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Abstract. Using 22 years (2002-2023) of TIMED/SABER satellite observations, we investigate the long-term coupling be-
tween mesospheric hydroxyl (OH) airglow and gravity wave potential energy (Ep). Continuous wavelet transform analysis
extracts gravity wave signatures from temperature perturbations, and multiple linear regression decomposes the observed
variability into contributions from solar activity, geomagnetic activity, the Quasi-Biennial Oscillation (QBO), and El Nifo—
Southern Oscillation (ENSO). Three major findings emerge. First, OH emissions and gravity wave Ep are positively coupled,
with statistically significant (p < 0.05) correlation coefficients of 0.3-0.7 that peak during winter at mid-latitudes. Second,
long-term trends reveal contrasting latitudinal patterns: OH trends are negative at mid-latitudes in both hemispheres (—1
to —5 x 1071 Wm=3 yr~1), consistent with mesospheric cooling, whereas Ep trends are positive at mid-latitudes (up to
5.3 x 1072 Jkg~! yr=1), exceeding current model predictions. Both quantities show weaker trends near the equator. Third,
a novel decomposition methodology separates temperature-driven chemical responses from non-thermal dynamical effects,
revealing that solar forcing operates primarily through thermal mechanisms and accounts for 10—15 % of OH variance, while
QBO and ENSO influence mesospheric chemistry through dynamical pathways. ENSO drives negative OH responses yet en-
hances Ep, and QBO responses exhibit equatorial-midlatitude dipole patterns. Semi-annual oscillations dominate equatorial

variability, while annual oscillations prevail at Southern Hemisphere mid-latitudes.

1 Introduction

The mesosphere and lower thermosphere (MLT), extending from approximately 50 to 110 km altitude, represents an interface
between the neutral lower atmosphere and the plasma-dominated environment of space (Beig et al., 2003; Mlynczak, 1997).
This region serves as a critical coupling zone where the gravity wave energy and momentum from the lower atmosphere
are deposited, influencing global atmospheric circulation, thermal balance, and chemical composition (Fritts and Alexander,
2003; Alexander et al., 2010). Understanding the long-term evolution of mesospheric processes is relevant for predicting

atmospheric responses to climate change, as the mesosphere exhibits sensitivity to greenhouse gas increases through radiative
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cooling mechanisms—with model studies predicting cooling rates of approximately 1-3 K per decade in the upper mesosphere
(Beig et al., 2003; Lastovicka et al., 2006; Akmaeyv et al., 2006).

The primary agents of vertical coupling are internal atmospheric gravity waves, buoyancy-driven oscillations generated in
the troposphere by orographic forcing, deep convection, and jet stream instabilities (Fritts and Alexander, 2003; Sato et al.,
2009). As these waves propagate vertically into the rarefied middle atmosphere, their amplitudes grow exponentially, eventually
leading to instability, breaking, and momentum deposition that drives large-scale circulation patterns (Baldwin et al., 2001;
Alexander et al., 2010).

Gravity wave potential energy (Ep) quantifies the energy available for momentum deposition and atmospheric mixing,
providing a direct measure of wave activity in the middle atmosphere (Fritts and Alexander, 2003). The hydroxyl (OH) airglow,
a chemiluminescent emission originating from a layer centered at approximately 87 km altitude, results from the exothermic
reaction H + O3 — OH* + O,, where the asterisk denotes a vibrationally excited state (Mlynczak, 1997; Smith et al., 2013).
The airglow’s brightness and rotational temperature are sensitive to local atmospheric conditions, making it a tracer for both
chemical processes and gravity wave activity (Li et al., 2011; Xu et al., 2012; Taylor et al., 2009). Volume emission rate
(VER) measurements provide direct quantification of OH emission intensity suitable for long-term trend analysis (Sivakandan
et al., 2016). The coupling between gravity waves and OH emissions operates through two mechanisms: thermal, where wave-
induced temperature perturbations modulate reaction rates, and dynamical, where waves vertically advect reactant species
(particularly atomic oxygen and ozone) (Li et al., 2011; Tarasick and Shepherd, 1992; Nielsen et al., 2009).

Ground-based studies using all-sky imagers and spectrometers have characterized gravity wave properties through airglow
signatures, revealing seasonal variations and regional differences in wave activity (Taylor et al., 2009; Ejiri et al., 2003; Tang
et al., 2014). Satellite observations from TIMED/SABER, operational since 2002, have enabled global climatologies of both
gravity wave activity and OH emissions (Zhang et al., 2012; Ern et al., 2011; Gao et al., 2010). SABER studies have char-
acterized seasonal and QBO variations in OH emissions—for example, Gao et al. (2010) found QBO-related OH variations
of approximately 2-4% at tropical latitudes—as well as responses to sudden stratospheric warmings (Gao et al., 2011), solar
cycle effects (Fytterer et al., 2015), and hydroxyl emission mechanisms (Xu et al., 2012).

Gravity wave climatologies have revealed latitudinal and seasonal patterns in wave activity and momentum flux (Zhang et al.,
2012; Ern et al., 2011). Long-term trend studies have identified mesospheric cooling associated with increasing greenhouse gas
concentrations (Beig et al., 2003; Offermann et al., 2010; Zhao et al., 2020). Recent investigations have employed empirical
orthogonal function (EOF) analysis—a statistical technique that identifies the dominant spatial patterns of variability in a
dataset—to characterize gravity wave variability patterns and their relationships with tropospheric forcing (Ayorinde et al.,
2024), examined stratospheric gravity wave potential energy and its connections to tropospheric parameters (Ayorinde et al.,
2023), and investigated the modulation of tropical stratospheric gravity wave activity by climate variability modes (Ayorinde
et al., 2025).

Despite this progress, the nature and variability of the long-term, global relationship between gravity wave Ep and OH
emissions remain poorly understood. Previous studies have been limited in temporal coverage, with most analyses spanning

less than a decade, or in scope, focusing on either gravity waves or OH chemistry but not their coupled behavior (Gao et al.,
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2010; Fytterer et al., 2015; Zhang et al., 2012; Ern et al., 2011). Key open questions remain: How do solar variability, QBO,
and ENSO drive chemistry-dynamics coupling, and how do these drivers modulate the OH-Ep coupling itself? The relative
contributions of thermal versus non-thermal processes to OH variability under different forcing conditions have not been
quantified. Investigating long-term trends in gravity wave activity and their relationship to chemical changes could be essential
for constraining climate model predictions of mesospheric evolution.

The primary objectives of this work are to characterize the long-term variability and trends of mesospheric OH airglow and
gravity wave Ep using 22 years of TIMED/SABER observations, quantify the statistical relationships between OH emissions
and gravity wave activity across different latitudes and seasons, assess the responses of both quantities to external forcing
mechanisms including solar variability, QBO, and ENSO, decompose OH variability into temperature-driven and non-thermal
dynamical components to identify the dominant physical mechanisms, and provide observational constraints for atmospheric
models to improve representations of chemistry-dynamics coupling in the mesosphere. This 22-year dataset provides insights
not apparent from shorter-term studies, including the ability to separate solar cycle effects from long-term trends and to char-
acterize the full range of ENSO and QBO variability.

This paper is structured as follows: Section 2 details the TIMED/SABER dataset and methodology. Section 3 presents
results including latitudinal profiles of trends and forcing responses, seasonal oscillations, and correlation analyses. Section 4

discusses the physical implications of the findings, including the decomposition analysis. Section 5 presents conclusions.

2 Methodology
2.1 TIMED/SABER Instrument and Data

This study utilizes observations from the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instru-
ment aboard the Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite (Russell III et al., 1999;
Mlynczak, 1997). The SABER instrument is a 10-channel broadband limb-scanning infrared radiometer that measures atmo-
spheric emissions in the 1.27 to 17 um spectral range, providing vertical profiles of kinetic temperature, geopotential height,
and volume emission rates (VER, in units of W m~2 or photons cm~3 s~1) of various atmospheric constituents from approx-
imately 10 to 120 km altitude (Mlynczak et al., 2005; Russell III et al., 1999). SABER employs a limb-scanning technique,
viewing the Earth’s atmosphere tangentially through the limb scanning to obtain vertical profiles with high vertical resolution
(approximately 2 km). The instrument scans the limb from the surface to approximately 400 km altitude, with a horizontal
sampling resolution of about 400 km along the satellite track. The TIMED satellite operates in a 625 km circular orbit with a
74° inclination, providing near-global coverage from 83°S to 83°N latitude, with the latitudinal coverage varying seasonally
due to the satellite’s yaw cycle (Russell III et al., 1999). A known limitation of SABER is the inability to observe both polar
regions simultaneously due to the yaw maneuver cycle, which restricts continuous high-latitude coverage.

This orbital configuration enables SABER to sample each latitude and local time approximately every 60 days, providing
temporal and spatial coverage for climatological studies. For this investigation, we used SABER Level 2A version 2.0 data

products spanning from January 2002 to December 2023, encompassing over two decades of continuous observations. The
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primary data products employed include: (1) kinetic temperature profiles derived from CO5 15 um limb emission measure-
ments, with an estimated precision of 1-2 K in the mesosphere (Remsberg et al., 2008); (2) OHy; derived from the 1.6 and
2.0 um OH Meinel band emissions, providing information about the OH airglow layer structure and intensity (Mlynczak et al.,
2005); and (3) geopotential height profiles that enable accurate altitude registration of the measurements. The SABER tem-
perature measurements are suited for gravity wave studies due to their high vertical resolution and global coverage. SABER’s
temperature sensitivity of 1- 2 K enables detection of gravity wave signatures in the middle atmosphere (Ern et al., 2011;
Zhang et al., 2012). Similarly, the OH,z measurements provide information about the mesospheric airglow layer, which serves
as a tracer for atmospheric dynamics and chemistry (Xu et al., 2012; Gao et al., 2010). The long-term stability and consis-
tency of SABER measurements have been validated through comparisons with other satellite instruments and ground-based

observations, confirming their suitability for climatological trend analysis (Remsberg et al., 2008; Garcia et al., 2014).
2.2 OH Airglow Data Processing and Peak Identification

The hydroxyl (OH) airglow layer in the mesosphere represents a tracer for atmospheric dynamics and chemistry, originating
from the exothermic reaction between atomic hydrogen and ozone: H + O3 — OH* + O9, where OH* denotes vibrationally
excited hydroxyl (Mlynczak, 1997). The resulting vibrationally excited OH molecules emit characteristic infrared radiation in
the Meinel band system, which SABER detects at 1.6 and 2.0 um wavelengths (Mlynczak et al., 2005). This study focuses on
the peak of the OH emission layer, following established methodologies that have demonstrated the peak region’s sensitivity to
atmospheric perturbations and its reduced susceptibility to retrieval uncertainties compared to integrated column measurements
(Offermann et al., 2010; Sivakandan et al., 2016).

The OH,, profiles are processed through a multi-step quality control and analysis procedure. First, individual profiles
are screened for data quality using the SABER data quality flags, removing profiles with instrument anomalies, cloud con-
tamination, or retrieval convergence issues. Profiles with unrealistic VER values (negative emissions or values exceeding
1x107% W m™3) is excluded from the analysis (Xu et al., 2012). We apply altitude registration corrections using co-measured
geopotential heights to ensure consistent altitude referencing. The identification of the OH emission peak follows the method-
ology established by Gu et al. (2024) for characterizing the OH emission layer. The OH peak identification algorithm employs
a multi-step quality control approach: (1) smooth the VER profile using a 3-point running mean to reduce noise, (2) identify
the altitude of maximum VER within the expected mesospheric range (75-95 km), (3) ensure that the identified peak repre-
sents a genuine OH emission maximum by requiring the peak value to exceed half of the profile maximum, and (4) verify the
peak structure by checking that the VER decreases monotonically on both sides of the identified maximum (Gu et al., 2024).
Profiles where the peak cannot be unambiguously identified or where multiple peaks of similar magnitude exist are flagged
and excluded from further analysis; approximately 5-10% of profiles are discarded through this quality control procedure. The
peak identification algorithm extracts two key parameters for each profile: (1) the peak OH, intensity (W m~3), representing
the maximum emission rate, and (2) the peak altitude (km), indicating the height of maximum emission.

The VER provides a direct measure of OH emission intensity that is suitable for long-term trend analysis and comparison

with atmospheric models (Sivakandan et al., 2016). Following peak identification, the data undergo temporal and spatial bin-
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ning to create regular time series suitable for climatological analysis. Individual profiles are aggregated into monthly means
within 10° latitude bins, extending from 50°S to 50°N. This binning strategy balances the need for adequate statistical sam-
pling with sufficient spatial resolution to capture latitudinal variations in OH behavior. Only latitude bins containing at least 20

individual profiles per month are retained to ensure statistical robustness (Gao et al., 2010).
2.3 Gravity Wave Ep Estimation

Gravity wave Ep per unit mass (£,) represents a measure of wave activity and provides direct quantification of the energy
available for momentum deposition and atmospheric mixing (Fritts and Alexander, 2003). The calculation of gravity wave
potential energy (Ep) from SABER temperature measurements follows established methodologies that have been extensively
validated in previous studies (Ern et al., 2011; Zhang et al., 2012; Liu et al., 2017; Ayorinde et al., 2023, 2024, 2025). The
approach involves extracting gravity wave temperature perturbations from the background atmospheric state and converting
these perturbations to Ep using the relationship between wave-induced temperature fluctuations and vertical displacement of air
parcels. Following the methodology detailed in Ayorinde et al. (2023) for stratospheric gravity wave potential energy estimation
and extended by Ayorinde et al. (2024) for long-term variation analysis, the processing begins with the extraction of temperature
perturbations from SABER kinetic temperature profiles. Background temperature profiles are obtained by removing large-scale
planetary and Kelvin wave signatures by following the approach detailed by Ayorinde et al. (2024) and Ayorinde et al. (2025).

Temperature perturbations are calculated as 7”(z) = T'(z) — T'(z), where T(z) is the observed temperature profile and 7'(2)
is the background temperature obtained from the running mean filter. Additional filtering is applied to isolate gravity wave ac-
tivities, with the temperature perturbations undergoing vertical wavelength filtering to retain perturbations with vertical wave-
lengths between 3 and 20 km. This wavelength range is chosen to capture gravity waves reliably detected by SABER’s vertical
resolution while excluding short-scale instrumental noise (wavelengths < 3 km) and planetary wave signals (wavelengths >
20 km) (Liu et al., 2017; Ayorinde et al., 2023). Temperature perturbations are isolated using continuous wavelet transform
(CWT) with a Morlet wavelet, providing superior time-frequency localization for gravity wave characterization as described

by Ayorinde et al. (2024). The Ep per unit mass is calculated using the fundamental relationship (Fritts and Alexander, 2003):

/N 2

5=3(3) (%) g
where g is the gravitational acceleration (9.81 ms~2), NV is the buoyancy frequency (Brunt-Viisili frequency), 7" is the gravity
wave temperature perturbation amplitude, and T is the background temperature. The buoyancy frequency is calculated from
the background temperature profile using:

where dTj/dz is the background temperature gradient, z is altitude, and ¢, is the specific heat of air at constant pressure
(approximately 1004 Jkg—! K—!). The Ep calculations are performed within 5-km-thick altitude layers centered on the OH
peak altitude. This layer thickness was chosen to provide a representative measure of gravity wave activity in the immediate

vicinity of the OH layer while maintaining sufficient vertical resolution to capture altitude-dependent variations and ensuring
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adequate statistical sampling of wave perturbations. The temperature perturbation amplitude 7" is calculated as the root-mean-
square (RMS) value of the filtered perturbations within each altitude layer, following the statistical approach validated by
Ayorinde et al. (2023) for stratospheric gravity wave analysis.

Quality control procedures ensure the reliability of Ep estimates. Profiles with unrealistic buoyancy frequencies (N? < 0,

indicating convective instability, or N? > 1x 1073 s =2

, exceeding physically plausible values for the mesosphere) are excluded,
and Ep values exceeding 1000 Jkg~! are flagged as outliers. The final Ep dataset undergoes the same spatial and temporal

binning procedure as the OH data, creating monthly mean time series in 10° latitude bins for climatological analysis.
2.4 Long-term Trend Analysis and Multiple Linear Regression

This study employs a multiple linear regression (MLR) approach, following the methodology previously used by Zhao et al.
(2020) and widely used in middle atmospheric trend studies (Beig et al., 2003; Offermann et al., 2010). The MLR framework
quantifies contributions from specific physical drivers while isolating the long-term trend. While the F10.7 index is not a
perfect proxy for solar EUV radiation, it remains the most widely used and validated proxy for long-term atmospheric studies
due to its continuous record and strong correlation with solar EUV emissions (Lean, 2018). The MLR analysis begins with
the construction of time series representing primary sources of atmospheric variability. Solar activity is represented by using
the 10.7 cm solar radio flux (F10.7 index), obtained from the National Research Council of Canada, which serves as a proxy
for solar ultraviolet radiation that drives mesospheric photochemistry (Lean, 2018). The F10.7 index is suited for atmospheric
studies because it correlates with solar EUV emissions that control photochemical processes in the mesosphere and lower

thermosphere (Zhao et al., 2020).
Solar Flux Processing and Estimation

The daily F10.7 solar radio flux index and Kp index (3-hourly) spanning from 2002 to 2019 serve as proxies for solar extreme
ultraviolet (EUV) radiation and geomagnetic activity, respectively. The F10.7 flux index is frequently utilized in studies exam-
ining solar activity, particularly in the context of middle and upper atmospheric trends (Yuan et al., 2019). The mean F10.7 is

computed as

F10-7adj + F10-7ctr81
2 )

F10.7 = 3

where F'10.7,4; represents the 10.7 cm solar radio flux, adjusted for Earth’s orbital radius, and expressed in units of
10722 W / m? /Hz. The term F10.7.,s1 denotes the 81-day arithmetic mean of the daily adjusted F10.7 values, centered on
the specific day in question. This method of averaging F10.7 is considered effective for capturing variations in solar activity
(Richards et al., 1994). Both F10.7 and Kp indices were retrieved from the Celestrak website (http://celestrak.com/SpaceData/).
Geomagnetic activity is represented by the planetary K-index (Kp), obtained from the GFZ German Research Centre for Geo-
sciences, which quantifies global geomagnetic disturbances that can influence the upper atmosphere through energetic particle

precipitation (Matzka et al., 2021).
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The daily F10.7 values undergo a multi-step processing procedure to extract the solar cycle while removing short-term
variability. The first step involves application of an 81-day centering running mean filter to the raw daily F10.7 data:

1 40

Froa(t) =g > Fior(t+i) “4)
i=—40

where Fo.7(t) is the smoothed solar flux at time ¢, and Fyo.7(t +4) represents the daily values within the 81-day window
centered on day ¢. The 81-day window was chosen because it effectively removes solar rotation effects (27-day periodicity,
with three complete rotations captured) and short-term solar variability while preserving the 11-year solar cycle variations
that are most relevant for mesospheric chemistry and dynamics (Zhao et al., 2020). This window length is standard in middle
atmospheric studies and provides a balance between noise reduction and temporal resolution. Following the temporal smooth-
ing, the F10.7 time series is normalized to facilitate interpretation of the regression coefficients and enable comparison across
different studies. The normalization is performed using:
_ Fuort) ~ (Fior)

o (1)
9Fon

®)

Where (Fg.7) is the long-term mean of the smoothed F10.7 over the entire analysis period (2002-2023), and 0, 1s the corre-
sponding standard deviation. This normalization ensures that the regression coefficients represent the atmospheric response per
standard deviation change in solar activity, facilitating physical interpretation and comparison with other forcing mechanisms.
To account for potential nonlinear atmospheric responses to solar forcing, both linear and quadratic terms of the normalized
F10.7 are included in the MLR model. The quadratic term is calculated as:

Fios'(t) = [Fg5™ ()] = ([Fg5™)°) (6)
where the subtraction of the mean squared value ensures that the quadratic term is orthogonal to the linear term, prevent-
ing multicollinearity issues in the regression analysis (Zhao et al., 2020). The correlation coefficient between the linear and
quadratic terms over the study period is less than 0.05, confirming their near-orthogonality. This orthogonalization is essen-
tial for obtaining stable and interpretable regression coefficients, particularly important for photochemical processes that may
exhibit threshold behaviors or saturation effects at high solar activity levels.

The processed F10.7 time series undergoes additional quality control to maintain consistency over the multi-decade analysis
period. Data gaps shorter than 5 days are filled using linear interpolation, while longer gaps are handled through spectral in-
terpolation based on the dominant solar cycle periodicity. The final F10.7 dataset provides a representation of solar variability
suitable for investigating solar-atmospheric coupling in the mesosphere and lower thermosphere. The QBO is represented using
monthly mean zonal wind data at 30 mb and 50 mb pressure levels from the Free University of Berlin QBO database (Newman
et al., 2016). The ENSO is characterized using the Multivariate ENSO Index (MEI) from the NOAA Physical Sciences Labo-
ratory, which combines multiple oceanic and atmospheric variables to provide a measure of ENSO state (Wolter and Timlin,
1998). We note that solar activity and geomagnetic activity are often correlated; however, the inclusion of both in the MLR
model allows for separation of their distinct effects, with the Kp index capturing short-term geomagnetic disturbances not rep-

resented by the smoothed F10.7 index. Before MLR analysis, both the dependent variables (OH,; and Ep) and the independent
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proxy variables undergo deseasonalization to remove the dominant annual and semi-annual cycles. This is accomplished by
fitting and subtracting harmonic functions of the form:
3
S(t) = Z [Ay, cos(nwt) + By, sin(nwt)] @)
n=1
where w = 27/365.25 daysfl, and A,, and B,, are the amplitude coefficients for the n-th harmonic (Zhao et al., 2020). The
choice of three harmonics (annual, semi-annual, and ter-annual) was based on spectral analysis of the data, which showed that
these three components capture >95% of the seasonal variance. This approach effectively removes the seasonal cycles while

preserving inter-annual variability and long-term trends. The MLR model is formulated as:

Y(t) =Co+Cq1-t+Cy- F10,7(t> +Cs- F10‘7(t) +Cy- QBOgo(t)
4 C5-QBOso(t) + Co - MEI(t) + Cy - Kp(t) +€(t) @®)

where Y (t) represents the deseasonalized time series of either OH,y, or Ep, ¢ is time in years, Cj is the intercept, C is the
linear trend coefficient representing secular change per year, C; and Cj are the linear and quadratic solar response coefficients
respectively, Cy and C5 are the QBO response coefficients at 30 mb and 50 mb, Cg is the ENSO response coefficient, C is
the geomagnetic activity response coefficient, and €(t) is the error term (Zhao et al., 2020). The inclusion of both linear and
quadratic terms for the solar flux accounts for potential nonlinear responses to solar variability (Lean, 2018).

The MLR analysis is performed separately for each 10° latitude bin and for different seasonal subsets (annual mean, DJF
months, and JJA months) to investigate latitudinal and seasonal dependencies in the responses. Statistical significance of the
regression coefficients is assessed using Student’s t-test, with p-values reported throughout; coefficients with p < 0.05 are
considered statistically significant. The overall model performance is evaluated using the coefficient of determination (R?) and
the root-mean-square error (RMSE). Uncertainty estimates for the trend coefficients are derived from the covariance matrix
of the regression coefficients, which accounts for the interdependence of the predictors and temporal autocorrelation in the
residuals (Weatherhead et al., 1998). Trend robustness is evaluated via sensitivity tests that vary the analysis period, proxy
variables, and deseasonalization approach. Residual analysis identifies any systematic patterns suggesting missing forcings or
model deficiencies.

Figure 1 presents the time series of key atmospheric indices used in the MLR analysis. The solar flux (F10.7) exhibits the
characteristic 11-year solar cycle with maxima around 2002-2003 and 2014-2015, and a minimum around 2007-2010. The
Multivariate ENSO Index (MEI) captures El Nifio-Southern Oscillation variability, with El Nifio events in 2009-2010, 2015-
2016, and 2023, while La Nifia conditions dominate during 2007-2008, 2010-2012, and 2017-2018. The QBO at 30 mb shows

alternating easterly and westerly wind phases with an average period of approximately 28 months.
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Figure 1. Time series of solar and geophysical indices from January 2002 to December 2023, used as explanatory variables. (a) The monthly
mean solar radio flux at 10.7 cm (F10.7) in solar flux units (sfu), which serves as a proxy for solar activity, clearly showing solar cycles 23
and 24. (b) The bimonthly Multivariate El Nifio-Southern Oscillation (ENSO) Index (MEI), where positive values correspond to El Nifio
phases and negative values to La Nifia phases. (¢) The monthly mean zonal winds representing the Quasi-Biennial Oscillation (QBO) at two
pressure levels in the tropics: 30 mb (dark green line) and 50 mb (sienna line). Negative (positive) values indicate easterly (westerly) wind

regimes.

3 Results
3.1 Latitudinal and Temporal Evolution OH and Ep

Figure 2 reveals the temporal evolution of mesospheric OH airglow and gravity wave activity over the 22-year SABER observa-
tion. The top panel shows the OH,;, which exhibits latitudinal and seasonal patterns consistent with the underlying photochem-
ical processes governing OH production and loss in the mesosphere. The OH,, displays seasonal variations with maximum
values occurring during local December-January-February (DJF) and June-July-August (JJA) months at mid-latitudes, reach-
ing peak emission rates of approximately 8—10 x 10~7 W m~3 in both hemispheres. This seasonal pattern likely reflects the
coupling between atomic hydrogen and ozone concentrations, both of which are modulated by seasonal changes in atmospheric
dynamics and photochemistry (Xu et al., 2012; Gao et al., 2010). The latitudinal structure of OHyg, shows an asymmetry be-
tween hemispheres, with higher emission rates observed in the Northern Hemisphere (NH), particularly during DJF months.
This hemispheric asymmetry can be attributed to differences in planetary wave activity and stratosphere-mesosphere coupling,

which affect the transport of atomic oxygen and hydrogen species that control OH chemistry (Smith et al., 2013; Gao et al.,
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2011). The equatorial region exhibits relatively stable OH emission rates throughout the year, with values typically ranging
between 4-6 x 10~7 W m™3, consistent with the reduced seasonal variability expected in tropical latitudes where solar zenith
angle variations are minimal.

The middle panel displays the Ep at the OH maximum altitude, providing characterization of gravity wave activity in the
mesosphere. The Ep exhibits temporal and spatial variability, with values ranging from less than 36 J/kg to over 48 J/kg. Fea-
tures include increased gravity wave activity during JJA months at mid-latitudes, consistent with tropospheric wave generation
and propagation conditions during these periods (Ern et al., 2011; Zhang et al., 2012). This seasonal pattern is consistent
with findings from Ayorinde et al. (2024), who demonstrated that gravity wave Ep over South America shows seasonal depen-
dence, with maximum values during austral JJA months when tropospheric forcing is largest. The spatial distribution of gravity
wave activity shows hemispheric asymmetries, with higher Ep values in the NH, caused by different topographic forcing and
convective storm activity (Anderson et al., 2021).

The equatorial region shows higher Ep values but with inter-annual variability, likely associated with the QBO and other
tropical atmospheric phenomena (Ern et al., 2017). The solar cycle modulation is visible in both OH,, and Ep throughout the
observation period. The solar maximum around 2014-2015 corresponds to increased OH concentrations globally, reflecting
the increased production of atomic hydrogen through solar Lyman-« radiation (Mlynczak et al., 2013). Ep exhibits latitude-
dependent solar cycle variations, indicating that solar forcing modulates gravity waves through multiple pathways: altered
atmospheric stability and background winds (Liu et al., 2017). The bottom panel shows the altitude of the OH maximum,
which varies between approximately 75 and 90 km with latitudinal and temporal patterns. The OH peak altitude exhibits a
seasonal cycle, with higher altitudes during local DJF months in the NH and JJA months in the Southern Hemisphere (SH),
consistent with seasonal changes in atmospheric temperature structure and the vertical distribution of atomic oxygen (Marsh

et al., 20006).
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Figure 2. Temporal evolution (2002-2023) of zonally averaged parameters as a function of latitude. (Top) OH Maximum Volume Emission

Rate (VER). (Middle) Ep at OH Maximum (Ep). (Bottom) Altitude of OHyrz Maximum.

3.2 Seasonal Cycles of OH and Ep

Figure 3 shows the seasonal decomposition analysis, providing characterization of the annual variations and the residual inter-
annual variability. The seasonal cycles reveal the annual rhythms that characterize mesospheric variability. For OHy, the
mid-latitude stations (50°N and 50°S) show DJF and JJA maxima, reaching peak values of 4-5 x 10~7 ym at mid-latitudes.
The tropical station (10°N) exhibits smaller seasonal variations. The Ep seasonal cycles show larger amplitudes, particularly
at mid-latitudes, where DJF and JJA values can exceed their opposite seasons by factors of 2-3, with maxima reaching 7-15
J/kg. This reflects the seasonal dependence of gravity wave generation in the troposphere, with increased wave activity during
these months when storm tracks are most active. The NH shows higher Ep values compared to the SH, particularly during DJF
months, reflecting orographic and convective wave sources. The residual time series (Figure 3b) reveals inter-annual variability
that remains after removing the seasonal patterns, showing evidence for solar cycle modulation, ENSO influences, and long-
term trends. The OH,;, residuals show variations with evidence of solar cycle modulation, while the Ep residuals exhibit higher
frequency variability with larger amplitude fluctuations.

OH, seasonal cycles show strong latitudinal and hemispheric variations. At 50° latitude, both hemispheres exhibit maxima
during local winter (DJF in NH, JJA in SH) with amplitudes of 0.4-0.5 x 10~7 um, driven by solar zenith angle and atmo-
spheric dynamics. The seasonal amplitude decreases equatorward: /sim0.2-0.3 x 10=7 ym at 30° (NH winter maximum) and
minimal variation at 10° with near-symmetric hemispheric behavior. The Ep seasonal cycles display larger relative amplitudes,
with mid-latitude (50°) maxima of 7-15 J/kg which is 3-4 times the seasonal minima. Residual variability reveals inter-annual
fluctuations including enhanced OH,, during the 2014-2015 solar maximum and persistent hemispheric asymmetries through-

out the observation period.
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Figure 3. Mean seasonal cycles and residuals at different latitudes. (a) Mean seasonal cycle of OHvgr (left y-axis) and Ep (right y-axis) at
10°, 30°, and 60° latitude. The top panel corresponds to 10°latitude, the middle panel to 30°latitude, and the bottom panel to 60°latitude.
Solid lines represent the Northern Hemisphere (NH) and dotted lines represent the Southern Hemisphere (SH). Blue lines correspond to OH,
while red lines correspond to Ep. The figure shows distinct seasonal patterns with December-January-February (DJF) and June-July-August
(JJA) representing the primary seasonal contrasts in each hemisphere. (b) Corresponding residuals from the mean seasonal cycle for each

time series, revealing inter-annual variability and long-term trends after removing the dominant seasonal activities.

3.3 Latitudinal Profiles of Trends and Solar Responses

The linear trend analysis (Figure 4) shows latitudinal patterns in the long-term evolution of both OH,, and Ep over the 22-
year observation period. Statistical significance of the trends is indicated by blue stars (p < 0.05) and red stars (p > 0.05)
overlaying the profiles, as detailed in the figure caption. For OH,g, (Figure 4a-b), the annual trends show negative values at
mid-latitudes in both hemispheres (25°-50°) and weaker trends (closer to zero) in tropical regions (+15°). The magnitude
of the OH trends ranges from -0.2 to +0.4 x 10~ um per year. Seasonal decomposition reveals distinct DJF and JJA trend
patterns. JJA trends are predominantly positive across all latitudes, particularly in NH subtropics. DJF trends show hemispheric
asymmetry: positive in the SH, variable in the NH.

Ep trends (Figure 4c—d) differ from OH,g,, exhibiting stronger latitudinal gradients and larger relative amplitudes. Mid-
latitudes show positive trends in both hemispheres, while equatorial regions display weak or negative trends. Near the equator
(£15°), the trends in potential energy (£,) are weak and statistically insignificant, remaining close to zero. In contrast, signif-
icant positive trends emerge in the mid-latitudes of both hemispheres (25° to 50°).

In the NH, the E,, trend strengthens from approximately 0.03 J kg=! yr=! at 25°N to a peak of about 0.05 J kg~=! yr—!
between 30°N and 40°N, before decreasing to around 0.04 J kg=! yr~! at 50°N. A similar pattern is observed in the SH,

1

where the trend peaks at approximately 0.05 J kg~! yr~! around 40°S. A seasonal analysis reveals distinct patterns. During
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June-July-August (JJA), trends are consistently positive across all latitudes. However, during December-January-February
(DJF), the patterns show hemispheric asymmetry. The NH mid-latitudes exhibit strong positive trends, reaching up to 8 — 10 J

kg~! yr~!, whereas the SH trends are smaller and more variable.
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Figure 4. Latitudinal profiles of the linear trend. (a) Overall annual trend for OHygk. (b) Seasonal trend for OHygr during JJA (orange) and
DIJF (cyan). (c) Overall annual trend for Ep. (d) Seasonal trend for Ep during JJA (green) and DJF (purple). Error bars in (a, ¢) and shaded
areas in (b, d) indicate the 95% confidence interval of the trend coefficients. The blue stars overlaying the overall profile indicate statistically

significant values (p < 0.05), while red stars indicate values that are not statistically significant (p > 0.05).

The solar response analysis (Figure 5) shows the relationship between solar variability and mesospheric processes across all
latitudes. As with the trend analysis, statistical significance is indicated by blue and red stars overlaying the profiles (see figure
caption for details). For OH,, (Figure 5a-b), the solar response is positive across all latitudes with an equatorial maximum
reaching values of 0.8-1.0 x 10~ 7 um per 100 sfu (solar flux units). JJA responses are larger than DJF responses, particularly in
the NH. The hemispheric asymmetries in solar response are present during DJF months, with the SH showing larger responses
than the NH. The Ep solar response (Figure 5c-d) shows patterns with both positive and negative responses depending on
latitude and season. The annual response shows positive values in tropical regions and negative values at mid-latitudes. The
seasonal decomposition of Ep solar response shows differences between JJA and DIJF patterns. JJA responses are positive
across most latitudes, while DJF responses show hemispheric asymmetries with positive responses in the SH and negative

responses in the NH at mid-latitudes.
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Figure 5. Latitudinal profiles of the solar response. (a) Overall annual response for OHygr. (b) Seasonal response for OHygr during JJA
(orange) and DJF (cyan). (c) Overall annual response for Ep. (d) Seasonal response for Ep during JJA (green) and DJF (purple). Error bars
in (a, c¢) and shaded areas in (b, d) indicate the 95% confidence interval of the regression coefficients. The blue stars overlaying the overall

profile indicate statistically significant values (p < 0.05), while red stars indicate values that are not statistically significant (p > 0.05).

The hemispheric asymmetries in solar responses (Figure 5) show contrasting behavior between OH and Ep. For OH (Figure
Sa-b), both hemispheres show positive solar responses, with the SH exhibiting larger responses at mid-latitudes during DJF
months. The Ep solar responses (Figure Sc-d) show hemispheric differences during the DJF months. The SH displays positive

solar responses at most latitudes, while the NH shows negative solar responses at mid-latitudes during DJF.
3.4 Quasi-Biennial Oscillation and ENSO Responses

Figures 6 and 7 examine the responses of mesospheric OH and gravity wave activity to two primary modes of tropical atmo-
spheric variability: the QBO and the ENSO. The QBO response analysis (Figure 6) reveals patterns of mesospheric coupling
to stratospheric wind oscillations. Statistical significance of the responses is indicated by blue stars (p < 0.05) and red stars
(p > 0.05) overlaying the overall profiles, as shown in the figure captions.

The OH response to the QBO in Figure 6a shows a dipole between the equator and midlatitudes. Around the equator (£15°),
QBO30 produces positive responses (+2.8 x 1072 um/(m s~1)), while QBOS50 induces negative values near —1.0 x 10~
pum/(m s~1). In contrast, both hemispheres at 25°-~50° show weaker and opposite-signed trends: in the NH, QBO30 responses
are negative (—0.3 to —0.8x 10~ um/(m s~ 1)) while QBOS50 yields positive (+0.2 to +0.9x 10~ pm/(m s~1)). The SH shows
a similar pattern, with QBO30 negative (—0.9 to —1.4x 109 um/(m s~')) and QBO50 positive (~ +0.9 to +1.1x 10~ ym/(m
s~1)). Thus, equatorial OH is modulated with opposite phase between QBO30 and QBOS50, while midlatitudes show a smaller

but consistent opposing trend. Around the equator, variability is evident, with QBO30 responses shifting between positive and
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negative depending on season, particularly during JJA. In the NH midlatitudes, QBO50 trends dominate as positive anomalies,
whereas in the SH midlatitudes, both QBO30 and QBOS50 yield small but oppositely signed contributions, with seasonality
introducing scatter. Overall, the seasonal structure indicates that the equatorial trend is the largest and most sensitive to phase,
while midlatitudes remain weaker and seasonally modulated.

Ep responses (Figure 6¢) to the QBO also show equatorial-midlatitude contrasts. At the equator (15°), Ep regressions are
mixed, with QBO30 alternating between slightly negative (—0.11 to —0.08 J kg~ !/(m s~!)) and positive (+0.06 to +0.09 J
kg~'/(m s~1)), while QBOS50 remains near zero to slightly negative (—0.07 to —0.20 J kg~!/(m s~1)). In the NH 25°-50°N,
Ep responses to QBO30 are positive, peaking around +0.25 J kg~1/(m s~1), while QBO50 trends slightly negative (—0.01 to
—0.20 J kg~*/(m s~1)). In the SH midlatitudes, QBO30 is positive (+0.05 to +0.09 J kg~1/(m s~1)), with QBO50 negative
(—0.1 to —0.2 J kg~ '/(m s~1)). This indicates that Ep is modulated by the QBO in the NH midlatitudes, particularly by
QBO30.

Figure 6d shows strong seasonal and latitudinal dependence in QBO modulation. Equatorial Ep remains near-zero or negative
year-round, whereas NH mid-latitudes display seasonally dependent responses: positive under QBO30 during JJA, negative or
weak under QBOS50. In the SH midlatitudes, Ep responses are less consistent but show positive anomalies under QBO30,
especially during JJA, and negative or near-zero under QBOS50. Seasonality thus enhances the midlatitude asymmetry, with

NH responses larger and more coherent than SH.
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Figure 6. Latitudinal profiles of the QBO response for OHygr and Ep. (a, c) The overall annual response to QBO at 30 mb and 50 mb for
OHygr and Ep, respectively. (b, d) The seasonal (JJA and DJF) response to QBO at 30 mb and 50 mb for OHvgr and Ep, respectively. Different
colors and markers correspond to the specific proxy and season as detailed in the legend. Error bars indicate the 95% confidence interval of
the coefficients. The blue stars overlaying the overall profile indicate statistically significant values (p < 0.05), while red stars indicate values

that are not statistically significant (p > 0.05).

The ENSO response analysis (Figure 7) shows ENSO responses of OH and Ep across latitude bands. As indicated by the
blue and red stars in the figure, statistical significance varies with latitude (see figure caption for details). Figure 7a indicates

that OH ENSO responses are negative across all latitudes, with the largest values in the SH (—3.72 x 10~7 um/MEI at 50°S,
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—2.67 x 10~7 um/MEI at 35°S) and smaller values in the NH (—2.15 x 10~7 um/MEI at 25°N, weakening to —0.18 x 10~7
um/MEI at 50°N). Around the equatorial region (£15°), OH decreases are present (—2.11 x 10~ um/MEI at the equator,
—2.12x 10~ 7 um/MEI at 15°S). Figure 7b separates seasonal signals, showing that both DJF (orange) and JJA (blue) responses
are negative throughout, with larger negative anomalies during JJA, especially in the tropics and subtropics, while DJF shows
weaker responses. Figure 7c depicts Ep ENSO response, which is positive across latitudes. Near the equator (£15°), the
response is small (0.03-0.04 J kg~ !/MEI), increasing toward higher latitudes: 0.21 J kg~ !/MEI at 50°N and 0.17 J kg~ '/MEI
at 50°S. Figure 7d shows the seasonal breakdown of Ep responses: both DJF (green) and JJA (purple) display positive anomalies

across most latitudes, with larger responses in JJA, particularly in the equatorial and SH regions, whereas DJF is more moderate.
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Figure 7. Latitudinal profiles of the ENSO response. (a) Overall annual response for OHygr. (b) Seasonal response for OHygr during JJA
(orange) and DJF (cyan). (c) Overall annual response for Ep. (d) Seasonal response for Ep during JJA (green) and DJF (purple). Error bars
in (a, ¢) and shaded areas in (b, d) indicate the 95% confidence interval of the regression coefficients. The blue stars overlaying the overall

profile indicate statistically significant values (p < 0.05), while red stars indicate values that are not statistically significant (p > 0.05).

3.5 Correlation Analysis and Index Relationships

Figure 8 provides the analysis of the correlation patterns between deseasonalized and detrended OH,;, and Ep time series and
various atmospheric indices. The correlation analysis for OH,g, (Figure 8c) shows positive correlations across all latitudes
with maximum values of 0.6-0.7 in tropical regions. The ENSO correlations show a latitudinal structure with maximum values
in tropical and subtropical regions, reaching correlations of 0.3-0.4. The QBO correlations are weaker, with the 30 mb index
exhibiting larger correlations than the 50 mb index in most regions. The Ep correlations (Figure 8d) show different patterns
compared to OH,,. The solar correlations are weaker and more variable, with both positive and negative values depending

on latitude. The ENSO and QBO correlations for Ep show latitudinal variations with larger correlations in tropical and sub-
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tropical regions. The QBO correlations show differences between the 30 mb and 50 mb indices. The ENSO correlations show
hemispheric asymmetries, with larger correlations in the NH.

The variance decomposition analysis (Figure 8) shows the percentage of variance explained by each predictor as a function
of latitude. In the equatorial region (+15°), OH variance (Figure 8a) is influenced by solar forcing (=~ 6-8%) with small
contributions from QBO and ENSO, while Ep variance (Figure 8b) shows contributions from QBO (up to ~ 5%) and modest
ENSO impact. Correlations (Figure 8c—d) in the equator show: OH correlates positive with solar but near-zero with QBO and
ENSO, whereas Ep shows positive correlation with QBO (30 and 50 mb) and weaker links to solar and ENSO. In the NH
(25°-50°N), OH variance is dominated by solar (~ 10-15%) with little ENSO or QBO contribution, while Ep variance is split
across solar, QBO, and the long-term trend, each explaining a few percent. OH is positively correlated with solar forcing, while
Ep shows positive correlations with QBO and trend. In the SH (25°-50°S), OH variance is solar-driven (10-15%), with ENSO
explaining a small fraction, whereas Ep variance shows trend and QBO contributions (up to 5—7%). OH links mainly to solar,

while Ep shows positive associations with QBO and trend.
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Figure 8. Latitudinal structure of the relationships between hydroxyl (OH), Ep (Ep), and climate modes. (a, b) Percentage of variance in
deseasonalized monthly mean OH peak concentration and Ep per unit mass (Ep) at the altitude of the OH peak, respectively, explained
by individual predictors. The values are derived from a multiple linear regression (MLR) model applied at each 10-degree latitude. (c, d)
Pearson correlation coefficients between the monthly mean time series of OH peak concentration and Ep, respectively, and the climate
modes. The predictors, indicated in the legend, are a linear trend (Trend), the F10.7 cm solar radio flux (Solar), the standardized Quasi-

Biennial Oscillation (QBO) at 30 mb and 50 mb, and the Multivariate ENSO Index (ENSO-MEI).

3.6 Altitude-Latitude Climatology and Trends

Figure 9 presents the altitude-latitude structure of the OH and Ep climatology along with the spatial distribution of linear
trends. In Figure 9a (OH,y), the emission layer is largest near the mesopause around 85°-90° km, forming a maximum at
the equator (15°) with relatively uniform latitudinal distribution but a weakening in the NH midlatitudes (25°-50°N). In the
SH midlatitudes (25°-50°S), OH emissions appear somewhat more extended vertically but weaker compared to the equatorial

peak. In Figure 9b (Ep, the gravity wave potential energy per unit mass), the climatology shows a broad maximum above
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85° km, largest near the equator, extending well into the upper mesosphere and lower thermosphere. The equatorial region
(£15°) shows the largest and vertically thickest values of Ep, while both hemispheres (25°~50°N and 25°-50°S) show weaker
enhancements that do not extend as high as at the equator. The SH shows slightly larger midlatitude Ep values than the NH.
In Figure 9c (linear trend slope of OH,y), the equatorial region (£15°) is dominated by positive trends between 80°-95° km,
indicating an intensification of OH emissions. In contrast, both hemispheres (25°-50°N and 25°-50°S) display weaker and
less consistent signals: trends are largely not statistically significant, with some patches of negative slopes below 80° km and
near 90° km. The SH exhibits more coherent negative trends below 80° km, whereas the NH shows smaller-scale variability

without statistical significance.
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Figure 9. Climatology and linear trend. The top and middle panels show the climatological mean of OHygr (in um) and Ep (in J/Kg),
respectively, as a function of latitude and altitude. The bottom panel shows the slope of the linear trend of OHygr. Stippling in the bottom

panel indicates regions where the trend is statistically significant at the 95% confidence level.

The altitude trends and solar responses of the OH peak (Figure 10) show the vertical structure changes of the mesospheric
OH layer over the observation period. Statistical significance is indicated by blue stars (p < 0.05) and red stars (p > 0.05)
overlaying the overall profiles, as detailed in the figure caption. In Figure 10a, the linear trend in the OH emission peak
altitude is positive across all latitudes, with values around 0.02-0.04 km/year near the equatorial region (£15°). In the NH
midlatitudes (25°-50°N), the overall trend increases slightly, peaking near 0.05 km/year during JJA, while DJF trends remain
at ~ 0.02 km/year. In the SH midlatitudes (25°-50°S), the trends are also positive but more seasonally contrasted: JJA trends
are larger (up to ~ 0.05-0.06 km/year), whereas DJF trends are closer to ~ 0.01-0.02 km/year. In Figure 10b, the solar response

(km/100 sfu) shows a latitude-dependent asymmetry. Near the equator (£15°), the overall response is small, close to zero, but
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seasonally distinct—negative during JJA and positive to near zero during DJF. In the NH midlatitudes (25°-50°N), the overall
solar response remains small but slightly positive, while JJA responses are near zero and DJF responses show negative values.
By contrast, in the SH midlatitudes (25°-50°S), the overall solar response is negative, dominated by negative values during

JJA, while DJF responses are closer to zero or negative.
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Figure 10. Latitudinal variation of (a) the linear trend in km/year and (b) the solar response (Sol Res) in km/100 sfu. The results are shown
for the overall period (black line with diamonds), for JJA months (orange line with circles), and for DJF months (cyan line with squares). The
vertical dashed line in panel (b) indicates zero response. The blue stars overlaying the overall profile indicate statistically significant values

(p < 0.05), while red stars indicate values that are not statistically significant (p > 0.05).

3.7 Semiannual Oscillations and their Annual Cycles

The seasonal analysis employs harmonic decomposition techniques to extract annual oscillation (AO) and SAO components
from the deseasonalized time series, following the methodology established by Gu et al. (2024) for OH airglow emission
analysis. Sinusoidal functions are fitted to monthly climatological data to quantify amplitude and phase characteristics. We
decompose seasonal cycles into AO and SAO components via least-squares harmonic fitting, where AO captures solar-driven
annual variations and SAO represents semiannual oscillations linked to equinoctial dynamics and stratospheric circulation.
The amplitude represents the magnitude of seasonal variation relative to the annual mean, while the phase indicates the timing
of maximum values throughout the year, providing insights into the physical mechanisms controlling seasonal variability in
mesospheric OH chemistry and gravity wave activity.

The seasonal climatology (Figure 11) reveals the annual and semi-annual patterns that drive mesospheric variability. In

Figure 11a, OH,g, shows a semiannual cycle with equatorial maxima (+15°) around April-May and October—November, while
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minima occur during solstitial months. In the NH midlatitudes (25°-50°N), OH values are weaker overall, with enhancements
in late spring and autumn. In the SH midlatitudes (25°-50°S), OH intensities are lower, though peaks are seen in May—June
and November—December. In Figure 11b, Ep exhibits largest values at the equator, with broad enhancements during March—
April and again in September—October, consistent with semiannual variability. In the NH (25°-50°N), Ep remains relatively
weak year-round, with a faint enhancement in Boreal autumn. The SH (25°-50°S) shows similarly weak Ep values, with no
distinct seasonal maxima compared to the equatorial dominance. In Figure 11c, the OH peak altitude displays a semiannual
oscillation at the equator, reaching higher altitudes (~ 83-85 km) in April-May and October—-November, and lower altitudes
(~ 78-80 km) during solstitial months. In the NH (25°~50°N), the peak altitude is elevated mainly in April-May, while in the
SH (25°-50°S), the main enhancement occurs during October—November. Overall, the equatorial region controls the dominant

semiannual cycle, while the midlatitudes show weaker, seasonally shifted responses.
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Figure 11. Mean seasonal climatology as a function of latitude and month for (a) OHygr (in 1077 um), (b) Ep, Ep (in J/Kg), and (c) the
altitude of the OH peak (in km).

Figure 12 shows the harmonic analysis which estimates the amplitude and phase characteristics of AO and SAO components.
In the semiannual oscillation (SAO) panels (left column), OH relative amplitude (panel a) peaks at the equator (+15°) around
10-12%, while in the SH midlatitudes (25°-50°S) the amplitude reaches comparable values near 25°S but decreases further
poleward. In the NH (25°-50°N), amplitudes are weaker, staying below 8%. The SAO phase indicates maxima occurring
earlier in the year at higher latitudes and shifting toward later days near the equator. Ep relative amplitude (Figure 12c) also
peaks in the SH (25°-50°S) with values near 4-5%, while equatorial amplitudes are weaker (~ 2-3%), and NH values remain
low (< 2%). The SAO altitude amplitude (Figure 12e) is largest at the equator, approaching ~ 1 km, and decreases steadily
toward both hemispheres, with values around 0.6 km in the midlatitudes; phases are nearly flat across latitudes.

In the annual oscillation (AO) panels (right column), OH relative amplitude (Figure 12b) shows larger signals in the SH
(25°-50°S), peaking above 15-20%, while equatorial values are lower (~ 5-7%), and the NH midlatitudes (25°-50°N) show
amplitudes around 10%. Phases indicate hemispheric asymmetry, with maxima occurring later in the year in the NH compared
to the SH. Ep relative amplitude (Figure 12d) exhibits alternating peaks across latitude, with larger amplitudes in the SH (~ 3—
4%), weaker equatorial values (< 2%), and NH amplitudes (~ 2%). Finally, altitude amplitude (Figure 12f) shows equatorial
suppression (~ 0.2—0.3 km) compared to enhancements in the midlatitudes: ~ 0.6 km in the SH (25°-50°S) and ~ 0.4-0.5 km
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in the NH (25°-50°N). AO phases are more variable, reflecting hemispheric differences and less coherent timing compared to
the SAO.
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Figure 12. Latitudinal variations of the amplitude (black lines, left axes) and phase (red lines, right axes) for the (left column) SAO and
(right column) AO. The rows correspond to different parameters: (a, b) OH relative amplitude (%), (c, d) Ep relative amplitude (%), and (e, f)
Altitude amplitude (km). Phase represents the day of maximum and is given in days. The faint points (gray circles for amplitude, red squares

for phase) represent the binned data, while the solid lines are smoothed fits.

3.8 Thermal and Non-Thermal Contributions of OH Trend

The decomposition analysis separates temperature-driven effects from residual non-thermal processes in OH variability. The
methodology integrates SABER satellite observations with geophysical indices representing atmospheric drivers (F10.7, Kp,
MEI, QBO) using a two-stage MLR framework. After aggregating data into 10-degree latitude bins and removing seasonal

periodicities, the deseasonalized anomalies are modeled using:

N
Y(t)=Co+Cy-t+ Y Ci-Pit)+e(t) ®

i=2
where Y (t) represents OH or temperature, C is the linear trend coefficient, P;(t) are the geophysical proxies, and €(t) is resid-
ual variability. The decomposition leverages the temperature dependence of OH chemistry. The temperature-driven component

of OH trends is calculated as:
Trendo g, remp = OH - 3 - Trendrepmy (10)
Where (3 is the temperature sensitivity coefficient, the residual trend is then isolated as:

Trendo i, res = Trendor,0bs — Trendo m, remp (1)
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This decomposition is applied to both trends and responses to each proxy, providing quantitative separation of thermal versus
non-thermal mechanisms. Figure 13 presents the decomposition of OH trends and the correlation between OH and temperature
trends. In Figure 13a, the observed OH trend is negative across all latitudes. At the equator (+15°), OH trends are close to
zero, showing weak decreases. In the NH (25°~50°N), the trend is negative, ranging between —1 and —3 x 10710 yum/yr, while
in the SH (25°-50°S) the decline reaches values near —4 to —5 x 1071 um/yr. Figure 13b shows that temperature trends at
the OH peak altitude are negative across latitudes, with the cooling (~ —0.15 K/yr) near the equator, weakening toward the
midlatitudes in both hemispheres, where values range around —0.07 to —0.1 K/yr. Figure 13c shows the decomposition of the
OH trend: the temperature-driven component (green) accounts for most of the negative signal, especially at the equator (£15°)
and in the SH (25°-50°S). A positive residual component (purple) emerges across latitudes, partly offsetting the cooling effect.
This residual is larger in the midlatitudes of both hemispheres, suggesting additional drivers beyond temperature sustain OH
emission levels despite the cooling background.

The correlation coefficient between the OH and temperature trends (Figure 13d) ranges from —0.25 to 0.5. Peak values of
0.4-0.5 occur in several latitude bands, consistent with the temperature dependence of the H + O reaction rate. The correlation
reaches a minimum of —0.25 near 25°N, indicating an anti-correlation in the Northern Hemisphere subtropics. This sign
reversal points to non-thermal processes, such as changes in the Brewer—Dobson circulation or hemispheric asymmetries in
wave-driven transport, that oppose the thermochemical response. Away from this minimum, the correlation returns to positive
values but remains below 0.5 at all latitudes, indicating that non-thermal contributions persist across the globe. The correlation
analysis in Figure 13d thus complements the decomposition in Figure 13c, confirming that thermal effects account for only

part of the OH trend and that non-thermal processes dominate in the Northern Hemisphere subtropics.
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Figure 13. Decomposition of the linear trend in OHyg and its correlation with temperature. (a) The observed latitudinal profile of the OH
trend. (b) The observed latitudinal profile of the temperature trend at the OH peak altitude. (c) The observed OH trend (dashed gray) is
decomposed into a component driven by the temperature trend (green) and a residual trend (purple). (d) The correlation coefficient between

the OH and temperature trends. Shaded areas indicate the uncertainty.
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4 Discussion

The observed correlation coefficients of 0.3-0.7 between OH VER and gravity wave Ep (Figure 8) confirm the coupling mech-
anisms proposed by Li et al. (2011) and Tarasick and Shepherd (1992). The physical basis involves gravity wave-induced
temperature perturbations modulating the OH production rate through the H + O3 — OH* + O reaction (Minschwaner et al.,
2011). Early dynamical-chemical modelling by Walterscheid et al. (1987) and Schubert et al. (1991) predicted that gravity
waves should produce correlated fluctuations in OH nightglow brightness and rotational temperature, a prediction now con-
firmed observationally over a 22-year baseline. The DJF enhancement of correlations at mid-latitudes (reaching 0.7) arises
because longer vertical wavelength waves during winter produce temperature perturbations that remain coherent across the OH
emission layer, minimizing destructive interference (Taylor et al., 2009; Ejiri et al., 2003; Nielsen et al., 2009). Conversely, the
weaker equatorial correlations (~0.3) are consistent with the dominance of shorter vertical wavelength convectively generated
waves in the tropics, whose phase structure can produce cancellation across the ~8 km-thick OH layer (Vargas et al., 2007;
Fritts and Alexander, 2003).

The solar response (Figure 5) shows OH responds positively across all latitudes with an equatorial maximum of 0.8-1.0 X
10~ W m~3 per 100 sfu, arising from Lyman-« photo-dissociation of HyO producing atomic hydrogen for OH production
(Mlynczak et al., 2013). Solar forcing explains 10-15% of OH variance at mid-latitudes (Figure 8) (Gao et al., 2010; Fytterer
etal., 2015). Gravity wave Ep shows weaker solar responses with hemispheric asymmetries: increased solar activity strengthens
the polar vortex, reducing wave propagation efficiency in the NH during DJF (Liu et al., 2017; Ern et al., 2017). This asymmetry
is consistent with the mechanism described by Lieberman et al. (2013), whereby stratospheric planetary waves selectively filter
gravity waves, and the filtering efficiency varies with the strength of the background zonal wind, which itself responds to the
solar cycle.

The QBO response (Figure 6) shows an equatorial-midlatitude dipole, with QBO30 producing positive OH responses at the
equator while QBOS50 yields negative values. The 30 mb index produces larger responses because upper stratospheric winds
control critical level filtering of gravity waves (Dunkerton, 1997; Baldwin et al., 2001; Holton and Tan, 1980; Marsh et al.,
2006). The ENSO response (Figure 7) shows negative OH values across all latitudes (maximum —3.72 X 10~7 W m—3/MEI at
50°S) coupled with positive Ep responses (maximum 0.21 Jkg~!/MEI at 50°N). During El Nifio, altered convection modifies
planetary wave propagation, weakening the polar vortex and reducing atomic hydrogen transport while enhancing gravity wave
generation (Baldwin et al., 2001; Randel et al., 2009; Sassi et al., 2004; Fernandez et al., 2004). The opposing signs of the OH
and Ep ENSO responses are noteworthy: enhanced convective activity during El Nifio generates additional gravity waves that
propagate into the mesosphere (Bramberger et al., 2017), yet the accompanying changes in the Brewer—Dobson circulation
reduce the downward transport of atomic oxygen, thereby suppressing OH production despite the increased wave forcing.

The trend analysis (Figures 4 and 9) shows contrasting patterns: OH exhibits negative trends at mid-latitudes (—1 to
—5x 10719 W m~3 yr=!) with weaker trends near the equator, while Ep shows positive trends at mid-latitudes (2.7-5.3 x
1072 J kg~ yr~!). The positive OH peak altitude trends of 0.02-0.06 km/year (Figure 10) indicate upward shift consistent
with mesospheric cooling under increasing CO, (Beig et al., 2003; Lastovicka et al., 2006; Akmaev et al., 2006). This up-
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ward migration of the OH layer is in agreement with the long-term mesopause temperature and altitude trends reported by
Yuan et al. (2019) from Na lidar observations, and with the broader pattern of upper-atmospheric contraction reviewed by
Lastovicka (2017). Recent analyses of 22 years of SABER temperature data have further revealed the near-global occurrence
of mesospheric inversion layers that modulate the local thermal structure and can influence the vertical propagation of gravity
waves (Ayorinde et al., 2026). The positive Ep trends exceed predictions from wave generation models, which typically predict
increases of 1-2% per decade based on enhanced tropospheric convection (Geller et al., 2013; Alexander et al., 2010); our
observed trends of 2—4% per decade suggest additional mechanisms such as reduced wave dissipation due to altered back-
ground winds or enhanced wave generation from non-convective sources. The modification of gravity wave parameterisations
in whole-atmosphere models, as explored by Garcia et al. (2017), may need to account for these larger-than-expected trends to
accurately reproduce the observed mesospheric variability.

The decomposition analysis (Figure 13) separates temperature-driven from non-thermal processes and constitutes a central
result of this study. Temperature trends range from —0.07 to —0.15 K/yr, with the temperature-driven component accounting for
most OH decreases (Yue et al., 2019; Emmert et al., 2010). The negative temperature trends are consistent with the radiative
cooling expected from increasing CO- concentrations in the mesosphere (Akmaev et al., 2006; Yue et al., 2015), and the
resulting OH decreases follow directly from the temperature dependence of the H + O3 reaction rate constant, which decreases
by approximately 2-3 % per Kelvin of cooling at mesospheric temperatures (Sander et al., 2011; Atkinson et al., 2006).

Positive mid-latitude residuals indicate additional non-thermal dynamical mechanisms, including altered atomic oxygen or
water vapor transport due to changes in mesospheric circulation. Several processes may contribute to these residuals. First,
long-term changes in the Brewer—Dobson circulation can modify the downward flux of atomic oxygen into the mesopause
region, altering the O3 production that feeds the H + O3 reaction (Shepherd et al., 2014; Smith, 2012). Second, secular changes
in gravity wave momentum deposition, evidenced by the positive Ep trends documented here, can alter the residual mean
meridional circulation, redistributing chemical species independently of local temperature changes (Garcia et al., 2017; Fritts
and Alexander, 2003). Third, long-term increases in mesospheric water vapour, potentially linked to methane oxidation, could
enhance OH production through increased hydrogen radical availability (Yue et al., 2019). The fact that the residual component
is larger in the NH subtropics, where the OH—temperature correlation reaches its minimum of —0.25 near 25°N (Figure 13d),
suggests that hemispheric asymmetries in wave-driven transport play a particularly important role at these latitudes.

Solar forcing operates primarily through thermal pathways, whereas QBO and ENSO responses exhibit larger dynamical
components driven by wave-mean flow interactions (Garcia et al., 2017; Ayorinde et al., 2025; Hickey et al., 1997; Snively,
2013). The predominantly non-thermal character of the QBO response is consistent with the mechanism of selective gravity
wave filtering by QBO-modulated stratospheric winds (Dunkerton, 1997; Ayorinde et al., 2025): changes in the stratospheric
wind profile alter which gravity waves reach the mesosphere, modifying the momentum deposition and chemical transport
patterns without requiring local temperature changes. Similarly, the ENSO-driven non-thermal response reflects the telecon-
nection pathway whereby tropical convective anomalies modify planetary wave propagation into the stratosphere, altering the
filtering environment for gravity waves and the strength of the residual circulation (Sassi et al., 2004; Calvo et al., 2010). These

findings underscore that mesospheric OH variability cannot be understood through photochemistry alone; dynamical transport
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and wave-driven circulation changes are essential components of the response to both natural variability modes and long-term
climate forcing.

The harmonic analysis (Figures 11 and 12) shows semiannual oscillations dominate at the equator (OH amplitude 10-12%)
while annual oscillations peak in the SH midlatitudes (OH amplitude 15-20%). The equatorial SAO reflects mesospheric
circulation reversal during equinoxes (Gu et al., 2024; Garcia et al., 2014). The stronger AO amplitudes in the SH arise from
hemispheric differences in planetary wave activity (Baldwin et al., 2001; Alexander et al., 2010). These patterns provide

observational constraints for atmospheric models (Marsh et al., 2006; Garcia et al., 2014; Sato et al., 2009).

5 Conclusions

This study presents a comprehensive 22-year (2002-2023) analysis of mesospheric OH airglow and gravity wave potential en-
ergy (Ep) using TIMED/SABER observations, providing one of the longest continuous records of coupled chemistry—dynamics

variability in the mesosphere. The principal findings are as follows.

— OH emissions and gravity wave Ep are positively correlated across all latitudes, with correlation coefficients of 0.3-0.7
(p < 0.05) that peak during winter months at mid-latitudes. This coupling operates through both thermal modulation of

the H + Og reaction rate and dynamical advection of reactive species by gravity waves.

— OH emissions exhibit negative trends at mid-latitudes in both hemispheres (—1 to —5 x 1071 Wm=2 yr—1), consistent
with mesospheric cooling under increasing CO», while gravity wave Ep shows positive trends at mid-latitudes (up to
5.3 x 1072 Jkg~! yr—!) that exceed current model predictions of 1-2 % per decade. Both quantities show weaker trends
near the equator, and the OH peak altitude is rising at 0.02-0.06 km yr—!, further corroborating long-term mesospheric

cooling.

— Solar variability explains approximately 10—15 % of OH variance at mid-latitudes, operating primarily through Lyman-a
photodissociation of HyO and subsequent thermal pathways. The solar response in Ep is weaker and exhibits hemispheric

asymmetries linked to polar vortex modulation of wave propagation.

— QBO and ENSO responses demonstrate that tropical atmospheric variability propagates to mesospheric altitudes. The
30mb QBO index produces larger OH responses than the 50 mb index, indicating upper-stratospheric wind control
of gravity wave critical-level filtering. ENSO drives negative OH responses across all latitudes while simultaneously

enhancing Ep, revealing opposing chemical and dynamical pathways.

— The novel decomposition methodology reveals that temperature-driven components account for the majority of observed
OH trends, particularly the cooling-induced decreases at the equator and in the Southern Hemisphere. However, positive
residual (non-thermal) components emerge at mid-latitudes in both hemispheres, and the OH—temperature correlation

reaches a minimum of —0.25 near 25°N, indicating that non-thermal processes, including Brewer—Dobson circulation
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changes and hemispheric asymmetries in wave-driven transport, dominate over thermal effects in the Northern Hemi-
sphere subtropics. Solar responses are predominantly thermal, whereas QBO and ENSO responses exhibit larger non-

thermal dynamical components.

These results provide observational constraints for atmospheric models, specifically for gravity wave parameterisations and
mesospheric photochemistry schemes, and highlight the critical role of chemistry—dynamics coupling in mesospheric climate
responses. The 22-year dataset establishes a benchmark for evaluating model representations of middle atmospheric variability

under evolving climate conditions.
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