p ¯  e      p ¯  s  −   p ¯  t    ,  



(3)




where    p ¯  s  ,    p ¯  t  , and    p ¯  e   are time- and zonally-averaged pressures at the surface, tropopause, and the level up to which vertical wave activity fluxes extend, respectively. The critical value of supercriticality depends on both the meridional near-surface temperature gradient and subtropical static stability. Sensitivity simulation results performed by Korty and Schneider [15] suggested that the Hadley Cell terminates at the latitude where   S c   first exceeds ∼0.6. Although this theory provides a more general foundation for the relation of baroclinic eddies and Hadley Cell extent without assuming a critical shear, it cannot obtain a closed theory for the Hadley Cell scale. It is also unclear if this supercriticality based formula can be maintained in moist atmospheres.



The fourth theory relates the circulation poleward shift to the upper-tropospheric baroclinicity changes in the subtropics, based on the studies on the poleward shift of the storm track [17,18,19], in which occurs frequent synoptic-scale baroclinic wave activities [20]. The Hadley Cell edge is set by the location of the sign switch of the eddy momentum flux [10,15,21,22], and thus the shift of the Hadley Cell edge is strongly influenced by the shift of the zone of baroclinic instability. The baroclinic instability can be represented by the maximum Eady growth rate   σ E   [23], which can be calculated as


   σ E  = 0.31  g  N T     ∂ T   ∂ y   ,  



(4)




where T is the zonal mean temperature,   ∂ T / ∂ y   is the meridional temperature gradient. In the extratropical regions with high occurrence frequencies of subtropical jet, Eady growth rates increase according to the thermal wind balance, then Equation (4) becomes


   σ E  = 0.31  f N    ∂ U   ∂ z   = 0.31  f N    Δ U   H e   ,  



(5)




where   f = 2 Ω s i n ϕ   is Coriolis parameter with  ϕ  as latitude, and   ∂ U / ∂ z   is the vertical wind shear,   Δ U   is the zonal wind difference between the upper and lower troposphere. As a measure of the baroclinicity, this maximum Eady growth rate can be seen to depend on the vertical wind shear, the static stability, and rotation rate. In addition, the rising tropopauses reduce the baroclinicity in the subtropics, eventually widening the Hadley Cell.



On the flanks of the Hadley Cell, Rossby waves propagating away from their source leave behind westerly zonal wind anomalies that drive the so-called polar-front or eddy-driven jet [24,25,26]. On the other hand, the Rossby waves propagate into and break within the Hadley Cells, then force easterly zonal wind anomalies, modifying the strength and position of the subtropical jets and the Hadley Cell edges. The fifth theory relates the Hadley Cell edge changes to the Rossby wave breaking between the tropics and extratropics above the subtropical jet [27,28]. For the anticyclonically wave breaking (AWB; anticyclonic shear favoring equatorward breaking) events [29], the vertical shear of the stratospheric zonal flow increases, thereby a poleward displacement of eddy-driven jet [27]. Homeyer and Bowman [30] found that anticyclonically sheared wave-breaking events dominate in both hemispheres in the 30 year (1981–2010) ERA-Interim reanalysis; therefore, a transition in the mode of wave breaking from cyclonically wave breaking (CWB) [29] to AWB would increase mixing on the equatorward side of the eddy-driven jet, which induces the Hadley Cell broadening [27,31].



Each of the causes for Hadley Cell width change discussed here probably operates through one or more of the mechanisms above. Further, realistic widening includes the complicating effects of terrain and season. The validation of each mechanism is discussed in Section 4.2: How important each cause is in driving the Hadley Cell? How sensitive the latitudinal extent of the Hadley Cell is to each cause?




2.2. Metrics of Hadley Cell Edge


In previous studies, a variety of metrics have been used to quantify the edge of the Hadley Cell. These metrics can generally be classified as dynamical, hydrological, thermal, and chemical metrics, based on the properties of the variables used. It is important to note that choosing different metrics can result in large differences in the calculated expansion rates of the Hadley Cell.



2.2.1. Dynamical Metrics


The Hadley Cell is generally considered as a temporal and zonal mean circulation. The average meridional streamfunction   Ψ ( p , ϕ )   defined on a latitude and pressure plane is usually employed to describe the Hadley Cell, which is defined as follows:


  Ψ  ( p , ϕ )  =   2 π a cos ϕ  g   ∫   p s   0   v ¯  d p ,  



(6)




where p is the pressure, v the meridional wind, and the overbar a zonal average. An enhanced intensity of streamfunction (i.e., stronger upward/downward branches and poleward/equatorward branches of the circulation) means a stronger Hadley Cell [7]. The zero-crossing latitude, polewards of the ITCZ, of the meridional overturning streamfunction at 500 hPa   Ψ 500  , or of averaged over the troposphere column   ∫  Ψ d p    e.g., [32] are widely used as a dynamical metric of the Hadley Cell poleward edge location (Table 1 and Figure 1).



The atmosphere flow in the subtropics is dominated by downward movement, accompanied with a high pressure near the sea surface level. The latitude of maximum downwelling is associated with the location where the meridional gradient of the streamfunction (the vertical velocity)    ∂ y  ∫ Ψ d p   is the largest. The steepest meridional gradient of   ∫ Ψ d p   generally lies poleward of its zero-crossing latitude. The subtropical sea-level high-pressure ridge (SLP) is a conventional metric since the surface pressure is one of the mandatory weather observations.



According to Equations (4) and (5), the meridional temperature gradient is the strongest at the edge of the subtropics, which is associated with the subtropical jet stream (STJ). The STJ is the location of maximum winds in the upper troposphere. In the time and zonal mean and assuming linear surface drag, the vertically averaged zonal-mean quasigeostrophic zone momentum equation reduces to a balance between the vertically averaged eddy momentum flux convergence and surface drag on the zonal-mean surface zonal wind:


     u ¯  s  τ  = −   ∂  ∂ y      u ′   v ′   ¯   ,  



(7)




where    u ¯  s   is the surface zonal wind,  τ  a time scale for drag,     u ′   v ′   ¯   the eddy momentum flux where primes indicate deviations from the zonal mean, and angled brackets the vertical average. Based on Equation (7), we can use the latitude of zero-crossing zonal mean surface wind   U  s f c   , or the maximum eddy momentum flux    u ′   v ′    to locate the Hadley Cell edge [32,38,39]. The maximum of the vertically integrated zonal momentum   M  t r o p    can be used to define the Hadley Cell edge as well [32,38]. As found by Davis and Birner [36], the   U  s f c    metric is well correlated with the   Ψ 500   metric (Figure 1). Alternatively, the surface wind may be subtracted from the winds aloft to isolate the STJ from the eddy-driven jet (EDJ), which is defined as the maximum wind at 850 hPa in each hemisphere [37]. Although EDJ is not a part of the Hadley Cell, given the tendency of baroclinic eddies on the flank of the Hadley Cell. On all timescales, there are strong correlation relationships between the EDJ latitudes and the Hadley Cell edge latitudes (e.g.,   ∫ Ψ d p  ,    ∂ y  ∫ Ψ d p  , and   U  s f c   ) [32,37].




2.2.2. Hydrological Metrics


The tropical hydrological cycle affects the Hadley Cell by linking radiative forcing and moisture transport to the global distribution of sea surface temperature. The subsidence in the edge of the Hadley Cell is featured as an arid zone accompanied by the absence of clouds in the subtropics; therefore, the minimum total precipitation   P  m i n   , or evaporation exceeding precipitation   P − E < 0  , and the minimum cloud coverage   C  m i n    can be used to locate the Hadley Cell edge, e.g., [38,43]. There are other hydrological metrics being employed to describe the edge of the Hadley Cell listed in Table 2. The latitude of   min ( P − E )   often lies within the subsidence of the Hadley Cell, while the location of the   P − E = 0   is associated with the climatological mean subsidence in the vicinity of (generally polewards of)   Ψ 500  . On the poleward flank of the Hadley Cell, the active eddies in the storm track play a role in the moving Hadley Cell edge [39]. The changes in the location of storm track, featuring as the midlatitude total precipitation maximum   P  m a x   , can be used to represent the shift in the Hadley Cell edge [44]. These hydrological metrics are related to precipitation, which has relevant implications for society.



The cloudless region characterized by the subtropical cloud cover minimum induces a high outgoing longwave radiation (OLR) due to the increased thermal emission from surface. The OLR higher than a given radiation threshold, e.g., 250   W  m  − 2     [33,40,48,49], is widely used to describe the Hadley Cell edge. Since the numerical OLR threshold is a bit arbitrary, an objective OLR metric is proposed based on the meridional difference in OLR [40,47]. For instance, the Hadley Cell edge can be estimated as the latitude where the zonal mean OLR drops 20   W  m  − 2     on the poleward side of the position of its subtropical maximum ( Δ OLR). Note that the behavior of OLR in response to the climate change is complex. Changes to the surface, tropospheric, and stratospheric temperatures all play a role, as does the variability in water vapor, clouds, and aerosol. These effects vary in different regions of the spectrum, with sources often making opposite contributions [50].




2.2.3. Thermal Metrics


In the subtropical upper troposphere, there is a sharp discontinuity of lapse rate tropopause [51] near the STJ known as the “tropopause break” TPB; [52,53,54], where the tropopause altitudes change from the tropical one to the extratropical one well below abruptly. For simplicity, the latitude where the tropopause altitudes have a given threshold (e.g.,   Z 15  ) is used to locate the Hadley Cell edge [55]. The poleward latitude of a given frequency of high tropical tropopause altitudes   p ( Z )   is another widely used metric [52]. Alternatively, the latitude at which the greatest meridional gradient in tropopause altitude    ∂ y   Z  t r o p     occurs (Table 3) is employed to locate tropopause break. The subtropical tropopause altitudes increase as the STJ shifts poleward, resulting in a broader Hadley Cell according to Held [10]. Longitudinal variability in the amount of Hadley Cell expansion was also noted with this methodology [54]. Fu and Lin [56] found a significant cooling in the lower stratosphere due to the subtropical jet poleward shifting, and thus the maximum cooling (LST) can be adopted to represent the Hadley Cell edge. As the temperature changes in troposphere and stratosphere oppositely in response to the global warming, Fu et al. [57] estimated the shift of subtropical jet using the global temperature trends (GTT) in these two layers, indicating the change of the Hadley Cell width.




2.2.4. Chemical Metrics


There is a large discrepancy in the chemical components concentration between troposphere and stratosphere, with the tropopause as the boundary between these two layers. There is a causal relationship between tropopause altitude and total column amounts of chemical components: the higher the tropopause altitude, the larger the region containing tropospheric chemical components, and vice versa. For instance, the concentrations of tropospheric gases such as    N 2  O   and   CH 4   are the highest in the tropics and minimum in the poles, e.g., [42]. As most of the Earth’s ozone stays in the middle of stratosphere, total column ozone (TCO) is lower in the tropics (where the troposphere is deeper) than at high latitude (polewards of the tropopause break), with the mean total ozone values of 280 DU, 333 DU, and 407 DU for the tropics, midlatitudes, and poles [58], respectively; therefore, the chemical tracer-based metrics can be adapted to locate the Hadley Cell edge; however, the numerical thresholds might not be valid for different periods. For example, the ozone hole in the Antarctic was found recovered as a result of the Montreal Protocol, which aims at controlling the emission of the ozone-depleting substances. Hudson et al. [58,59] proposed an objectively slope-based ozone metrics. Some other objective methods were proposed as listed in Table 4. The latitude at which tracer concentrations deviate by 1 σ  (standard deviation) from their tropical means can be used to describe the Hadley Cell edge [42]. The gradient-weighted latitude (GWL) is an alternatively metric [42], which locates the region of steep gradients of chemical tracers. In addition, the latitude of subtropical minimum in the probability density function (PDF) of tracer concentration is employed to define the Hadley Cell edge [60,61]. More recently, the PDF method is also employed to locate the tropopause break latitude [54]. The 1 σ  method’s edge generally lies polewards of the GWL metrics, while the PDF method locations are on the equatorwards of the GWL metrics. There is a strong correlation between 1 σ -based and GWL-based locations, with the correlation coefficient over 0.75 for 30-year period of 1995–2004 [42]. The exceptions to the reliability of the PDF tracer metric occur in spring and fall seasons [61] due to the frequent wave-driven excursions of air between the tropics and subtropics, and also fewer points for generating a more accurate PDF when using lower temporal resolution data. As the total column tracer concentration depends largely on the depth of the troposphere [62], tracer-based metrics correlate well with the tropopause break metrics in both the Northern and Southern Hemispheres [42]. Similarly, there is a large equator-to-pole gradient in the chemical tracer concentration, such as TCO, associated with the tropopause break [58,59]. Note that there is a close relationship between chemical tracer concentrations and tropopause, the tracer-based metrics have a larger latitudinal variability than that in the tropopause-based metrics [42] due to the regional difference of tracer emission.





2.3. Datasets for Hadley Cell Edge Studies


Several datasets are in widespread use for studying Hadley Cell climate change today.



2.3.1. Mandatory Observations


The surface weather stations and radiosonde stations provide the mandatory observations of the atmospheric states (e.g., temperature, wind, cloud, and precipitation) on a 1 h/12 h temporal resolution for surface/radiosonde observations and with ∼1.5 km vertical resolution for radiosonde observations. Oort and Yienger [63] computed the maximum streamfunction from the monthly mean latitude versus pressure cross section of meridional wind component measured by radiosonde. The maximum overall wind speed between the 100 and the 850 hPa levels derived from radiosonde observations was used to locate the subtropical jet stream, and thus the Hadley Cell edge location [45]. A primary shortcoming of radiosonde observations is the inhomogeneous spatial coverage since radiosondes are mostly launched from land masses with much less density in harsh climatic conditions (e.g., dessert, open sea, and high mountain). Another limitation is that not all radiosonde flights from a given location are successful, leading to discontinuities in the data record.




2.3.2. Satellite


Satellite observations can provide atmospheric thermal and chemical states with continuous observations by geostationary satellites (e.g., GOES, FengYun-2, and Himawari) or periodical ones by sun-synchronous orbit satellites (e.g., FengYun-3, CloudSat, and Aura). Satellite observations can provide those properties with high spatiotemporal inhomogeneity such as precipitation and cloud over the globe, which is often not possible using weather stations observations alone. A few of the dynamical parameters, such as surface wind field, can be obtained by satellite observation as well (e.g., QuikScat, WindSat, and ASCAT).



There are varied metrics derived from satellite-based platforms being widely used to investigate Hadley Cell edge. The most common metric based on the satellite observations is OLR [33,40,64], which is sensitive to the cloud coverage and indicates the long-wave radiation emitted from Earth–Atmosphere system. Another widely used methodology is arranging a given field in a zonal mean array, with clearly distinct value for different latitude zones (tropics, midlatitudes, and poles). This methodology is widely used to compensate for missing observation for some regions via using sun-synchronous satellites, especially for those with a narrow Field of View (FOV) projected onto the Earth’s surface.




2.3.3. Reanalysis


Reanalysis products are syntheses of assimilated data from various observational platforms over the globe and numerical weather forecast model results. These data adequately reproduce past three-dimensional atmospheric states and can be adopted to develop a broader understanding of atmospheric processes across different spatiotemporal scales and climate changes [65,66]. Reanalyses provide nearly continuous (mostly with an interval at every 6 h), three-dimension atmosphere structure from near surface to the top of atmosphere over the globe, by which we can examine all of the dynamical-based Hadley Cell edge variability, e.g., [32]. Several reanalysis products are publicly available and cover historical periods of 40 years or longer, with predecessor reanalyses such as NCEP/NCAR (National Centers for Environmental Prediction/National Center for Atmospheric Research reanalysis) and ECMWF ERA40 (the second generation reanalysis of European Centre for Medium Range Weather Forecasts), and modern reanalyses such as ERA-Interim and ERA5 (the third and fifth generation reanalysis of ECMWF), JRA-55 (the Japanese Meteorological Association 55-year reanalysis), and MERRA-2 (the National Aeronautics and Space Administration Modern-Era Retrospective analysis for Research and Applications, Version 2) being widely used for research today, e.g., [53,66].



However, in data-sparse regions of the globe and for poorly measured fields, a lack of observations cannot fully constrain the model output and thus allow possibly unrealistic representations of the atmosphere to dominate. Comparisons of radiosonde and reanalysis-based estimates of Hadley Cell expansion indicate that inhomogeneities in assimilated observations may be behind the discrepancies in estimates of the expansion of the Hadley Cell [67]. In addition to the assimilation systems, differences in the physics of the underlying models used within the various reanalyses can result in different representations of the circulation. The strong Hadley Cell intensification in the ERA40 was demonstrated to be a result of an unrealistic tropical mid-tropospheric cooling trend [68]. The Northern Hemisphere winter cells in the NCEP and ERA40 reanalyses show significant differences, driven by the differing cloud amounts and radiation budgets predicted by the two products [69]. Modern reanalyses are not free from these shortcomings. Considerable variability is presented in the strength and width of the Hadley Cell within the different products [54,70,71]. Simpler metrics, such as changes to the mean jet stream position, are better-captured by the reanalyses and have less scatter in the estimates. More complex metrics, such as tropopause altitude,  Ψ  or   P − E  , are more subject to the vagaries of the reanalysis models and cover a broader range, even within a given metric. The scatter in the estimates is often larger in the Southern Hemisphere, where fewer in situ observations are available and the reanalyses are more reliant on their internal dynamics and assimilated satellite data [72].




2.3.4. Climate Model Outputs


Essentially, climate modeling is just an extension of weather forecasting, but focusing on changes over decades rather than hours. Climate models predict how average conditions will change in a region over the coming decades, helping scientists understand how human activity is affecting the Earth’s climate. However, such a simulation brings problems of its own, for example understanding the simulation itself and discerning whether it is a good representation of reality. The poleward expansion of the Hadley Cell is one of the most robust aspects of the atmospheric general circulation’s response to a warming climate in global climate models. This response is seen in models of varying complexity, ranging from idealized aquaplanet simulations [73] to comprehensive general circulation model experiment [74], such as those from phases 3 and 5 of the Coupled Model Intercomparison Project (CMIP). The trend in the strength of the Northern Hemisphere cell shows much greater weakening in CMIP6 than in CMIP5, while the trend in its counterpart in the Southern Hemisphere shows slight strengthening. Davis and Birner [32] analyzed CMIP5 simulations and four modern reanalyses using an ensemble of objective tropical belt width metrics and found that reanalysis trends in the tropical belt width fall within the range of model trends for any given metric. Note that differences in climate feedbacks among models can produce significant intermodel variations in the Hadley Cell widening; however, the physical processes driving such variability in the Hadley Cell width are unclear.






3. Is the Hadley Cell Expanding?


3.1. Rates of Hadley Cell Expansion


The Hadley Cell is found to be expanding by a flurry of studies. However, previous studies have not agreed on the magnitudes of the observed change, with the magnitudes of the widening trend varying greatly from 0   °   to 2   °   decade    − 1    e.g., [40,52,75]. Here, we synthesize the current state of understanding regarding metrics mentioned in Section 2.2. Figure 2 summaries the values of Hadley Cell edge shifting trend from studies using observations (mainly from satellite) and reanalyses based on different metrics. Data used in this figure are collected from previous studies mentioned in Section 3. Most of these values indicate an expansion of less than 0.5   °   decade    − 1    in each hemisphere. The metrics based on middle troposphere data have greater magnitudes in the Northern Hemisphere, while the metrics inferring the upper troposphere situation (Z    T P    and   Δ θ  ) expand with larger rates in the Southern Hemisphere. This could be related to a significant poleward shift of jet caused by the Antarctic ozone hole. In addition, there is a much stronger dependence on the Quasi-Biennial Oscillation (QBO) in the Southern Hemisphere than in the Northern Hemisphere. The QBO is a quasiperiodic oscillation of the equatorial zonal wind between easterlies and westerlies in the tropical stratosphere with a mean period of about 2.5 years. The alternating wind regimes develop at the bottom of the middle stratosphere and propagate downwards until they are dissipated at the tropical tropopause. A reversion in the equatorial zonal winds from easterlies to westerlies (an increase in the QBO index) leads to a poleward shifting of the ozone-based Hadley Cell edge [76].



The dynamical metrics have faster trends than those based on thermal or hydrological metrics, with the values exceeding 1   °   decade    − 1    (Figure 2). Multiple studies using reanalysis data to examine streamfunction   ψ 500   location show a wide range of trends, e.g., [32,40,44,45,71,74,77,78,79,80,81,82,83,84]. These studies indicate that the Northern Hemisphere has widened more rapidly than the Southern Hemisphere, with the trends reaching 1.3   °   decade    − 1    for the Southern Hemisphere and over 2   °   decade    − 1    for the Northern Hemisphere (Figure 2). Additionally, there is a greater seasonality and a high uncertainty in the Hadley Cell expansion. For the edges defined by the STJ locations, trends of less than 0.2   °   decade    − 1    are generally found in reanalysis, while trends of larger than 1.2   °   decade    − 1    are obtained from the satellite data (Figure 2). The STJs in the Northern Hemisphere experience a more poleward displacement (  >  1 °    decade    − 1   ) than those in the Southern Hemisphere. The EDJs have a poleward trend of less than 0.5   °   decade    − 1    in each hemisphere from reanalyses. The satellite-derived trends in EDJ are much greater with estimates of poleward shifting from ∼0.5   °   to ∼1.2   °   decade    − 1    during different study periods [58]. Seasonal differences in EDJ-based trends are also presented, which suggest a greater expansion in summer and fall seasons for each hemisphere.



The subjective tropopause-metric edge with a given threshold (  Z  T P    and   Δ θ  ) show small broaden trends or even contraction in the Northern Hemisphere, while they generally show expansion in the Southern Hemisphere [85]. The objective tropopause-break-based edge (TPB) experiences a poleward shifting in those using monthly zonal mean view, e.g., [32], while this edge experiences a slight equatorward displacement in those using instantaneous data allowing longitudinal variability, e.g., [54] associated with El Niño-Southern Oscillation ENSO; [86]. This discrepancy is likely caused by the large contraction of the Hadley Cell in the east Pacific [54]. The trends in the Hadley Cell width associated with tropopause break location vary significantly for both hemispheres, with ∼0.5   °   decade    − 1    widening in some cases and contraction in others. Overall, expansion rates of temperature-based metrics (LST and GTT) are below 0.5   °   decade    − 1   , with little difference between the hemispheres. The changes in the near surface temperature show a slightly faster rate than that in the lower stratosphere, with a ∼   0.4 °    decade    − 1    broaden trend for GTT-based edge and a ∼  0.2   °    decade    − 1    broaden in LST-based edge.



Expansion estimates using  Δ OLR as a metric indicate that the Northern Hemisphere Hadley Cell generally has expanded twice rapidly than the Southern Hemisphere one. Previous studies examined the hydrological metric edge trends and found consistent poleward trends in the   C  m i n   ,   P  m i n   , and   P − E  , with a slightly faster expansion in the Northern Hemisphere [43,45,64].



The TCO-based metrics show a poleward trend of more than 1   °   decade    − 1    in each hemisphere, although there is considerable difference between investigation periods [59,76]. There is a much larger rate of expansion at 2   °   decade    − 1    in the Southern Hemisphere than in the Northern Hemisphere. This is associated with a much stronger cooling in the lower stratosphere due to a significant ozone hole over the Antarctic, in agreement with previous results [55,76].



The consistent rates in the metrics based on tropopause break location and the near surface (  P − E   and   P  m i n   ) in the Southern Hemisphere indicate the tropopause-relative Hadley Cell edge marks the poleward flank of the subtropical dry zone. This suggests the tropopause-based location can be important for the hydrological cycle in the atmosphere. In the Northern Hemisphere, the greater poleward shifting of precipitation pattern may induce more significant impact on the society. The narrowing trends of the tropopause-based metrics indicate the complexity of Rossby wave activity associated with significant regionality difference and/or atmosphere-ocean coupling (e.g., ENSO). All the metrics show a broadening Hadley Cell except TPB-metrics location, which indicates that the Hadley Cell expansion induces more frequent stratosphere–troposphere exchange [53].




3.2. Reasons for Discrepancy among Trends in Hadley Cell Expansion


The wide range of the expansion estimates may be the result of different metrics, dataset, and time periods.



First, the wide range of observed trends is mostly due to the wide range of metrics used to define the Hadley Cell edge (e.g., tropopause height, subtropical jet, streamfunction, precipitation and evaporation, and outgoing longwave radiation). It has been shown that many of the metrics that were originally used do not correlate with the streamfunction expansion [32,46]. Metrics present different perspectives of the Hadley Cell, and thus there are discrepancies among the Hadley Cell widening trends using different metrics. For example, the streamfunction-based metrics generally denote the dynamical perspective of the Hadley Cell in the middle troposphere, while the TPB metrics relate the Hadley Cell edge with the thermal structure in the upper troposphere (Figure 1). Davis and Birner [36] examined the relationship among the diagnostics on seasonal and interannual time scales and found that the EDJ locations agree fairly consistently with some of the dynamical Hadley Cell edge diagnostics (e.g.,   U sfc  ,    ∂ y  ∫ Ψ d p  , and   ∫ Ψ d p  ). This can be attributed to the balance between zero surface zonal wind and the vertically averaged momentum. On the other hand, there is a synchronous seasonal cycle in location shifting of the tropopause break and subtropical jet [36]; however, the relationship between EDJ latitude and tropopause break (subtropical jet) latitude is loose [36,41,46]. This might suggest that the dynamical field can be solved better in the models, while this is not true for the thermal fields. Furthermore, the effects of moisture, which play key roles in the real atmosphere, are highly complex for modeling. Previous studies showed that the different evolution of the latitudes of   Ψ 500   and   P − E   suggests that different physical mechanisms control them [39,87,88].



In addition, the discrepancy among different metric-based trends may be largely attributed to the different levels of troposphere representing by metrics, since the Hadley Cell tilts. For instance, Archer and Caldeira [75] examined the changes in wind field in the upper troposphere between the 100 and 400 hPa levels. By contrast, Strong and Davis [89] focused on the trends in the surface wind field and so will have missed the changes of the Hadley Cell in the upper troposphere. The metrics over different temporal and spatial scales also result in the different trends. Martin et al. [54] studied the Hadley Cell width change using a longitudinally varying tropopause-break method demonstrating the regionality of Hadley Cell change. They found a significant contraction of the Hadley Cell over the eastern Pacific between 1981 and 2015, and slight but statistically significant expansion in other subtropical regions.



The climate projections for different periods under similar atmospheric forcing may not produce a resembling Hadley Cell change [90,91]. This discrepancy between these projections could be attributed to both different metrics used to describe the Hadley Cell scale and climate sensitivities to various climate forcings of a given metric [90,92].



Second, the bias and uncertainty of the input data can induce inconsistency of estimates of Hadley Cell change. Inhomogeneity of observations will have a great impact on the quality of in situ and satellite data, as well as the reanalyses. The reanalyses are not fully constrained in data-poor regions, allowing the internal model dynamics to drive the variability of atmosphere. For example, there are biases and uncertainties in tropopause altitudes in the modern reanalyses [53], which can be attributed to the issues confronted by any model-related studies such as data assimilation, model vertical resolution, and parameterization schemes, e.g., [53,54,93].



The climate sensitivity of a given model can also have an impact on future trends in the circulation [94]. The changes of Hadley Cell width are sensitive to radiative cooling in the upper troposphere and stratosphere, sea surface temperature distributions, and land surface temperature changes, especially in the Northern Hemisphere [95,96,97]. Different cloud and convective parameterization schemes appear to contribute to the intermodel discrepancies in modeled Hadley Cell intensity [68]. Recently, CMIP6 historical all-forcing simulations show an expansion rate at    0.13 °  ±  0.02 °    per decade over 1970–2014, which is almost the same as that in CMIP5, with a larger contraction of Northern Hemisphere summertime Hadley Cell in CMIP6 models due to their higher average climate sensitivity [98]. Moreover, the satellite-derived data are sensitive to the accuracy of instrument detection and retrieval algorithms.



Third, there is regionality in atmosphere circulation largely owing to the land–ocean difference. Temperatures increase about twice as rapidly over land as over the oceans [99]. This inconsistency might cause regional difference of Hadley Cell change, as well as the inter-hemisphere difference. Regional processes, such as changes of available moisture provided by atmospheric advection, can explain the differences in trends among the metrics. The disagreements discussed above show the relevance of regional processes when comparing different metrics. Otto-Bliesner and Clement [100] reported that the formulation of the ocean model plays a strong role in determining the final characteristics of the Hadley Cell. Previous studies generally treated the Hadley Cells as occurring in a two-dimensional latitude-height plane, but cannot account for changes in tropical width associated with zonally asymmetric phenomena such as land–sea distribution and ENSO. In particular, the forced poleward shift of the storm track is most significant over the North Atlantic, which highlights the importance of a regional perspective when considering Hadley Cell width variations. More recent studies investigated the Hadley Cell edge based on the longitudinally varying methods and higher temporal resolution information [2,54]. For example, Martin et al. [54] found significant contraction of the tropics over the eastern Pacific between 1981 and 2015, and slight but significant expansion in other region. D’Agostino et al. [2] found that the poleward shift of the Northern Hadley Cell edge potentially increases serious droughts in Mediterranean/Middle East and Western Pacific. Based on the analysis of the climate model output, Amaya et al. [101] suggested that regional changes in hydrology largely follow the zonal mean in the Southern Hemisphere but exhibit strong regional differences in the Northern Hemisphere.



Fourth, the edge of Hadley Cell not only varies with the change of geographic location, but also changes in season. Hadley Cell becomes stronger in winter sphere due to a larger meridional temperature gradient and the strengthening of eddy momentum and buoyancy flux [33,44,55,64,74,102]. The  Ψ -based metrics show a strong seasonality with the largest changes in each hemisphere’s respective summer and autumn [33,71]. The EDJ metric based on the position of the peak zonal-mean 850 hPa zonal wind shows notable seasonal differences in the Southern Hemisphere [40]. Seasonal variability can be found in other metrics [40,43]. As noted earlier, some of the metrics, particularly during the warm season, may not produce robust results. The poleward shift of the subtropical high is most robust in spring and fall seasons [103] as the regional signal of the expansion of the Hadley Cell [6].



Part of the discrepancy stemming from the fact that different time periods were chosen by different studies, which implies the complexity of the climate changes, e.g., [104]. Different studies can induce variant long-term trends of Hadley Cell change, which depend (at least in part) on the starting and ending points. Amaya et al. [101] investigated the changes in Hadley Cell width and its relationship with anthropogenic and internal forcings and found that the Hadley Cell width will expand during a prolonged cold ENSO phase.



Different response time of each metrics will contribute to the discrepancy. Studying the evolution of the atmospheric circulation to abrupt change, Wu et al. [105] showed that under abrupt double CO   2   forcing the stratosphere is first to respond. While the Hadley Cell edge and global-mean surface temperature (  T s  ) show different response times to quadrupling CO   2  , the poleward expansion of the dry zone was found to follow the slower changes in global-mean   T s  , rather than the rapid changes in the Hadley Cell width. This implies that in spite of the high correlation between the edge of the Hadley Cell (streamfunction expansion) and the edge of the dry zone [46,106], different mechanisms control them. At steady state, changes in precipitation and evaporation are in balance with moisture flux divergence changes. Both long-term [107] and transient [87] responses point to the importance of the time-mean circulation and transient eddies in shifting the edge of the dry zone poleward. Chemke and Polvani [39] found that the stationary eddy moisture fluxes, on the other hand, acts to push dry zone equatorward. The cancellation of the transient and stationary eddy moisture fluxes results in a minor contribution in the expansion of the dry zone.



The narrowing Hadley Cell in the east Pacific found by Martin et al. [54] contributes to zonal mean narrowing, contradicting prior work, and is attributed to the use of monthly and zonal mean data in prior studies. This indicates that monthly mean data calculated from daily data can be strongly impacted by extremes at the daily scale, leading to unrealistic trends that depend more over variability. The sign of the trend in tropical width changes from narrowing in the instantaneous analysis to widening in the monthly mean analysis.



Fifth, one of the main difficulties in observing a significant trend is the presence of both the internal variability of the climate system (e.g., Pacific decadal oscillation and ENSO) and the multiplicity of anthropogenic forcing agents [41,47,82,92,106] that are able to affect the width of the tropical circulation. For example, while enhanced greenhouse gas (GHG) emissions were found to expand the tropical circulation in recent decades, e.g., [74,108], the buildup of anthropogenic aerosols in the Northern Hemisphere were found to contract the circulation, and thus offset the expansion signal [109]. In the Southern Hemisphere, ozone depletion was found to be the main forcing of tropical expansion in the second half of the twentieth century [78,110], and the ongoing recovery of ozone hole will therefore cancel the effect of greenhouse gases throughout the first half of the twenty-first century [111]. These will be further discussed in Section 4.





4. What Are the Factors behinds the Expansion?


4.1. Sensitivity of Hadley Cell Extent to Different Forcings


In order to better understand the natural and anthropogenic forcings that contribute to the Hadley Cell width changes, previous studies performed a suite of climate model simulations given different internal modes and external forcings. The Hadley Cell expansion rates under these different forcings for both historical and future climate in the previous studies were summarized in Figure 3 and Figure 4. Data used in Figure 3 and Figure 4 are extracted from previous studies [38,44,45,54,55,80,82,83,84], respectively.



4.1.1. Nature Variability


A flurry of studies has suggested that the changes in the surface temperature are the main driver of the Hadley Cell expansion, e.g., [73,112]. SSTs exhibit a strong control over the tropospheric circulation, as they largely indicate the temperature and humidity structure of the entire troposphere. The SST warming produces stronger dipole wind anomalies about the midlatitude jet than that produced by either GHG increases or ozone changes alone [44]. The SST warming near the equatorward flank of the Hadley Cell edge causes the Hadley Cell narrowing due to the weakening temperature meridional gradient, while the warming over the tropical area can result in a Hadley Cell widening.



The Hadley Cell edges are projected to shift poleward at a rate of 0.06   °  –0.2   °   decade    − 1    during the 21-century due to the SST warming (Figure 4), while the dry zone edge and Ferrel Cell location have a higher sensitivity to the combined forcings from SST warming [44]. Moreover, the precise geographical distribution of the SST trends is crucial for seizing the contraction of Northern Hemisphere summer Hadley Cell. The Hadley Cell edge shifts poleward in response to the SST warming over the subtropical regions near and on the equatorward flank of the Hadley Cell edge, and shifts equatorward in response to warming over the tropical area except for the Western Pacific Ocean and Indian Ocean. It is estimated that more than half of the SST-induced Hadley Cell widening in 1980–2014 is caused by changes in the spatial pattern of SST [113,114].



An apparent intensified and poleward expansion of the Hadley Cell was found in recent decades based on reanalyses [71,115], whereas most global climate models, including those that participated in the CMIP3, CMIP5, and the latest CMIP6 have suggested that the Hadley Cell will become weaker with a future warmer climate. There are still many disputes about the reliability of climate model projected Hadley Cell changes. Some studies have attributed the weakening of the Hadley Cell in the models to their overestimation of the increase in atmospheric stability in the tropics with warming climate due to their tendency to adjust atmosphere temperature profiles to the moist adiabatic lapse rate [68]. However, most previous studies have accepted the weakening of the Hadley Cell as a likely outcome in a future warmer climate [90,97].



Recently, Chemke and Polvani [39] examined the different response time between the Hadley Cell edge and global-mean surface temperature, and found that the slow processes associated with the ocean dynamics are more responsible for widening the Hadley Cell. This indicates the importance of ocean circulation and oscillation in widening the Hadley Cell. The Pacific Decadal Oscillation (PDO) is a climate phenomenon that occurs primarily in the Northern Pacific Ocean, which phases are associated with different distribution patterns of SST. The Hadley Cell expansion in both hemispheres can be contributed to the cool or negative PDO-like SST pattern [82,101,116,117] as a consequence of perturbations in the meridional temperature gradient at the edge of the Hadley Cell. This is more significant during the equinox seasons [116]. Meanwhile, the jet stream becomes weaker during the negative PDO phase [118,119].



The ENSO has been hypothesized to impact the Hadley Cell width as well [68]. The various reanalysis products indicate that the  Ψ -based Hadley Cell width becomes narrower during El Niño phase and wider during La Niña phases [70,71,101]. This general tendency is also suggested in general circulation model (GCM) simulations [22], which show an equatorial shift of the STJ during El Niño. Using the high vertical resolution GPS radio occultation observations, however, Wilhelmsen et al. [86] found a much lower tropopause altitude during La Niña in the east Equatorial Pacific Ocean, indicating a narrower Hadley Cell in these regions.



There are some other ocean–atmosphere oscillations being used to investigate their impacts on the Hadley Cell width. For example, weakened jet and Hadley Cell were found during positive tropical North Atlantic Oscillation (NAO) [119]. An increase in the QBO index, by cooling the stratosphere, leads to a poleward shift of the subtropical jet. There is a much stronger dependence on the QBO in the Southern Hemisphere than in the Northern Hemisphere, resulting from the stronger ozone depletion in the Southern Hemisphere.




4.1.2. Volcanic Eruptions


Globally large volcanic eruptions can lead to changes in the physical and chemical characteristics of the atmosphere that can ultimately impact on circulation and climate. Major eruptions can increase stratospheric aerosol, warming the lower stratosphere and cooling the troposphere, which depresses the tropopause height [13]. Large eruptions were also found acting as a trigger for El Niño [120], and causing a narrower Hadley Cell with a magnitude of this effect estimating to be ∼  1 °   latitude [67].




4.1.3. Ozone Depletion


The ozone concentration in the stratosphere plays a crucial role in determining the stratospheric dynamical state, which is a factor affecting the baroclinic instability. The significant ozone depletion over the Antarctic as known as the “ozone hole” have caused the expansion of the Hadley Cell in the Southern Hemisphere (up to 0.02   °   decade    − 1    as shown in Figure 3), e.g., [96]. Over 30 years after the Montreal Protocol came into effect, the ozone hole over the Antarctica is finally showing signs of healing, GCMs studies found that ozone recovery may approximately cancel the effects of GHG on climate change in the first half of the 21st century, resulting in a reduced or near-zero trends in the Hadley Cell width, tropopause, and jet location [77,111]. This might be due to the striking difference between GHG- and ozone recovery-induced changes in wave drag [31].




4.1.4. Greenhouse Gases


Extra absorption of longwave radiation by increased GHG concentrations warms the troposphere and cools the stratosphere. Increasing greenhouse gas concentrations contribute to stratospheric cooling above 60 hPa (the middle stratosphere) during both boreal winter and summer, intensifying with height at least up to 10 hPa. An unambiguous increase in tropopause altitude was found as a response to increased GHGs [13,121]. Eventually, this allows the circulating air of the Hadley Cell to travel further, as tropopause altitude was shown to be important for its poleward limit [9,10]. This could also push the midlatitude westerly winds poleward [122]. Regarding the Hadley Cell meridional width, it was found to follow the latitude where the angular momentum conserving flow becomes baroclinically unstable [10]. Under increased GHG, the stabilization of the subtropics and its associated reduction in baroclinicity were found to shift the Hadley Cell edge poleward [22,112].



Historical forcing simulations suggest that, as shown in Figure 3, GHG concentration enhancements produce a widening of Hadley Cell of about 0.02   °   decade    − 1    for both hemisphere [44,45,74,117]. During the twentieth century, the increased CO   2   concentration pushes the Hadley Cell edges poleward up to 0.03   °   decade    − 1   , which is slightly stronger than the effect caused by ozone depletion. In recent decades, the poleward shift of the Northern Hemisphere annual-mean Hadley Cell edge is slightly larger than that in CMIP6 models. Increasing greenhouse gases drive similar trends in CMIP5 and CMIP6 models, so the larger recent Northern Hemisphere trends in CMIP6 models point to the role of other forcings, such as aerosols [123].




4.1.5. Anthropogenic Aerosols


Atmospheric aerosols play an important role in regulating radiation budget in the Earth–atmosphere system. They can directly alter the incoming solar radiation through directly absorbing (primarily by black carbon) or scattering (primarily by sulfate aerosol), which contribute to tropospheric warming and surface cooling. They can also semi-directly and indirectly affect the lifetime and albedo of clouds [124,125,126,127]. These aerosol forcings further alter the precipitation and atmospheric thermal structure, as well as hydrological cycle and climate system [128,129].



There is heavier loading of anthropogenic aerosol in the Northern Hemisphere, which creates an inter-hemispheric radiative imbalance. The atmosphere tends to moderate this asymmetry by altering the zonal-mean circulation in the tropics. The direct radiative forcing of black carbon induces a stronger Hadley Cell in the Northern Hemisphere, and a weaker one in the Southern Hemisphere [130], while radiative cooling from aerosol results in a weakened (strengthen) Hadley Cell in the Northern (Southern) Hemisphere [131].



The direct effects of anthropogenic aerosols tend to have a net local warming effect, which shifts the Hadley Cell poleward. The observed shift in the Hadley Cell in the Northern Hemisphere has been attributed to midlatitude heating by direct effects of anthropogenic aerosols and tropospheric ozone emitting from industrialized countries and regions [130,132]. A comparison of groups of coupled models from the CMIP3 with and without black carbon change suggests an opposite shift of the Hadley Cell edge [45].



Outside of the tropics, Ming et al. [133] simulated a wintertime equatorward shift of the subtropical jet and middle storm tracks in the Northern Hemisphere, particularly in the North Pacific, due to the pronounced cooling effect of aerosols. Wang et al. [134] further attributed the weakened and expanded Hadley Cell to global redistribution of aerosol emission from traditional industrialized countries to fast-developing Asia, which has weakened the meridional temperature gradient. The increasing pollution in Asia accounts for the widening of the Hadley Cell, while the decreasing pollution in Europe and United States tends to narrow the Hadley Cell. Rotstayn et al. [135] further argued that anthropogenic aerosol effects in the Southern Hemisphere tend to weaken the subtropical jet in the Southern Hemisphere by decreasing the midtropospheric temperature gradient between the tropics and extratropics. Although aerosol loadings are regional in scope, they can have circulation impacts on remote regions around the globe [130,136]. Xie et al. [136] analyzed the simulations results from the CMIP5 and suggested that through the ocean–atmosphere feedback in the coupled models, counter-intuitively, the aerosol direct forcing in the Northern Hemisphere caused a reduction in surface temperature and wind speed over the Southern Ocean.



An examination of the aerosol effects on the global circulation in greater detail performed by Wang et al. [134] suggests that aerosol indirect forcing (aerosol–cloud interactions) is predominant over the total aerosol forcing in magnitude. Meanwhile, aerosol radiative (direct) and microphysical (indirect) effects jointly shape the meridional energy distributions and modulate the circulation systems.



The concern about the impacts of anthropogenic forcings on climate change was growing since 1970s [137]; however, the natural internal variability might obscure the anthropogenic forcings on the Hadley Cell changes. Previous studies found that the natural low-frequency variability associated with ocean dynamics has probably caused at least as much of the recent trend in Hadley Cell widening as human activity [82,101], which indicates that the Hadley Cell widening may not be predominantly human-induced. Using the largest ensemble available among the climate models Max Planck Institute–Grand Ensemble, the impacts of the internal climate variability and anthropogenic forcing have been disentangled by D’Agostino et al. [2]. They suggested that the trends in a widening of Hadley Cell in reanalyses over last decades cannot be considered a robust signal of anthropogenic forcing, while the internal variability will prevail over the forced response until 2100.





4.2. Validation of Scaling Theories


The Held and Hou [9] theory defines a steady, inviscid, zonally symmetric flow without considering the impacts of eddies. By benchmarking the behavior of the axisymmetric flow against that described [9], however, Kim and Lee [138] found that the latitudinal extent of Hadley Cell is sensitive to the viscosity, resulting from changes in the diabatic heating and surface friction. Likewise, the Hadley Cell scale is sensitive to the meridional temperature gradient. In both increasing viscosity and enhanced meridional temperature gradient, the changes in the static stability change are found to be of secondary importance. However, when the static stability is decreased (increased) by a sufficient amount, the Hadley Cell becomes narrower (broader).



The strength of the Hadley Cell predicted by Held and Hou [9] increases nonlinearly with distance between heating center latitude and the equator due to asymmetric solar heating, the time-average strength of the Hadley Cell with seasonal forcing is stronger than that produced by annually averaged forcing; however, this does not appear to be a feature of either the observations or more complete numerical simulations, suggesting that this angular-momentum-conserving model has some deficiencies [139,140]. Most previous studies argued that the theory proposed by Held and Hou [9] has focused on tropical thermodynamics, but has not included the eddy activity, which plays a crucial role in the real world, will fail to predict the Hadley Cell extent accurately. By analyzing the combining satellite observations of precipitation, cloud, and radiation; however, Zhou et al. [43] found the intensification of ITCZ and poleward shift of the subtropical dry zones consistent with a widening Hadley Cell due to the increasing GHGs. Lau and Kim [91] proposed that the Hadley Cell will become more intense and broader during a future warmer climate. The stronger convection in the deep tropics induced by GHG forcing can adjust atmosphere temperature profiles to the moist lapse rate [68], and raise the tropopause that can ultimately broaden the Hadley Cell [9]. Interestingly, among a series of CMIP5 climate model studies using similar forcings according to Representative Concentration Pathway (RCP) 8.5 future projections [90], only Lau and Kim [91] reported an intensifying Hadley Cell for the period of 2081–2100.



Comparing different models in the Intergovernmental Panel on Climate Change Fourth Assessment Report, the individual long-term trends in Hadley Cell extent show only a small correlation to the trends in the tropical tropopause height. In fact, within each model, the detrended annual mean time series of tropical tropopause height and Hadley Cell extent tend to be anti-correlated. Furthermore, the long-term trend in the tropopause altitude [53] shows that considerably upward trends are found in the subtropics rather than in the deep tropics. This is considered as the results of global warming, which warms the troposphere and cools the lower stratosphere, and adjusts atmosphere temperature profiles to the moist adiabatic lapse rate [68]. By analyzing the long-term changes in   P − E   in ERA5, we found dry subtropics predicted by Lau and Kim [91] only significant in the western United States as shown in Figure 5 (similar trend map for P not shown), while the central Africa experiences the most significant decreasing trend of precipitation. This indicates that the tropical tropopause altitude may play less role than Held and Hou [9] expected.



The Hadley Cell extent in the Held [10] theory may be interpreted as being limited by the latitude at which the thermally driven wind becomes baroclinically unstable, rather than by the energetic closure of the thermally driven cell. Under global warming conditions, rising tropospheric static stability (tropopause altitude) due to the modification of lapse rate [68], which is an established consequence of moist thermodynamics, stabilizes the subtropical jet streams at the poleward flank of the Hadley Cell to what is required by baroclinic instability considerations, and consequently, the Hadley Cell extends poleward.



Using idealized GCMs [21,73,141], full atmospheric-only GCMs, e.g., [73], and coupled GCMs, e.g., [6,22], it has been shown that, under global warming, the latitudinal extent of the Hadley Cell follows the Held [10] scaling. The tropical widening was found to be correlated with both the increase in subtropical static stability, e.g., [22,112] and the subtropical tropopause height, which pushes the baroclinic zone poleward, e.g., [6]. For example, using idealized heating profiles reminiscent of those expected from global warming scenarios, Butler et al. [142] found that both tropical upper-tropospheric heating and stratospheric cooling results in a higher tropopause and a poleward shift in midlatitude jet, and ultimately an expansion of the Hadley Cell. This supports the theory proposed by Held and Hou [9] that tropical thermal structure is crucial for Hadley Cell edge changing. Most previous studies investigated the long-term response of the Hadley Cell expansion by correlating it with the above suggested components (e.g., surface temperature, tropopause height, static stability, and eddy phase speed); however, comparing different studies, the contribution of each parameter is inconsistent. With an idealized dry GCM, Walker and Schneider [21] found a large sensitivity of the Hadley Cell width to the lapse rate parameter associated with static stability in their convective parameterization, a factor that they interpret with the Held [10] scaling. With a set of aquaplanet simulations using both a full GCM and an idealized moist GCM, Frierson et al. [73] showed that the Held [10] scaling fits the simulated Hadley Cell widths over a wide parameter range. In coupled climate model simulations, Lu et al. [6] found that the Held [10] scaling is more relevant to the dynamics that controls the extent of the Hadley Cell in the present-day climate.



The theories mentioned in Section 2.1 treat the tropospheric circulation as occurring in a two-dimensional latitude-height plane, and predicts a reasonable climatological Hadley Cell, but cannot account for changes in Hadley Cell width associated with zonally asymmetric phenomena such as ENSO and land–sea distribution. The streamfunction-based width is found coupled well with the STJ and   Δ θ   with no significant lag on monthly time scales in Southern Hemisphere. This is consistent with angular-momentum-conserving theories for the width of the Hadley Cell, where angular momentum conservation in the Hadley Cell and its terminating latitude due to baroclinic instability essentially controls the latitude of the subtropical jet; however, the well-documented relationship between STJ (and   Δ θ  ) and   ψ 500   is not valid in Northern Hemisphere. The Northern Hemisphere subtropical jet leads the edge of the Hadley Cell by 1 month, which could be due to zonal asymmetries in the Northern Hemisphere, such as the monsoonal circulations and longitudinal variations in topography [36].



The poleward of STJ indicating an increase in latitude of TPB, leads to a rising of subtropical tropopause and finally widens the Hadley Cell according to Held [10]. For example, Lorenz and DeWeaver [14] linked the poleward shift in zonal mean circulation to the rise of the extratropical tropopause, a feature that has been found to be effective in driving the jet shift in other independent studies [143,144]. Lu et al. [22] and Chen et al. [145] further proposed that the increased meridional temperature gradient associated with the extratropical tropopause rise can lead to faster phase speeds of the baroclinic waves based on linear quasigeostrophic analysis [28]. More recently, based on the changes in the latitude of   Ψ 500   and Held [10] scaling with fixed tropopause height, which is determined by subtropical static stability, Chemke and Polvani [39] suggested the importance of the static stability, rather than the tropopause height, in widening Hadley circulation.



Although the Hadley Cell widening was found correlated with the warming in the troposphere, e.g., [55,73,108,112], the increased eddy phase speed, e.g., [22,146], the rising subtropical tropopause altitude [12,13,14,22], and associated increased subtropical static stability, e.g., [10,22,112], or increased wind shear [147]; however, most of these parameters do not synchronize with each other. The different response time to CO   2   greenhouse effect between Hadley Cell edge and global-mean surface temperature indicates that global-mean temperature is not the main driver of the Hadley Cell expansion [87] and is modulated by slow-response processes in the ocean circulation and oscillations. Changes in eddy phase speed deviate from Hadley Cell edge changes as indicated by   Ψ 500   [148,149]. While changes in circulation have a rapid response with a response time of ∼4 years, changes in moisture are slower and constantly increasing with a response time of ∼100 years [39].



By examining the evolutions of atmospheric parameters, Chemke and Polvani [39] found that the Hadley Cell widening is due to changes in the extratropical baroclinicity. A reduction in baroclinity in the subtropics dampens eddy activity there and extends the Hadley Cell further poleward. This reduction is a result of an increase in the dry static stability, related to a quasi-moist adiabatic adjustment to increasing specific humidity. Kim and Lee [138] suggests that changing characteristics of viscosity and meridional temperature gradient are predominant over static stability changes. Furthermore, the urbanization changing the landscape of cities enormously can increase surface friction and changes the surface thermal emission, ultimately increases the viscosity. In addition, the changes in the vertical wind shear can play an important role to this mechanism.



A warmer climate adjusts atmosphere temperature profiles to the moist adiabatic lapse rate [68] and raises the tropopause altitude. Although qualitatively similar in terms of the jet response, the resulting circulations due to GHG forcings from the two regions were different. Allen et al. [150] performed a suite of simulations using a range of idealized heating profiles, both stratospheric cooling and tropospheric heating. In their experiments, heating in the deep tropics resulted in little change in jet stream and Hadley Cell, while midlatitude heating produced a poleward jet shift and expansion of the Hadley Cell. Tandon et al. [147] examined the circulation response to a series of tropospheric heating profiles of varying widths. Heating near the equator produced a contraction of the tropics, while subtropical heating produced the opposite responses. The meridional extent of the forcing appears to be particularly important factor in determining the response of Hadley Cell in these idealized experiments. These results support the theory proposed by Held [10] that subtropical thermal structure plays an important role in determining Hadley Cell width.



In the Held [10] theory, an increase in tropopause height should increase the critical shear necessary for baroclinic instability, and thus push poleward the latitude where it is equal to the angular momentum conserving shear. Anomalously high tropical tropopause height is associated with the more active tropical convective heating during El Niño, which usually drives a stronger and narrower Hadley Cell [6,151]. The contraction of the Hadley Cell under the El Niño condition may be interpreted as the consequence of the intensified subtropical jet, which attracts equatorward the critical latitudes of the eddy propagation and the associated eddy-driven subtropical subsidence near the Hadley Cell edge [151], rather than variation of the Hadley Cell width should be proportional to the tropical tropopause height. Further, the more intense warming in the subtropics increases the baroclinicity poleward [152], which in turn suppresses eddy growth due to the reduced   σ E  , ultimately expands the Hadley Cell.



However, there are some deviations in the changes between the latitude of   Ψ 500   and Held [10] predicted scale. Chemke and Polvani [39] showed that the rapid increase in static stability (i.e., rapid decrease in the subtropical lapse rate) in the first ∼10 years decreases the baroclinicity, and explains most of the poleward shift of the Hadley Cell and of the eddy momentum flux. The tropopause height, on the other hand, seems to have a minor effect on baroclinicity, and thus shows different response time than the Hadley Cell width. This is in agreement with the results of Son et al. [112], who found high correlation between changes in subtropical static stability and Hadley Cell shift in past and projected climates. In addition, the slower changes in tropopause height relative to the static stability indicate the stratospheric impacts play an important role on the tropopause evolution [104], while the static stability reveals the thermal change in the troposphere alone.



According to the eddy-driven Hadley Cell model, if static stability is small, then the circulation will become stronger if the other terms remain the same [153]. That is, a dry atmosphere with a lapse rate close to that of a dry adiabat (i.e., N = 0) may have a stronger overturning circulation than otherwise, because the air can circulate without transporting any heat.



In winter, the increased strength of eddy momentum and buoyancy fluxes will drive a stronger Hadley Cell. This constitutes a different mechanism from that given in the difference between the solved temperature from the energy equatiion and the radiative equilibrium temperature for the increased strength of the winter cell. The winter Hadley Cell is quite distinct from the midlatitude circulation, suggesting the dominance of axisymmetric dynamics, for if it were solely a response to eddy heat and momentum fluxes one might expect it to join more smoothly with the midlatitude Ferrel Cell. The axisymmetric winter Hadley Cell is naturally stronger than its summer counterpart, even in a dry atmosphere, and the further effects of condensation and the concomitant concentration of the thermodynamic source may strengthen it further, giving the axisymmetric circulation a dominant role.



In summer, in contrast, there is virtually no recirculation within the Hadley Cell and it does not appear as a self-contained structure, suggestive of baroclinic eddy effects and/or a strong midlatitude influence; even without baroclinic eddies, zonally asymmetric circulations are important, for the Hadley Cell over India and South East Asian is intimately linked with monsoonal circulations; however, tying the monsoon circulation into a theory of the Hadley Cell, and in particular into the transition from winter to summer dynamics is a task for the future. The atmosphere is further from its radiative equilibrium in winter than summer, indicating a larger heat transport. The transport occurs because polewards moving air tends to have a higher static energy (for dry air; in addition there is some energy transport associated with water vapor evaporation and condensation) than the equatorwards moving, and thus the ensuing circulation seeks to reduce this gradient [153].



Lu et al. [6] find that the extratropical tropopause height, which is a good proxy of the static stability, varies in concert with the width of the Hadley Cell on both the interannual and longer time scales. The increase in the stability near the subtropics acts to suppress baroclinic instability, which is a critical factor controlling the limits of the Hadley Cell. The extratropical stabilization inhibits the breakdown of the thermally driven cell, allowing it to reach higher latitudes, as a result the edges of the Hadley Cell expand poleward. Shaw and Tan [154] and Chemke and Polvani [39] have recently demonstrated the importance of subtropical static stability in modulating the width of Hadley Cell under increased GHGs. While analyzing different idealized warming patterns, Tandon et al. [147] argued that the wind shear, rather than static stability, is the most important for changing subtropical baroclinicity and the edge of the Hadley Cell. Thus, the widening of the circulation in recent years, which is likely driven by both internal variability [38,47,82,92,106] and different forcing agents [38,45,155], may stem from other components and not only from static stability. Some sensitivity studies showed that changes in baroclinicity from global warming experiments were mainly attributed to the meridional temperature gradient, e.g., [17], while others contribute a reduction in baroclinicity in the subtropics to an increase in static stability. The decrease in the vertical wind shear also acts to suppress baroclinic instability [156]. Previous studies found that the reduced baroclinicity in the subtropics causes eddy activity to retreat to higher latitude, as a result the edges of the Hadley Cell shift poleward [6,17]. There is a consistent poleward and upward shift and intensification of the storm tracks found in an ensemble of 21st-century climate simulations performed by 15 coupled climate models [17]. The shift of the storm tracks is accompanied by a poleward shift and upward expansion of the midlatitude baroclinic regions associated with increased tropopause height.



An increase in the phase speed of upper-tropospheric baroclinic waves may be a factor of Hadley Cell expansion. The faster moving waves are unable to penetrate as far equatorward, producing a poleward shift in eddy momentum flux convergence and an associated shift in the position of the EDJ. The increase in phase speeds does not allow as much penetration of the eddies into the subtropics, moving the subtropical breaking region polewards, which is associated with the coupling between upper troposphere and lower stratosphere that results in baroclinic eddy production. A more significant warming due to GHGs was observed in the midlatitude, which can reduce the equator-to-pole temperature gradient. According to Equation (4), both the heating and meridional temperature gradient reduction can dampen eddy activity, and thus extends the Hadley Cell poleward.



Increasing stratospheric shear increases the phase speed of growing baroclinic waves that can produce a transition from anticyclonic (AWB) to cyclonic (CWB) behavior at wavenumber 7 [27]. Based on the climate model simulation, the increase (reduction) frequency of the AWB (CWB) occurrence at the poleward (equatorward) side of the corresponding climatological distribution is exactly what is ascribed to the changes of upper-level wave breaking statistics due to the GHG forcings. Wittman et al. [27] confirmed that a transition from AWB to CWB may play a role in broadening Hadley Cell; however, there is no sufficient observation supporting this wave type mode transition theory. Changes to the eddy length scale may also be a factor, perhaps in response to an increase in upper-tropospheric baroclinicity in the midlatitudes [19,157]. More recently, Chemke and Polvani [39] confirmed that only the transient eddies in the storm track play a role in pushing Hadley Cell edge polewards, while the stationary eddies in the subtropics pull the edge equatorward. Eddy moisture flux was found to have a minor contribution to shifting the dry zone edge poleward, due to the cancelling effects of transient and stationary eddies, which, respectively, diverge and converge moisture in the subtropics.



In summary, theories considering the extratropical factor are better models for predicting the Hadley Cell width changes.





5. What Are the Impacts Caused by the Tropical Widening?


The Hadley Cell has an impact on different atmospheric processes on varying scales of time and space, ranging from weather to climate (Figure 6). Weather systems in the midlatitude tend to follow the jet streams that are embedded in the subtropical and polar fronts. Hence a poleward movement of the fronts leads to a net movement of the weather patterns towards the poles. A consistent poleward and upward shift and intensification of the storm tracks is found in reanalysis-based studies, e.g., [158,159] and in climate simulations, e.g., [17,160]. A shift in the storm track results in less precipitation over subtropical regions. The observed poleward movement in the storm track will lead to a significant latitudinal shifts in the global weather patterns, temperatures, precipitation and the hydrologic cycle. The expansion of Hadley Cell with the poleward extension of the the subtropical dry zone may shift precipitation patterns and bring more frequent droughts to many densely populated regions that currently enjoy mild weather [161], which has potential to expand subtropical deserts and induce wildfires [1,162]. The Mediterranean/Middle East, Western Pacific, and Asian monsoon region will be exposed to more frequent droughts due to the poleward shift of Northern Hemisphere Cell [2,163]. Meanwhile, the subtropical highs over ocean coincide with regions of high salinity featuring low marine bioproductivity, and a widening Hadley Cell implies an expansion of these regions. Furthermore, the amount of convection has been found reduced in climate models [163,164,165,166].



Because the poleward shift of the subtropical high is the most robust in spring and fall seasons [103] as the regional signal of the expansion of the Hadley Cell [6], a poleward shift of the mean circulation may also project on a weakening of the atmospheric rivers. This is because the poleward shift of the mean circulation structure will shift the origins and pathways of the atmospheric river to higher latitudes, as atmospheric rivers have been associated with wave breaking in the storm track [167]. As a consequence the atmospheric rivers may be weakened by the reduced water vapor available from the cooler surface that provides the moisture for atmospheric rivers near their origins and/or along their pathways [168], although other factors such as weakening in wind speed may also play important roles.



The near-surface wind speed trends derived from ERA5 during 1979–2020 shows a significant strengthening trend in the trade wind, with the maximum occurring in the Pacific (not shown). This is consistent well with the stronger Hadley Cell [7]. The Northern Hemisphere terrestrial near-surface wind speed experienced significant decreasing trends during 1980–2010, when the Southern Hemisphere ocean near-surface wind speed was characterized by significant upward trends; however, global near-surface wind speed trends during 2010–2019 shifted in their sign: they became positive over the Northern Hemisphere land, and turned into negative in the Southern Hemisphere trade wind zone [169]. For instance, Zeng et al. [119] found that wind over Northern America has been increasing since 2010. The CMIP6 model simulations demonstrated that the GHG warming plays an important role in triggering the near-surface wind speed trends over land and the oceans during 1980–2010 through modulating the atmospheric circulation. Wang et al. [134] found a reduced zonal winds over the tropics due to the global redistribution of aerosol emissions from traditional industrialized countries to fast-developing Asia, which has caused a weakening of the meridional temperature gradient.



Tropical cyclones are among the most catastrophic weather events and can cause severe economic loss and casualties over populated coastal regions in the tropics and subtropics. Concurrent with the changes in the Hadley Cell edge, a poleward displacement in the tropical cyclones has been found in both hemispheres, with rates of 0.48   °   and 0.56   °   decade    − 1    between 1982 and 2012 in the Northern and Southern Hemispheres, respectively [170,171]. Sharmila and Walsh [172] have shown that the recent anomalous upper-level weakening of the rising branch of the Hadley Cell in the deep tropics may suppress the tropical cyclone genesis over most ocean basins through anomalous large-scale subsidence. The expansion shift of Hadley Cell’s meridional extent have also accomplished a favorable condition for tropical cyclone activity in higher latitudes. Simulation studies suggested that tropical cyclone genesis will also continue to shift poleward, which in turn possibly increases threats to the high-latitude coastal regions that have not been historically inclined to tropical-cyclone-related hazards [173,174].



Interactions between weather and the tropopause layer can lead to changes in the physical and chemical characteristics of the stratosphere that can ultimately impact climate. Namely, transport of air and greenhouse gases across the tropopause (stratosphere-troposphere exchange) can lead to changes in radiative forcing seasonally and annually that drive climate variability and change.



According to the cloud–circulation–radiation feedback processes proposed by Lau and Kim [91], the changes in the circulation can lead to changes in the cloud generation that can impact radiative forcing, e.g., [175]. The changes in the radiative transfer will in turn modify the general circulation and the hydrologic cycle [176].




6. Summary


Considerable efforts have been made to understand the causes and effects of Hadley Cell expansion, as summarized in the schematic illustration in Figure 6. This article reviews the theories for explaining the Hadley Cell extent, and the metrics and datasets for describing the Hadley Cell edge, summarizes various long-term trends of Hadley Cell expansion from previous studies, and suggests several reasons for the discrepancy among them. Although there is a wide range in the Hadley Cell widening rates based on different metrics, especially for those using streamfunction, the reported upper-tropospheric and lower-tropospheric metrics show a similar magnitude of trend in Hadley Cell expansion. The discrepancy between Hadley Cell expansion rates in observations and models has not been conclusively settled largely owing to a lack of observation over the ocean, as well as the model assimilation systems. The sensitivity of the Hadley Cell edge to different natural and anthropogenic forcings is discussed. Although the concern about the impacts of anthropogenic forcings on climate change has been growing since 1970s, the natural internal variability might still obscure the anthropogenic forcings on the Hadley Cell changes until the end of this century. The superposition of natural internal variabilities and anthropogenic forcings (e.g., low-carbon economy, and reduction in ozone-depleting substances) has resulted in a period of decelerated global warming by around 2010. For example, the historical trend in the Hadley Cell expansion in the Southern Hemisphere is much larger than the Northern Hemisphere largely due to the ozone hole in the Antarctic. The discrepancy in trends between two hemispheres might become smaller due to the ozone hole recovery in the future. The theories of Hadley Cell scaling are validated by the results based on observations and model simulations, suggesting that those considering the extratropical factors can predict the Hadley Cell width better; however, many questions about Hadley Cell climate still remain for future research. The linkages between different metrics need to be clarified. The lack of cloud observations in the vast ocean limits our understanding of the climate change of cloud characteristics (e.g., cloud vertical extent, cloud hydrometers) especially in the ITCZ. The significant regionality of topography prevents from getting a consensus prediction of Hadley Cell change for some regions. The good agreement among metrics over some regions suggests that these regions will be future hot spots [2]. Moreover, much remains to be researched regarding the question of how sensitive are the projections to the changes of clouds, precipitation, sea surface and land surface temperature, and aerosols in the climate models simulations.
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Figure 1. Schematic representation of commonly used zonal mean Hadley Cell edge metrics, and the fields from which they are derived, as a function of latitude (and pressure in the upper two panels). The top panel shows the chemical metrics according to different chemical metrics, with PDF as orange cross, GWL in magenta diamond, and   1 σ   as blue circle. The middle panel depicts the Hadley circulation (red shading, positive streamfunction), the Ferrel Cell (blue shading, negative streamfunction), zonal mean zonal winds (black contours with the interval of 10 m s    − 1   ; the thick line is the zero isotach), and the lapse-rate tropopause (purple dotted line). TPB (the latitude of tropopause breaks, purple circle), STJ (the latitude of subtropical jet, black circle),   U  s f c    (the latitude of zero zonal mean surface wind, black asterisk), EDJ (the latitude of eddy-driven jet, blue asterisk),   Ψ 500   (the latitude of zero meridional mass function at 500 hPa, orange closed diamond),   ϕ   u ′   v ′     (the latitude of maximum eddy momentum flux, magenta open diamond). The bottom panel depicts the zonal mean outgoing longwave radiation (OLR, red curve), precipitation minus evaporation (  P − E  , blue curve), and sea level pressure (SLP, light blue curve). The blue, light blue, and red open circles respectively represent the latitude where   P − E = 0  , latitude of SLP, and latitude where OLR = 250 W m    − 2   . The latitude where zonal mean OLR drops 20 W m    − 2    on the poleward side of its subtropical maximum. This figure is redrawn in accordance with Figure 1 in Davis and Rosenlof [40] and Figure 1 in Waugh et al. [41] with the permission of © American Meteorological Society., and Figure 3 in Shah et al. [42] with the permission of © WILEY. 
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Figure 2. Hadley Cell expansion rate for Southern and Northern Hemispheres in previous studies. The negative values indicate a southward shift of the Hadley Cell edge, while those positive ones indicate a northward shift. The dots represent observations and the triangles are reanalyses. The annual (red) and seasonal values are represented by different colors (MAM in black: March-April-May, JJA in purple: June-July-August, and SON in green: September-October-November, and DJF in blue: December-January-February). 
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Figure 3. The historical Hadley Cell expansion rates for annual mean scale under different forcings in previous studies, with negative values indicating a southward shift of the Hadley Cell edge and positive ones indicating a northward shift. The red and blue arrows represent Hadley Cell expanding and narrowing, respectively. The forcing “All” means all forcings, “-BC-O   3  ” represents all forcings excluding black carbon (BC) and tropospheric ozone (O   3  ), “Anthro.” means anthropogentic aerosols, “Rad.” represents radiactive forcing from both natural and anthropogenic aerosols, “OC” means organic carbon, and “ODS” represents ozone-depleting substances. 
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Figure 4. The future Hadley Cell expansion rates under different forcings in previous studies. The red and blue arrows represent Hadley Cell expanding and narrowing, respectively. The “n” in the “nCO   2  ” (“nSST” ) ranging from 1 to 3 means that CO   2   (SST) is set at present-day, 2050, and 2100 levels, respectively. The “O   3  ” means recovered stratospheric ozone. The “RCP8.5” represents the top-of-atmosphere radiative forcing gradually increasing to 8.5 W m    − 2    by 2100. 
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Figure 5. Trends of the   P − E   during 1979–2020 for ERA5 reanalysis. Colored areas of the reanalysis maps are statistically significant at the 99% confidence level, while line-filled regions are not. 
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Figure 6. Schematic representation of Hadley Cell expansion mechanisms and impacts mentioned in this paper. 
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Table 1. Dynamical metrics of Hadley circulation edge.






Table 1. Dynamical metrics of Hadley circulation edge.





	Metric
	Reference
	Definition





	   Ψ 500   
	Hu and Fu [33]
	Zero-crossing of the meridional overturning streamfunction at 500 hPa.



	   ∫ Ψ d p   
	Davis and Birner [34]
	Zero contour of the vertically averaged meridional overturning streamfunction.



	    ∂ y   ∫ Ψ d p    
	Davis and Birner [32]
	Latitude at which the greatest meridional gradient in the streamfunction occurs.



	SLP
	Choi et al. [35]
	Subtropical high-pressure ridge.



	   U sfc   
	Davis and Birner [36]
	Near surface wind zero crossing.



	STJ
	Davis and Birner [36]
	Subtropical jet stream from the location maximum winds aloft.



	EDJ
	Kang and Polvain [37]
	Latitude at which the maximum 850 hPa zonal wind occurs.



	   M  t r o p    
	Allen et al. [38]
	Latitude where the maximum the vertically integrated zonal momentum occurs.



	     u ′   v ′   ¯   
	Chemke and Polvani [39]
	The latitude of maximum eddy momentum flux.
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Table 2. Hydrological metrics of Hadley circulation edge.
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	Metric
	Reference
	Definition





	   P  m a x    
	Staten et al. [44]
	The latitude of the maximum total precipitation between 30   °   and 70   °   latitude.



	   P  m i n    
	Allen et al. [45]
	The latitude of the minimum of total precipitation in the subtropics.



	   min ( P − E )   
	Davis and Birner [32]
	Latitude of the minimum of the difference precipitation minus evaporation.



	   P − E = 0   
	Lu et al. [6]
	Latitude of the zero-crossing of the difference precipitation minus evaporation.



	   C  m i n    
	Allen et al. [45]
	The latitude of the minimum of subtropical cloud coverage.



	OLR
	Solomon et al. [46]
	Latitude of a given value of outgoing longwave radiation occurs.



	 Δ OLR
	Mantsis et al. [47]
	Latitude where zonal mean OLR drops 20 W m    − 2    on the poleward side of the subtropical maximum.
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Table 3. Thermal metrics of Hadley circulation edge.
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	Metric
	Reference
	Definition





	   Z 15   
	Lu et al. [55]
	Latitude of 15 km tropopause altitude.



	   p ( Z )   
	Seidel and Randel [52]
	Poleward latitude of a given frequency of high tropical tropopause altitudes.



	    ∂ y   Z trop    
	Davis and Rosenolof [40]
	The latitude at which the greatest zonal gradient in tropopause altitude occurs.



	TPB
	Xian and Homeyer [53]
	Tropopause break, where the tropopause altitudes changes from the tropical one to the



	
	
	extratropical one abruptly.



	LST
	Fu and Lin [56]
	The maximum cooling in the lower stratosphere due to a poleward shift of subtropical jets.



	GTT
	Fu et al. [57]
	The global distribution of tropospheric and stratospheric temperature changes.










[image: Table] 





Table 4. Chemical metrics of Hadley circulation edge.






Table 4. Chemical metrics of Hadley circulation edge.





	Metric
	Reference
	Definition





	TCO
	Hudson et al. [59]
	The ozone value for the boundary of the subtropical front.



	   1 σ   
	Shah et al. [42]
	Latitude where the concentration of a specific tracer gas deviate by 1 σ  from its tropical average.



	PDF
	Sparling [60]
	Latitude of subtropical minimum in the probability density function of a specific tracer concentration.



	GWL
	Davis and Rosenlof [40]
	Latitude weighted by the gradient in a specific tracer concentrations.
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