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Abstract. The upper mesosphere is a dynamically and chemically complex region where interannual climate variability 

remains incompletely understood, particularly during the transition months between the equinox and solstice circulation 

regimes. Using multi-satellite observations from MLS and SABER, we investigate the coupled dynamical-microphysical-10 

chemical-thermal structures during November and May, building on the bottom-up mechanism of “upwelling—water vapor 

(H2O)—ozone (O3)—temperature”. We employ temperature near 80 km (the T80 index) as a proxy for upwelling intensity 

and identify two distinct centers: a summer polar upwelling and a tropical upwelling. Together they drive a double-celled 

anomalous meridional circulation that organizes the global climate into a novel triple-structured pattern, with coherent 

signatures in the summer high-latitude, equatorial, and winter high-latitude regions. A key finding is that hydration occurs 15 

below polar mesospheric clouds (PMCs) without pronounced dehydration above them. This “hydration-without-dehydration” 

configuration, made possible by the weak PMCs typical of November and May, indicates the dominance of the cold-trap 

effect over the conventional freeze-drying effect. The absence of dehydration further isolates the temperature-dependent 

ozone kinetic pathway for polar ozone enhancement, a pathway that is otherwise convolved with dehydration effects in 

stronger PMC seasons. Ozone and atomic oxygen (O) respond to the combined influences of meridional H2O transport and 20 

local thermal forcing, and the resulting radiative and chemical heating governs temperatures near 90 km (T90). These results 

establish the structure of the transitional climate regime, demonstrating that the shift from symmetric (equinox) to 

antisymmetric (solstice) variability is mediated by a well-organized, upwelling-driven double-celled circulation.  

1 Introduction 

1.1 Mesospheric dynamics 25 

The mesosphere and lower thermosphere (MLT) is the transition region between Earth’s atmosphere and space, hosting 

phenomena such as polar mesospheric clouds (PMCs), polar mesospheric summer echoes (PMSEs), the secondary ozone 

layer (at ~92 km), metal layers, and airglows (Plane et al., 2023). The summer polar mesopause is the coldest region in 
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Earth’s atmosphere, with temperatures as low as 130 K due to the adiabatic cooling of gravity wave-driven upwelling 

(Garcia and Solomon, 1985; Holton, 1983; Lindzen, 1981). During solstice months, zonal winds are westward below ~90 km 30 

and eastward above, and the residual meridional circulation flows from the summer pole towards the winter pole (Becker, 

2012; Ramesh et al., 2024). Observations have suggested the possibility of multi-celled meridional circulations in the upper 

mesosphere, deviating from the conventional single-celled summer-to-winter pattern (Balsley and Riddle, 1984; Eswaraiah 

et al., 2011).  

Despite the central importance of vertical winds in controlling the transport of momentum, energy, and chemical 35 

constituents in the MLT, direct measurements remain challenging: vertical winds are only a few cm s-1 in general circulation 

models (Smith, 2012), beyond the routine observing capabilities of most instruments. While recent advances in multistatic 

meteor radar (Stober et al., 2022; Urco et al., 2024; Zeng et al., 2024), PMSE radar (Gudadze et al., 2019), and metal lidar 

(Yuan et al., 2014) have improved our observing capabilities, continuous long-term vertical wind datasets remain unavailable. 

To circumvent this limitation, the zonal- and monthly-mean temperatures near 80 km have recently been proposed 40 

as a proxy for mesospheric upwelling intensity (Zhang et al., 2025b; Zhang et al., 2025c). This proxy exploits the fact that 

temperatures at this altitude are dominated by adiabatic processes, with negligible radiative and chemical heating owing to 

the extremely low ozone concentrations. Zhang et al. (2025c) identified solstice anomalous meridional circulations driven by 

summer polar upwellings, and Zhang et al. (2025b) identified equinox anomalous meridional circulations driven by tropical 

upwellings. November and May are the transition months between these two regimes, during which mesospheric dynamics 45 

are potentially governed by both polar and tropical upwellings. This paper aims to unravel the circulation structure during 

these months and its implications for mesospheric chemistry and climate.  

1.2 PMCs and mesospheric H2O 

PMCs form in the summer high-latitude mesosphere between 80 km and 90 km and have long been regarded as potential 

indicators of climate changes (Rapp and Thomas, 2006). Their formation is conventionally described by the growth-50 

sedimentation (GS) scheme, in which nucleation occurs at the cloud top, followed by particle growth and gravitational 

sedimentation, with sublimation occurring below the saturated zone (Hultgren and Gumbel, 2014). This top-down process 

produces dehydration above PMCs and hydration below, termed the freeze-drying effect (Berger and von Zahn, 2002; 

Hervig et al., 2003; Summers et al., 2001; von Zahn and Berger, 2003). In this framework, hydration below PMCs is 

causally dependent on dehydration above.  55 

As an alternative to the GS scheme, the charged meteoric smoke particle nucleation (CMN) scheme has been 

proposed for understanding PMC microphysics on zonal and daily scales (Zhang et al., 2025a). The CMN scheme is based 

on two postulates: charged meteoric smoke particles act as ice nuclei (Guiu et al., 2025; Gumbel and Megner, 2009; Megner 

and Gumbel, 2009; Zhang et al., 2022) throughout PMC altitude range, and ice particles grow predominantly in situ with 

negligible sedimentation. From the CMN perspective, mesospheric H2O is modulated by a bottom-up process termed cold-60 

trap effect (Zhang et al., 2025a; Zhang et al., 2025c). In the summer polar region, continuous solar UV radiation photolyzes 
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H2O at the mesopause, resulting in extremely low H2O concentrations above 90 km. This photolytic loss is balanced by 

upward H2O transport from below, creating a sharp vertical H2O gradient between 80 and 90 km. In December, the 

upwelling creates hydration below PMCs and induces low temperatures via adiabatic cooling, which enhance ice particle 

growth. The ice growth consumes H2O faster than upwelling supplies it, so that dehydration occurs above PMCs because the 65 

solar UV photolysis loss is no longer balanced by upward transport. Meridional winds transport the hydration towards 

equator and winter hemisphere, in other words, cold-trap effect serves to protect H2O from being immediately photolyzed by 

solar UV at summer polar mesopause and allows H2O to influence ozone chemistry on global scale.  

A key, testable distinction between the two frameworks lies in their predictions for weak-PMC conditions. The 

freeze-drying effect, in which dehydration is causally prior to hydration, predicts that hydration and dehydration are coupled. 70 

The cold-trap effect, in which hydration is driven directly by upwelling while dehydration requires sufficiently vigorous ice 

growth, predicts that when PMCs are weak, hydration can occur without accompanying dehydration. November and May, 

with their weak PMCs, offer a critical test of these competing predictions. 

1.3 Mesospheric ozone chemistry 

A secondary ozone maximum peaks at 90-95 km in the upper mesosphere (Hays and Roble, 1973; Kaufmann et al., 2003), 75 

formed by the three-body recombination O+O2+M→O3+M, favored by the low temperatures in this region (Smith and Marsh, 

2005). Daytime O3 is rapidly photolyzed, while nighttime O3 is destroyed mainly by reactions with hydrogen 

(H+O3→OH+O2) and atomic oxygen (O+O3→2O2) (Zhu and Kaufmann, 2018). The secondary ozone maximum exhibits 

strong seasonal dependence, with peak mixing ratio in winter when reduced sunlight minimizes photolysis and lower H2O 

limits H availability. The interaction between odd oxygen (Ox = O + O3) and odd hydrogen (HOx = H + OH + HO2) is central 80 

to MLT chemistry, with the HOx catalytic cycle being the main loss process for Ox (Kulikov et al., 2018a; Kulikov et al., 

2018b). The ozone photochemical equilibrium assumption links Ox and HOx concentrations (Kulikov et al., 2019). 

Meridional transport of H2O from summer to winter hemisphere enhances ozone destruction via HOx catalysis (Marsh et al., 

2003). O3 and O contribute significantly to the mesospheric energy budgets through heating, chemical heating, and infrared 

cooling (Mlynczak and Solomon, 1993; Ramesh et al., 2015). The total heating rate of O and O3 is approximately 10 K day-1 85 

on a global and annual mean basis (Mlynczak et al., 2018), making Ox a potentially important driver of temperature 

interannual variability near mesopause.  

Through the cold-trap effect, PMCs function as an upstream dam that regulates global H2O distribution above 80 

km, and potentially govern the HOx–Ox chemistry across the MLT. The hydration below PMCs increases HOx and reduces 

Ox near 83 km (Murray and Plane, 2005), while the dehydration above PMCs depletes H and enhances O3 above ~90 km 90 

(Siskind et al., 2008; Siskind et al., 2018). Adiabatic cooling by upwelling also enhances O3 through temperature-dependent 

ozone kinetics, with colder temperatures accelerating the three-body recombination reaction and suppressing the loss 

reactions (Smith et al., 2018). In December, both dehydration-driven H depletion and adiabatic cooling contribute to Ox 
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enhancement above PMCs, making their relative contributions difficult to disentangle (Zhang et al., 2025c). In November, if 

dehydration is indeed absent, the thermal pathway would be isolated, allowing temperature-dependent ozone kinetics to be 95 

studied independently of the complicating effects of H depletion. 

1.4 Mesospheric climate 

Polar mesospheric temperatures are dominated by the annual oscillation, driven by adiabatic cooling of upwelling in summer 

and warming of downwelling in winter. In contrast, tropical mesospheric temperatures exhibit a semi-annual oscillation, with 

maximum near the equinoxes at 85 km and near the solstices at 75 km (Xu et al., 2007). Semi-annual oscillation signals are 100 

also prominent in tropical zonal winds (Kishore Kumar et al., 2014),  H2O (Gattinger et al., 2013; Lossow et al., 2008), O3 

(Lee and Wu, 2020), and O (Gu et al., 2022). The interannual variability of mesospheric temperatures has traditionally been 

attributed primarily to the 11-year solar cycle and CO2-induced cooling (Beig, 2011a; Beig, 2011b). The CO2-induced 

cooling trend is the outcome of CO2 infrared emission toward out space (Laštovička, 2017) as well as the requirement of 

MLT energy conservation (Mlynczak et al., 2024), and has been estimated at -0.5 to -1.0 K per decades (K/dec) from 105 

SABER data (Bailey et al., 2021; Das, 2021; Mlynczak et al., 2022; Zhao et al., 2020). Solar cycle signals of 2-4 K per 100 

solar flux unit are commonly extracted alongside the CO2 trend. However, both solar and CO2 signals are notably absent in 

the summer polar mesopause, a phenomenon attributed to a compensating dynamical effect (Karlsson and Kuilman, 2018) or 

a shrinking effect (Bailey et al., 2021; Lübken et al., 2013). Critically, the widely used multiple linear regression framework 

for extracting solar and CO2 signals does not account for the internal variability of mesospheric dynamics.  110 

Recent work has established that a bottom-up mechanism, namely the “upwelling—H2O(H)—O3(O)—T90” chain, 

drives substantial interannual variability in the MLT (Zhang et al., 2025b; Zhang et al., 2025c). This mechanism produces an 

interhemispheric anti-symmetric climate pattern during solstice months and a symmetric pattern during equinox months.  

November and May, as the transition months between these two regimes, offer a unique window into seasonal evolution of 

mesospheric climate organization.  115 

This study addresses three questions: (1) What is the spatial pattern of interannual variability in H2O, H, O3, O, and 

temperature in the MLT during November and May? (2) What anomalous meridional circulation structure generates this 

pattern? (3) How do PMCs and ozone chemistry operate under these unique transitional conditions, and what do they reveal 

about the competing PMC microphysical framework?  

 120 
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Figure 1. Climatology of water vapor mixing ratio, ozone mixing ratio, and temperature in the upper mesosphere for 

November (left) and May (right). Data are monthly means from MLS/Aura observations for 2004-2025.   

2 Data and method 

2.1 Multi-satellite data 125 

This study utilizes measurements from two satellite instruments. The Microwave Limb Sounder (MLS) aboard NASA’s 

Aura satellite, launched in July 2004, provides global atmospheric measurements between 82°N and 82°S (Jiang et al., 

2007). MLS delivers vertical profiles of H2O (0.001 hPa top level recommended, 7~9 km vertical resolution, 30% precision), 

O3 (0.001 hPa, 5~7 km, 35%), and temperature (0.00046 hPa, 6~12 km, 3 K). Daily mean values were generated by 

averaging ascending (01:30 local time) and descending (13:30 local time) orbits, and zonal (5° gridded) monthly means were 130 

used for interannual variability studies. Figure 1 shows the climatology of H2O, O3, and temperature in November from MLS. 

The Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument aboard the 

Thermosphere, Ionosphere, Mesosphere Energetics, and Dynamics (TIMED) satellite was launched in December 2001. 
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SABER’s limb scan provides latitude coverage that alternates between 83°N to 52°S (October) and 52°N to 83°S (December) 

due to its 60-day yaw cycle, but in November only the data between 52°S and 52°N are available (Liu et al., 2024; Russell et 135 

al., 1999). This 60-day yaw cycle allows interannual comparison by maintaining stable latitude and local time coverage for a 

given month across different years. We used TIMED/SABER version 2.07 data between 0.01 and 0.003 hPa from 2002 to 

2023, including temperature (Remsberg et al., 2008), ozone (Rong et al., 2009; Smith et al., 2013), atomic oxygen (Mlynczak 

et al., 2013; Mlynczak et al., 2018), and atomic hydrogen (Mlynczak et al., 2014).   

2.2 The T80 index: definition and justification 140 

Direct measurements of vertical winds in the mesosphere remain unavailable in the form of continuous long-term records. 

We therefore employ a temperature-based proxy for the intensity of mesospheric upwelling on interannual timescales, the 

T80 index, defined as the zonal-mean temperature near 80 km. For summer polar upwelling, T80S is evaluated at ~80° 

latitude in the summer hemisphere (Zhang et al., 2025c); for tropical upwelling, T80W is evaluated at ~20° latitude in the 

tropical region (Zhang et al., 2025b). A lower T80 value indicates stronger upwelling (and thus stronger adiabatic cooling).  145 

The choice of 80 km altitude is motivated by the following considerations. (1) Ozone concentrations are extremely 

low at this altitude, so radiative and chemical heating are negligible; temperature at this level is dominated by adiabatic 

processes. (2) The T80 index exhibits substantial interannual variability that dominates over long-term trends. In December, 

T80S over the summer pole has an interannual standard deviation of ~5.1 K, greatly exceeding its trend of ~1.5 K/dec (Zhang 

et al., 2025c). (3) Because upwelling intensity is coupled to meridional circulation through mass continuity, the T80 index 150 

serves as a diagnostic of the associated meridional transports. (4) The steep vertical gradient of H2O at ~80 km ensures that 

variations in upwelling efficiently modulate H2O transport. This produces a robust negative T80-H2O correlation, linking the 

T80 index to HOx and Ox chemistry on a global scale. (5) Satellite temperature measurements near 80 km show high cross-

platform consistency (García-Comas et al., 2014), facilitating multi-instrument analysis. We emphasize that the T80 index 

captures anomalous upwelling and the accompanying anomalous meridional circulations, rather than the climatological mean 155 

residual circulation. 

2.3 Bottom-up control mechanism framework 

Our analysis framework examines the responses of mesospheric variables (H2O, H, O3, O, and T90) to upwelling on 

interannual timescales through the bottom-up mechanism established in our preceding works (Zhang et al., 2025b; Zhang et 

al., 2025c). This “upwelling—H2O(H)—O3(O)—T90” chain operates as follows. Upwelling transports H2O vertically, 160 

modulating H (produced by H2O photolysis). H acts as the primary catalyst for O3 destruction, so O3 varies inversely with 

H2O. O varies in phase with O3 due to the ozone photochemical equilibrium assumption. Finally, the total radiative and 

chemical heating of O and O3 affects temperatures near 90 km. The sensitivity of chemical constituents and temperatures to 

the T80 index is quantified by linear regression of their monthly zonal-mean anomalies against T80 index anomalies. 
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3 Results 165 

3.1 The bottom-up mechanism driven by the summer polar upwelling 

3.1.1 Summer high-latitude response to T80S 

A distinctive feature of November is the PMC behavior and the associated H2O redistribution, setting it apart from December. 

The correlation between T80S and H2O above PMCs is statistically insignificant (R = -0.21, Fig. 2a), indicating the absence 

of detectable dehydration. Meanwhile, the correlation between T80S and H2O below PMCs remains significantly negative 170 

(Fig. 3a), confirming that hydration persists. This “hydration-without-dehydration” configuration contrasts sharply with 

December, when strong PMCs produce both hydration below and dehydration above (Zhang et al., 2025c). 

The contrasting behavior carries distinct chemical consequences. As shown in Figure 4, the nighttime H atom in 

November is negatively correlated with the T80 index in both the SH and NH between 52°S and 52°N. In contrast, Zhang et 

al. (2025c) showed that the H in December is only negatively correlated with the T80 index in the NH but is insensitive in 175 

the SH (Fig. 4 therein). The absence of dehydration in November thus fundamentally alters the variability of H, which has 

direct implications for Ox chemistry. In December, both low temperatures and dehydration-driven H depletion contribute to 

O3 enhancement above PMCs, making it difficult to disentangle their relative contributions. November—characterized by 

hydration but no dehydration—effectively eliminates the influence of the dehydration pathway, thereby allowing the 

temperature-dependent ozone kinetics to be studied in isolation. 180 

The ozone response in the summer polar region confirms this interpretation. In the summer polar region, O3 at 0.001 

hPa is negatively correlated with T80S (R = -0.74, Fig. 2b), indicating that stronger upwelling (lower T80S) is associated with 

higher O3. This relationship is captured in the spatial pattern of O3 sensitivity to T80S (Fig. 3b), which shows a coherent 

region of negative sensitivity extending from the summer pole to approximately 55°S. In addition, using SOFIE/AIM 

observations at ~70° S during 2007–2013, Zhang et al. (2025c) has showed that the daily time series of O3 at 90 km is 185 

negatively correlated with T80S throughout the PMC season (Fig. 6 therein), thus this work did not replot the SOFIE O3 

responses in November. 

The Ox enhancement driven by adiabatic cooling does not heat the same altitude where it is produced. Rather, the 

upwelling that causes the cooling also transports O and O3 upward. The corresponding O3–T90 correlation is positive (R = 

0.80, Fig. 2c), consistent with radiative and chemical heating of O3 influencing temperatures. The observed sensitivity of 190 

T90S to T80S is ~0.6 K K⁻¹ (R = -0.92, Fig. 2d). In December, when dehydration is also active, the Ox increase is further 

amplified by H depletion, leading to a stronger T90S response of ~1 K K⁻¹  (Zhang et al., 2025c). In November, the absence 

of dehydration isolates the thermal pathway, yielding the weaker but still significant response. 

3.1.2 Equatorial response to T80S 

The summer polar upwelling influences not only the summer polar mesopause but also the equatorial region. The polar-195 

driven anomalous meridional circulation flows from the summer pole toward the equator, transporting hydration and its 

chemical consequences into the tropics. 
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MLS observations confirm this chain. The O3 in the equatorial region is positively correlated with T80S (R = 0.83, 

Fig. 2f), indicating that stronger polar upwelling (lower T80S) is associated with lower equatorial O3. The corresponding O3–

T90EQ correlation is positive (R = 0.84, Fig. 2g), and T90EQ is positively correlated with T80S (R = 0.83, Fig. 2h), confirming 200 

that stronger polar upwelling leads to lower equatorial mesopause temperatures. The spatial pattern of MLS observations 

(Fig. 3) and SABER observations (Fig. 4) corroborate this picture. The consistent phasing of equatorial H2O, H, Ox, and 

T90EQ across both MLS and SABER datasets supports the view that the bottom-up mechanism drives the equatorial climate 

in November, analogous to the equatorial climate in December (Zhang et al., 2025c). The equatorial response is further 

shaped by the dynamical coupling between the polar and tropical upwellings. The poleward flow from the summer polar 205 

region is compensated by subsidence at low latitudes, so that T80EQ is weakly negatively correlated with T80S (Figs. 3c and 

4d). This adiabatic warming from the compensating downwelling may affect the tropical upwelling (T80W) in the winter 

hemisphere. 

The pictures in May (Figs. 5–7) are mirrored to those of November (Figs. 2-4), further corroborating the bottom-up 

mechanism. 210 
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Figure 2. Interannual relationships between T80S upwelling index and mesospheric (a, e) H2O, (b, f) O3, and (d, h) T90 in 

November, showing the anti-phase response between the (left) summer polar region and (right) equatorial region. Panels (c, 

g) show the corresponding O3-T90 correlations. All data are monthly and zonal means from MLS/Aura observations during 215 

2004-2024. Correlation coefficients (R), sensitivities, standard deviations (σ), and trends are derived from linear regression 

analysis. The negative H2O-T80S correlation in the equatorial region indicates hydration driven by upwelling, while the 

statistically insignificant corelation in the summer polar region indicates the absence of detectable dehydration. This pattern 

highlights the “upwelling—H2O—O3—T90” bottom-up chain and the distinct H2O responses under weak PMC conditions. 
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 220 

Figure 3. Height-latitude response pattern driven by summer polar upwelling (T80S) in November. Spatial sensitivities of (a) 

H2O, (b) O3, and (c) temperature to T80S, derived from MLS/Aura data (2004-2024), illustrate the bottom-up mechanism. (a) 

H2O hydration extending from the summer pole to the equator (blue), with no significant dehydration over the summer polar 

mesopause. Dashed white lines mark H2O transport pathways, suggestive of anomalous circulations. (b) a corresponding 

anti-phase O3 response (increase over the summer polar mesopause, decrease in the tropics). (c) a resultant T90 structure of 225 

cooling (tropics) and warming (above summer polar mesopause and winter mid-latitudes). Gray points denote areas 

exceeding the 0.95 significance level. The white stars mark the locations (0.0215 hPa, 75°S-82°S) of the T80S index.  
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Figure 4. As in Fig. 3, but for SABER observations (2004-2023) of (a) H, (b) O3, (c) O, and (d) temperature sensitivity to 

the T80S upwelling index (black stars) in November. The T80S index is from MLS observations, as in Fig. 2. (a) H shows a 230 

negative sensitivity in both hemispheres. (b) O3 is significantly sensitive in the equatorial region but insensitive at 52°S 

above 0.001 hPa. (c) O responses significantly at both 52°S and the equatorial region, with opposite signs at the two 

locations. (d) Temperature responses is negative in the summer polar region (T90S) and positive in the equatorial region 

(T90EQ). Gray dots mark the 0.95 significance level. 
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 235 

Figure 5. As in Fig. 2, but for May. All data are monthly and zonal means from MLS/Aura observations during 2005-2025.  
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▪  

Figure 6. As in Fig. 3, but for May, showing mirror responses in May analogous to November. All data are from MLS/Aura 

observations during 2005-2025.   
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 240 

Figure 7. As in Fig. 4, but for May. All data are from SABER observations during 2005-2023. The T80S index (black stars) 

is from MLS.   
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3.2 The bottom-up mechanism driven by the tropical upwelling 

In the winter hemisphere, the climate variability is governed by the tropical upwelling. Figure 8 shows the time series of key 245 

variables in the “upwelling—H2O—Ox—T90” chain for the winter hemispheres in May (left panels) and November (right 

panels). T80W (at ~20° N, 0.01 hPa) exhibits an interannual standard deviation of ~1.7 K in November, considerably smaller 

than that of T80s (~5.1 K). The weaker variability of the tropical upwelling indicates that the winter hemisphere branch of 

the double-celled circulation is less energetic than its summer hemisphere counterpart. 

Figs. 8a and 8e show that T80W is negatively correlated with H2O in the winter hemispheres in May and November, 250 

confirming that tropical upwelling transports H2O upward and poleward. Figs. 8b and 8f show the corresponding anti-

correlation between H2O and O3, and Figs. 8c and 8g show the positive O3–T90W coupling. The complete chain is 

summarized in Figs. 8d and 8h, where T90W is positively correlated with T80W. 

The spatial structure of the winter hemisphere response is shown in Figs. 9 and 10. The tropical upwelling drives an 

anomalous meridional circulation that transports H2O from low latitudes toward the winter pole (Fig. 9a–b). This hydration 255 

reduces O3 at mid-to-high latitudes in the winter hemisphere (Fig. 9c–d), and the resulting reduction in Ox heating leads to 

lower T90W (Fig. 9e–f). The SABER data (Fig. 10) independently confirm this chain, showing consistent responses of H, O3, 

O, and T90W to T80W. 

The mechanism governing the winter hemisphere follows the same “upwelling—H2O(H)—Ox—T90” chain that 

operates in the equatorial region. The winter hemisphere climate in November and May is, in essence, analogous to the 260 

symmetric climate pattern of equinox months (Zhang et al., 2025b), with the tropical upwelling playing the role of 

dynamical driver. 

  

https://doi.org/10.5194/egusphere-2026-2688
Preprint. Discussion started: 11 June 2026
c© Author(s) 2026. CC BY 4.0 License.



16 

 

 

Figure 8. Time series of key variables in the “upwelling—H2O—O3—T90” chain for the winter hemisphere in (Left) 265 

November and (right) May. Tropical upwelling is indicated by the T80W index. (a, e) Interannual variations of T80W 

(∼80 km, red) and H2O (∼83 km, blue). (b, f) Anti-correlation between H2O (∼83 km, blue) and O3 (∼87 km, black). (c, g) 

Correlation between O3 (∼87 km, black) and T90W (∼93 km, green). (d, h) Coupling between low-latitude T80W (∼80 km, 

red) and mid-to-high-latitude T90W (∼93 km, green). Pressure levels, latitudes, standard deviations (σ), and long-term trends 

of variables are given in each panel. All data are monthly and zonal means from MLS/Aura observations during 2004-2025. 270 

This pattern shows that tropical upwelling governs the winter-hemisphere climate, analogous to the equinox regime. 
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Figure 9. Height-latitude patterns of the sensitivity of (a, b) H2O, (c, d) O3, and (e, f) temperature to the T80W upwelling 

index (white stars at 15°–20°S in May and 20°–25°N in November on the 0.01 hPa level) in the winter hemisphere of (left) 

May and (right) November by MLS data (2004–2025).  (a, b) Negative H2O sensitivity indicates hydration driven by upward 275 

and poleward transport. Dashed white lines mark H2O transport pathways, suggestive of anomalous circulations. (c, d) O3 is 

regulated by T80W via the negative H2O–O3 correlation. (e, f) Positive correlations between low-latitude T80W and mid-to-

high-latitude T90W. Gray points denote the 0.95 significant level. This pattern shows that tropical upwelling independently 

forces the winter-hemisphere climate, completing the picture of the double-celled anomalous meridional circulation.  
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 280 

Figure 10. As in Fig. 9, but for SABER observations (2002–2023) of (a, b) H (c, d) O3, (e, f) O, and (g, h) temperature 

sensitivity to the T80W upwelling index (white stars) in the winter hemisphere of (left) May and (right) November. The T80W 

index is evaluated at 15°–20°S/N on the 0.006 hPa level from SABER temperature data.  (a, b) Negative H sensitivity 

reflects the upward transport of H2O by tropical upwelling and subsequent photolysis. (c, d) The secondary ozone layer is 

regulated by T80W through HOx-driven catalytic loss. (e, f) O responds to T80W in phase with O3, consistent with 285 

photochemical equilibrium. (g, h) Positive correlations between low-latitude T80W and mid-latitude T90W reflect the total 

heating of O and O3. Gray points mark the 0.95 significant level.  
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4 Discussion 

4.1 Seasonal evolution of circulation and the transition climate pattern 

The double-celled anomalous meridional circulation that characterizes November and May can be understood as the natural 290 

transitional state between equinox and solstice circulation regimes (Figure 11). In October, upwelling is concentrated in the 

tropics, driving a symmetric anomalous meridional circulation from low latitudes toward both poles (Zhang et al., 2025b). In 

November, summer polar upwelling intensifies in the SH. The polar-driven anomalous circulation, directed from the summer 

pole toward the equator, replaces the tropical-driven cell in the SH, while the tropical-driven cell persists in the NH. The 

result is a double-celled circulation: a pole-to-equator cell in the summer hemisphere and a tropics-to-pole cell in the winter 295 

hemisphere. The standard deviations of T80 (5.3 K for T80S in November vs. ~1.7 K for T80W) reflect the amplitude of 

interannual variability, with polar upwelling variability being substantially stronger than tropical upwelling variability. By 

December, the summer polar upwelling dominates entirely, and the double-celled structure collapses into the classic pole-to-

pole cell (Zhang et al., 2025c). The May circulation is the mirrored counterpart, with the polar upwelling in the NH and the 

tropical upwelling in the SH. 300 

This seasonal progression reveals that the November circulation is the natural bridge between two fundamentally 

different dynamical regimes. The double-celled structure is the defining dynamical feature of the transition months. 

  

Figure 11. Schematic of seasonal evolution of upwelling-driven anomalous meridional circulations in the upper mesosphere 

from October to December. (Left) October: Symmetric anomalous circulation driven by tropical upwellings near 20°N/S, 305 

with poleward flow from the tropics to both hemispheres. (Middle) November: Emergence of a double-celled anomalous 

circulation. Summer polar upwelling intensifies in the SH, replacing the tropical-driven cell there, while the tropical-driven 

cell persists in the NH. (Right) December: Summer polar upwelling dominates entirely, establishing the classic summer-to-

winter meridional circulation. Interannual standard deviations () of the T80 index for each upwelling branch are shown, 

based on MLS data.  310 
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Through the bottom-up mechanism, the double-celled anomalous meridional circulations jointly organize 

temperatures and constituents into a coherent triple-structured pattern spanning the summer hemisphere high latitudes, the 

equatorial region, and the winter hemisphere high latitudes (Figure 12). As shown in Figs. 3c and 4d, the sensitivity of T90 315 

to T80S exhibits a distinct three-zone structure: negative in the summer polar region (T90S), positive in the equatorial region 

(T90EQ), and weakly negative in the winter hemisphere mid-to-high latitudes (T90W). This triple pattern arises from the 

superposition of two independent dynamical influences: the control of T90S and T90EQ by the summer polar upwelling, and 

the control of T90W by the tropical upwelling. 

The weak negative correlation between T90W and T80S is a consequence of the weak anti-correlation between T80W 320 

and T80S. Because the tropical upwelling region lies close to the equatorial subsidence zone, the compensating downwelling 

that warms T80EQ also influences T80W, establishing a weak dynamical coupling between the two upwelling indices and 

transmitting the T80S signal into the winter hemisphere. However, given the limited length of the satellite record, it remains 

unclear whether this weak anti-correlation between the polar and tropical upwellings is a robust feature of the climate system 

or a sampling artifact. 325 

The triple-structured pattern differs fundamentally from the interhemispheric anti-symmetric pattern of solstice 

months (Zhang et al., 2025c) and the interhemispheric symmetric pattern of equinox months (Zhang et al., 2025b). It 

demonstrates that the spatial organization of mesospheric climate variability evolves systematically with the seasonal cycle: 

from symmetric in October, through the transitional triple-structured pattern in November, to anti-symmetric in December. 

The May results mirror those of November, with the roles of the two hemispheres interchanged. 330 

The magnitude of the dynamical variability far exceeds that attributable to long-term trends. The standard deviation 

of T80S in November is ~5.3 K, whereas its linear cooling trend is only ~1.1 K/dec (Fig. 2). This order-of-magnitude 

difference is mirrored in the key response variables: the interannual standard deviations of H2O, O3, and T90 consistently 

surpass their respective trends by a wide margin (Figs. 2, 5, 8), underscoring that internal dynamical variability, rather than 

long-term externally forced trends, dominates the interannual behavior of these fields. Furthermore, the spatial structure of 335 

the observed variability—with distinct, oppositely signed responses in three latitudinal zones—is incompatible with the 

expected fingerprints of globally uniform solar or CO2 forcing, which would produce spatially coherent temperature and 

compositional responses across the globe. Neither the 11-year solar cycle nor the CO2 increase can generate the 

interhemispheric symmetric pattern of equinox months, the interhemispheric anti-symmetric pattern of solstice months, or 

the triple-structured pattern reported here. A quantitative separation of the relative contributions of internal dynamical 340 

variability, solar forcing, and CO2 forcing to mesopause climate extends beyond the scope of this paper and requires 

dedicated model experiments. 
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Figure 12. Schematic diagram of the bottom-up control mechanism in November and May, illustrating how summer polar 345 

upwelling and tropical upwelling jointly govern climate variability through coupled dynamical, microphysical, and chemical 

processes. Key pathways include: (1) Summer polar upwelling transport H2O equatorward via the anomalous meridional 

winds. The resulting hydration increase H (via photolysis), which catalytically destroys O3. Concurrent adiabatic cooling 

enhances O3 through temperature-dependent ozone kinetics. O varies in phase with O3 under photochemical equilibrium, and 

the combined radiative and chemical heating of O and O3 governs T90S and T90EQ. (2) Tropical upwelling transports H2O 350 

poleward in the winter hemisphere, where the subsequent H-driven ozone loss reduces O3 and O, and the resulting decrease 

in Ox heating lowers T90W. 
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4.2 Microphysics of transitional PMCs: evidence for the cold-trap effect 

The “hydration-without-dehydration” configuration documented in Section 3.1.1 is a distinctive prediction of the cold-trap 355 

effect based on the CMN scheme (Zhang et al., 2025a; Zhang et al., 2025c). Within this framework, hydration and 

dehydration are driven by distinct physical mechanisms: hydration results directly from the upward transport of H2O by 

upwelling, while dehydration requires ice particles to be sufficiently abundant to consume more H2O than is delivered from 

below, thereby blocking net upward transport. When PMCs are weak—as in November—the ice-mediated blocking becomes 

ineffective and dehydration does not occur, even though upwelling continues to deliver H2O to PMC altitudes, producing 360 

hydration. The recent simulations of Vellalassery et al. (2026) support this interpretation, showing that stronger vertical 

winds carry more H2O to both the lower and upper parts of PMCs, and that ice growth alone cannot block the upward H2O 

transport. 

Independent observational support comes from Hervig et al. (2015), who used SOFIE measurements to 

systematically identify dehydration and hydration layers based on water vapor residuals relative to a carefully constructed 365 

PMC-free background. Notably, in their Fig. 3, strong hydration cases were found to be approximately 10 K warmer below 

84 km than strong dehydration cases, yet temperatures above 84 km were nearly identical between the two categories. 

Within the CMN framework, this temperature structure finds a natural explanation. Hydration can occur under relatively 

weak upwelling (higher T80S), in which case upwelling delivers H2O to produce hydration below PMCs, but ice growth is 

insufficient to block upward transport and dehydration does not occur above. Dehydration cases, conversely, correspond to 370 

strong upwelling (lower T80S), in which case ice growth consumes H2O faster than upwelling can supply it, producing net 

dehydration above PMCs, while hydration still occurs below. Furthermore, Hervig et al. (2015) found that the column 

abundance of H2O in ice layers often exceeded the combined H2O changes in the dehydration and hydration layers (their Fig. 

5). In the CMN framework, this imbalance is an expected consequence of the fact that the H2O forming ice is supplied by 

upwelling from below, rather than being internally redistributed from the dehydration layer. The conventional assumption 375 

that ice water content should balance the sum of dehydration and hydration is not a necessary condition in the cold-trap 

effect framework. 

We acknowledge that the observed “hydration-without-dehydration” pattern does not, by itself, logically falsify the 

conventional freeze-drying framework. One could argue that when PMCs are sufficiently weak, the mass of water 

redistributed by ice particle sedimentation may fall below the detection threshold of satellite instruments. However, the cold-380 

trap framework offers a more parsimonious explanation for the seasonal transition from November (hydration-only) to 

December (hydration plus dehydration): as summer polar upwelling intensifies, the ice-mediated blocking of upward H2O 

transport becomes progressively stronger. We emphasize that the freeze-drying effect and the cold-trap effect are not 

mutually exclusive; instead, they likely dominate on different spatial and temporal scales, and a complete understanding will 

benefit from the integration of both frameworks. 385 
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4.3 The isolated thermal pathway in polar ozone chemistry 

The absence of dehydration above PMCs in November provides a unique opportunity to quantify the thermal contribution to 

polar mesopause ozone enhancement. SABER observations (Fig. 4) constrain the underlying chemical pathways. Fig. 4a 

shows that H at 52°S is negatively correlated with T80s in November, indicating that in the absence of dehydration, H is 

controlled directly by upwelling-driven H2O transport. This is in marked contrast to December, where dehydration above 390 

strong PMCs depletes H2O and renders H at 52°S insensitive to T80S (Zhang et al., 2025c). Consequently, the O3 

enhancement in November cannot be explained by H depletion due to dehydration. Instead, it arises from the temperature 

dependence of ozone kinetics: colder temperatures accelerate the three-body recombination O + O2 + M and suppress the H 

+ O3 and O + O3 loss pathways (Smith et al., 2018). 

The mesopause O3 response at 52°S in November from SABER, however, is not statistically significant (Fig. 4b). 395 

This apparent inconsistency may arise because 52°S lies near the equatorward boundary of the O3 response region, which 

MLS data show extends only to approximately 55°S (Fig. 3b). It is noteworthy, however, that the nighttime O at 52°S is 

sensitive to T80S (Fig. 4c) while the nighttime O3 at the same latitude is not. Under nighttime conditions, if both H and O 

increase concurrently at 52°S in response to stronger upwelling (Figs. 4a, 4c), the simultaneous enhancement of the O3 

production term (proportional to O) and the primary loss terms (proportional to H and O) may result in a near-zero net O3 400 

change. Alternatively, the longer photochemical lifetime of O relative to O3 may allow O perturbations to be transported to 

52°S while O3 perturbations are locally dissipated. These contrasting responses of O and O3 at the same location are 

examined further in Section 4.4. 

The mechanism described above addresses the interannual variability of ozone during November. On seasonal 

timescales, Siskind et al. (2018) used the WACCM-PMC model to demonstrate that dehydration due to PMC ice 405 

condensation leads to significant depletion of H above the summer polar mesopause, reducing the H + O3 loss pathway and 

contributing to a local summertime O3 maximum. Our results are complementary rather than contradictory: they show that 

on interannual timescales, and specifically during November when PMCs are weak and dehydration is absent, the O3 

variability is governed primarily by temperature-dependent ozone kinetics rather than by H depletion. The two mechanisms 

operate on different timescales (seasonal vs. interannual) and dominate under different PMC conditions (strong vs. weak). 410 

Together, they provide a more complete picture of how dynamics and chemistry interact to control polar mesopause ozone. 

4.4 T90S variability: heating processes in the summer hemisphere 

The positive correlation between O3 and T90 (R = 0.80, Fig. 2c) is consistent with the hypothesis that radiative and chemical 

heating by Ox influences mesopause temperatures. However, the Ox enhancement driven by adiabatic cooling does not heat 

the air at the altitude where it is produced. The same upwelling that causes the cooling also transports O and O3 upward, 415 

where the lower atmospheric density amplifies the temperature response to a given heating input. This non-local heat release 

constitutes a negative feedback that is fundamentally distinct in spatial character from the in situ negative feedback described 
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by Grygalashvyly et al. (2025), where chemical heating directly opposes the initial cooling at the same altitude. In our case, 

the feedback is non-local: chemical heating generated near 90 km is advected to higher altitudes by the very upwelling that 

initiated the cooling. These two modes of Ox–temperature coupling are complementary, with the non-local mode likely 420 

becoming important when vertical transport is strong. 

We do not attempt a rigorous closure of the upper mesospheric energy budget, which requires dedicated modeling 

studies. Instead, we perform an order-of-magnitude check to confirm physical plausibility. Taking the global, annual mean 

total heating rate of O and O3 of ∼10 K day⁻¹ (Mlynczak et al., 2018) as a reference, and the observed ∼4% K⁻¹ sensitivity 

of Ox to T80S (not shown) as a representative perturbation, the corresponding change in the Ox heating rate is on the order of 425 

∼0.4 K day⁻¹ K⁻¹. Given the 3-day lag between T80S and T90S reported by (Zhang et al., 2025c), and the lower atmospheric 

density at T90 altitudes which amplifies the thermal response, an integrated heating effect of ∼0.6 K K⁻¹ (Fig. 2d) is 

physically plausible. We therefore interpret the Ox–T90 relationship as physically consistent with, though not definitively 

proving, the bottom-up mechanism. 

A critical test of causation arises from the SABER observations at 52°S in November, where the nighttime O3 and 430 

O exhibit different interannual variability. At this location, nighttime O3 near 90 km shows no statistically significant 

response to T80S (Fig. 4b), yet nighttime O exhibits a robust anti-correlation with T80S (R ≈ −0.90, Fig. 4c). This decoupling 

constitutes a natural experiment for evaluating the relative roles of O3 and O in driving T90S variability. Critically, the anti-

correlation between T90S and T80S at 52°S remains strong (Fig. 4d) despite the absence of a significant O3 signal. If O3

 variations were the primary driver of T90S, their disappearance at 52°S should weaken or eliminate the T90S–T80S 435 

correlation. That the correlation persists strongly points to O as the dominant heating agent at high summer latitudes. 

This inference is supported by independent evidence on the vertical structure of chemical heating. Wu et al. (2026) 

demonstrated that at low latitudes, nighttime chemical heating from the H + O3 reaction (∼4–5 K day⁻¹, prevailing below 

∼92 km) and the O + O + M recombination reaction (∼5 K day⁻¹, prevailing above ∼92 km) are comparable in magnitude. 

In the summer polar mesopause region, however, O3 concentrations are drastically reduced by photolysis and strong HOx-440 

driven catalytic loss, while O remains abundant due to persistent daylight photolysis of O2. The decoupling at 52°S, 

combined with the known vertical structure of heating rates, therefore supports the view that interannual variability in O, 

rather than O3, is the primary driver of chemical heating variability at the high-latitude summer mesopause. We further note 

that the sensitivity of T90s to O3 is 41.3 K/ppmv in November (Fig. 2c) and 56.7 K/ppmv in May (Fig. 5g). These 

unrealistically high values arise from the extremely low O3 abundance at the summer polar mesopause and should not be 445 

interpreted as evidence of direct O3 control over T90s. Rather, O varies in phase with O3 through photochemical equilibrium 

(Figs. 4b, c), and the apparent high sensitivity of T90s to O3 is a statistical artifact of this covariance. At 52°S the covariance 

breaks down, and O emerges as the more fundamental driver. 

A purely dynamical mechanism could, in principle, contribute to the observed anti-correlation between T80S and 

T90S. In the climatological mean, the summer polar residual circulation is characterized by upwelling below the mesopause, 450 

with a reversal to downwelling in the lower thermosphere above approximately 95–100 km  (Becker, 2012). If intensified 
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upwelling at 80 km were accompanied by intensified downwelling at lower thermospheric altitudes on interannual 

timescales, adiabatic heating from the downwelling could produce a T90S increase that is dynamically rather than chemically 

driven. However, several considerations suggest that such a dynamical contribution is unlikely to dominate the T90S 

response.  First, T90S (∼0.001 hPa) lies within the upwelling branch of the residual circulation, well below the altitude where 455 

the reversal to downwelling is expected. Second, Zhang et al. (2025c) showed that T90S lags behind O3 and T80S by 

approximately 3 days (Figure 8 therein), a timescale that is inconsistent with an instantaneous adiabatic response but 

consistent with the accumulation of chemical heating. Third, it remains unproven whether interannual variability of lower 

thermospheric downwelling is sufficiently coherent with that of mesospheric upwelling to produce a measurable T90S signal. 

These arguments weigh against a dominant role for dynamical heating, and we conclude that the available evidence favors a 460 

primarily chemical origin for T90S interannual variability. 

The discussions above highlight that the Ox–T90 coupling involves multiple overlapping processes whose 

individual contributions remain to be fully quantified. While the statistical relationships we present are physically coherent 

and consistent with the bottom-up mechanism, a fully quantitative closure of the energy budget on interannual timescales, 

and a definitive separation of chemical and dynamical heating pathways, will require dedicated model experiments with 465 

resolved wave driving and interactive chemistry. 

4.5 Limitations and open questions 

While this study presents a coherent picture of the transitional mesospheric climate regime, several inherent limitations and 

open questions must be acknowledged to frame the scope of our conclusions and guide future research. 

First, and foremost, while the key statistical relationships reported here are consistent and reproducible across 470 

multiple satellite datasets, they represent correlative rather than definitive causal evidence for the proposed bottom-up 

mechanism. Validation of the proposed causal chain will require explicit numerical simulations with coupled dynamics, 

microphysics, and chemistry.  

Second, summer polar upwelling is known to be driven by gravity wave breaking, but the physical origins of 

tropical upwelling variability on interannual timescales remain unclear. The weak anti-correlation between the polar and 475 

tropical upwelling indices, while physically interpretable through mass flux conservation, requires confirmation with longer 

observational records or dedicated model simulations. Whether this coupling is a robust characteristic of the mesospheric 

circulation remains an open question.  

Third, neither the conventional freeze-drying effect nor the cold-trap effect should be viewed as universally 

applicable. They likely dominate on different spatial and temporal scales, and a complete understanding of PMC-mediated 480 

H2O redistribution will require the integration of both frameworks. The T80 index, introduced and formalized in this series 

of studies, may serve as a useful diagnostic for such integrative efforts. 

Fourth, it should be noted that the Ox–T90 coupling is complex and involves multiple overlapping heating processes 

whose individual contributions remain to be fully quantified. While this study demonstrates coherent statistical relationships 
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among variables that strongly support the bottom-up mechanism, the Ox–T90 link should be regarded as physically 485 

consistent but not strictly quantitative in the present analysis. A fully quantitative closure of the energy budget on interannual 

timescales, disentangling the individual contributions of different heating reactions, is essential for future investigations. 

5 Conclusion 

This study has investigated the interannual variability of upper mesospheric climate during November and May, revealing a 

dynamical and chemical regime that is fundamentally distinct from those of solstice and equinox months. Our multi-satellite 490 

analysis establishes the following conclusions. 

First, we identify a double-celled anomalous meridional circulation that characterizes the transitional months. 

Summer polar upwelling drives a pole-to-equator anomalous circulation, while tropical upwelling drives a tropics-to-winter-

pole anomalous circulation. The two upwellings, diagnosed by the T80 index, exhibit weakly anti-correlated interannual 

variability, suggesting dynamical coupling associated with mass continuity. The May circulation pattern mirrors that of 495 

November with the hemispheric roles reversed. This double-celled structure represents the transitional state bridging the 

previously documented equinox and solstice circulation regimes (Zhang et al., 2025b; Zhang et al., 2025c), thereby 

completing the seasonal evolution picture of upwelling-driven anomalous circulations in the upper mesosphere. 

Second, this double-celled circulation produces a triple-structured climate pattern. Through the bottom-up 

mechanism of “upwelling—H2O(H)—Ox—T90”, the summer polar upwelling simultaneously governs interannual variability 500 

in the summer polar region (T90S) and the equatorial region (T90EQ), with these two regions responding in antiphase. 

Meanwhile, the tropical upwelling governs variability in the winter hemisphere mid-to-high latitudes (T90W). This 

partitioning of the upper mesosphere into three distinct latitudinal climate zones cannot be explained by the globally uniform 

external forcings (e.g., solar cycle, CO2-cooling), indicating the dominant role of internal dynamics. 

Third, the contrasting PMC behavior between November and December provides critical evidence for 505 

distinguishing between the conventional freeze-drying effect and the cold-trap effect. In November, weak PMCs allow 

hydration below the cloud layer via upwelling-driven transport, but ice growth is insufficient to block further upward water 

vapor transport, resulting in no detectable dehydration above. This “hydration-without-dehydration” configuration is a 

natural and distinguishing prediction of the cold-trap effect, in which hydration and dehydration are driven by separate 

physical mechanisms rather than being causally linked through particle sedimentation. 510 

Fourth, the absence of dehydration above PMCs in November isolates the contribution of temperature-dependent 

ozone kinetics to polar mesopause ozone enhancement. In December, both adiabatic cooling and dehydration-driven H 

depletion contribute to enhanced Ox, making their relative roles difficult to disentangle. In November, however, the 

dehydration pathway is inoperative, and the observed Ox enhancement should arise primarily from ozone kinetics. This 

finding clarifies the chemical pathways that link upwelling to mesopause temperatures under different PMC conditions. 515 
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We note that the correlations reported in this work, while robust across multiple satellite datasets, establish 

statistical associations rather than direct causal relationships. The proposed bottom-up mechanism and the double-celled 

anomalous circulation represent observationally based hypotheses whose validation requires dedicated numerical model 

experiments. Such experiments will be an essential next step to elucidate the role of PMCs in mesospheric H2O transport, to 

quantify the relative contributions of chemical and dynamical heating, and to establish causality within the coupled system.  520 
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