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Key Points:

¢ A new local-time binning (LT-mode) method corrects orbital drift and reduces tidal aliasing in Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER)/Thermosphere—lonosphere-Mesosphere Energetics and Dynamics (TIMED) high-latitude
trend analysis.

e Simulation experiments demonstrate that the LT-mode method effectively handles high-latitude SABER data without relying on
empirical models.

¢ The LT-mode analysis shows strong drying over northern high latitudes in winter and summer, whereas southern high-latitude trends
are weak or insignificant.
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Abstract: In this study, we use observations from the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER)
instrument onboard the Thermosphere-lonosphere-Mesosphere Energetics and Dynamics (TIMED) satellite to develop and apply a new
local-time binning method to investigate the long-term evolution of mesospheric water vapor at high latitudes. The proposed method
accounts for the gradual local-time drift of the SABER orbit by aligning seasonal observation windows and selecting samples observed at
similar local times. This approach minimizes tidal aliasing and ensures more consistent sampling, yielding more reliable estimates of
long-term water vapor trends at high latitudes. The results show that drying signals primarily appear in the polar regions. However, in the
southern hemisphere, a drying trend is observed only in autumn, whereas winter and summer mainly show moistening trends. In
contrast, the northern hemisphere exhibits drying signals in the polar regions during all seasons, showing a clear seasonal asymmetry.
Additionally, the water vapor trend in the northern hemisphere is particularly pronounced in February (late winter), with moistening
reaching up to +2.0 ppmv. The winter in the southern hemisphere (July-August) also shows moistening, but the trend is still weaker than
in the northern hemisphere. These differences highlight the strong moistening trend in the northern hemisphere during winter and
underscore the significant asymmetry in seasonal water vapor changes between the two hemispheres. These findings emphasize the
limitations of water vapor trend estimates across different seasons and latitudes. Moreover, they provide new insights into the
spatiotemporal variability associated with tidal structures, underscoring the importance of optimizing local-time sampling strategies for
reliable long-term trend detection.
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mesospheric water vapor (H,O; Hegglin et al., 2014; Yue J et al,,
2019; Konopka et al.,, 2022; Sheese et al., 2025). However, the
magnitude and vertical structure of this trend exhibit pronounced

1. Introduction

The stratosphere and mesosphere form a key transition region
between Earth’s weather and space weather, characterized by
strong dynamical—chemical coupling (Khosrawi et al., 2018; Gu SY height and latitude dependencies, and large discrepancies remain
etal,, 2024, 2025; Sheng Z et al., 2025). Over the past two decades,

multi-source observations and model simulations have consis-

among different datasets in the upper atmosphere (above
~0.2 hPa; Shi GC et al., 2023). Long-term records from balloon-
borne frost point ground-based microwave
radiometers, and merged satellite products suggest a slow
increase of ~0.1-0.3 ppmv decade™ in the low- to midlatitude
mesosphere since the late 20th century (Randel et al., 2006; Hurst

. . . hygrometers,
tently revealed a gradual global-scale increase in stratospheric—
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etal,, 2011; Dessler et al., 2014; Yu WD et al., 2022; Nedoluha et al.,
2023; Zhang SR et al, 2023). Observations from the Halogen
Occultation Experiment (HALOE), Atmospheric Chemistry Experi-
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ment-Fourier Transform Spectrometer (ACE-FTS), and Strato-
spheric Aerosol and Gas Experiment (SAGE) generally indicate
positive water vapor trends between 20 and 60 km (Froidevaux et
al., 2015), whereas the Microwave Limb Sounder (MLS) and the
Sounding of the Atmosphere using Broadband Emission Radiom-
etry (SABER) suggest smaller increases of approximately
0.1-0.3 ppmv decade~' (Yue J et al., 2019). The SABER retrievals
above approximately 60-80 km are significantly affected by
nonlocal thermodynamic equilibrium effects, background
temperature uncertainties, and retrieval assumptions, which lead
to substantial discrepancies in long-term trend estimates and
seasonal amplitudes (Remsberg et al., 2018; Rong PP et al., 2019;
Shi GC et al, 2023). Model studies indicate that the tropical
tropopause temperature, Brewer-Dobson circulation strength,
and methane (CH,) oxidation jointly drive the interdecadal evolu-
tion of water vapor (Yu WD et al., 2022). Building on these studies,
Whole-Atmosphere Community Climate Model (WACCM) simula-
tions show that mesospheric water vapor trends arise partly from
methane dissociation above ~65 km and partly from vertical
transport of lower-level water vapor (Yu WD et al, 2023b),
whereas recent SD-WACCM6 (Specified Dynamics Whole Atmo-
sphere Community Climate Model version 6) results confirm the
dominant role of methane in long-term changes at high latitudes
(Sheese et al.,, 2025).

Previous multi-dataset analyses have shown that mesospheric
water vapor at low to midlatitudes generally exhibits a positive
long-term trend of approximately 0.1 ppmv decade~!, with an
increase in magnitude toward higher altitudes (Yu WD et al., 2022;
Zhang SR et al,, 2023). Compared with long-term assessments of
water vapor at low latitudes, assessments at high latitudes remain
limited because of sparse ground-based observations and the
scarcity of continuous satellite records, despite the fact that polar
middle-atmospheric dynamics play a key role in interhemispheric
coupling and large-scale circulation variability (Yang CY et al.,
2022). Recent efforts combining ground-based microwave
radiometers with Aura-MLS and reanalysis data have improved
understanding of polar variability (e.g., Shi GC et al., 2023), yet
significant uncertainties persist in long-term trend evaluations,
particularly for SABER. The yaw-cycle (YC) method (Liu X et al,
2024) has been successfully applied to correct SABER polar
temperatures. However, because it relies on the MSIS2.0 (Mass
Spectrometer and Incoherent Scatter radar, version 2.0) tempera-
ture field to remove seasonal variations, the method cannot be
directly used for water vapor analysis. Consequently, robust evalu-
ation of long-term trends in high-latitude mesospheric water
vapor remains highly challenging.

To address these issues, we aim to improve the assessment of
long-term high-latitude water vapor variability by accounting for
the sampling limitations of SABER observations. This work seeks
to mitigate the effects of orbital local-time (LT) drift and incomplete
temporal coverage by providing a more consistent basis for evalu-
ating the interdecadal evolution of polar mesospheric water
vapor. The remainder of this article is organized as follows.
Section 2 describes the datasets and analysis procedures.
Section 3 presents the results of water vapor trend analyses in the
mesosphere—lower thermosphere, and Section 4 discusses the

reliability and implications of these trends and summarizes the
main findings.

2. Data and Methods

2.1 SABER Datasets

The Thermosphere-lonosphere-Mesosphere Energetics and
Dynamics (TIMED) satellite was launched by the National Aero-
nautics and Space Administration (NASA) on December 7, 2001, to
study the energy balance and dynamical processes from the
mesosphere to the thermosphere. Its primary payload, the SABER,
is designed to measure temperature, energy transport, and radia-
tive characteristics in the middle and upper atmosphere (Russell
et al, 1999). The TIMED satellite operates in a near-polar orbit
(non-sun-synchronous) at an altitude of approximately 625 km,
with an orbital period of ~97 min, and achieves nearly 22 h of LT
coverage over a 60-d cycle.

The SABER instrument utilizes broadband infrared radiometry
combined with limb-scanning geometry to retrieve profiles of
temperature, density, and chemical species from infrared emissions
of CO,, 03, and H,0. Its spectral coverage spans 1.6-17 ym with a
vertical resolution of ~2 km. Since 2002, SABER has provided
temperature profiles covering 53°S-83°N (northward viewing) and
83°S-53°N (southward viewing) over an altitude range of ~15-
110 km. The H,0 volume mixing ratio product (version 2.07)
extends from ~100 hPa (~16 km) to ~0.006 hPa (~83 km), also
with a vertical resolution of ~2 km. Compared with the solar
occultation sampling of the HALOE, SABER radiance measurements
provide a significantly larger data volume and more uniform
coverage in the upper atmosphere.

The SABER instrument operates in alternating YCs, observing one
hemisphere at a time. During northward-viewing periods, SABER
measures from approximately 55°S to 85°N, whereas during
southward-viewing periods it covers 55°N to 85°S. Each YC typically
lasts approximately 60 d, meaning that the two high-latitude
regions (55°-85°N and 55°-85°S) are not observed simultaneously
and that observations at a given latitude are temporally discontin-
uous.

2.2 Data Processing Method

Compared with the absolute magnitude of mean temperature,
the amplitude of long-term trends is relatively small and thus
requires extra caution in determination. Figure 1 compares the LT
sampling between high and low latitudes on a given day, where it
can be seen that at high latitudes, the LT coverage is more
concentrated because of orbital geometry constraints, leading to
uneven spatiotemporal sampling in certain regions.

Figure 2 illustrates the temporal distribution of SABER sampling
and is used to identify latitude-altitude bands with high data
coverage for trend analysis. As illustrated in Figure 2, the temporal
distribution of SABER observations in the northern hemisphere
from 2002 to 2021 indicates that the observation period has grad-
ually shifted earlier by more than one month. Because SABER
alternates its high-latitude observations between the northern
and southern hemispheres, each lasting approximately 60 d, the
coverage in each hemisphere is discontinuous and occurs roughly

Kang X and Yang CY et al.: High-latitude mesospheric water vapor trends evaluated with a new method from SABER data



Earth and Planetary Physics  doi: 10.26464/epp2026032 261

SABER LT coverage (year = 2015, DOY = 358) @ 60 + 10.0 km
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Figure 1. Local-time coverage of SABER observations on December 24, 2015 for different latitude bands. Red shading indicates ascending orbits,
blue shading indicates descending orbits, and purple shading indicates overlapping orbits.
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Figure 2. Daily observation availability of SABER measurements from 2002 to 2021 in the 55-85°N, 40-90 km region. Red shading indicates days
with valid observations, and light yellow shading denotes days without data.

3 times per year. Because the timing of these observation
windows gradually shifts from year to year, using all available data
directly in a trend analysis could mix seasonal variability with long-
term changes. To mitigate this aliasing effect, the analysis focuses
on the period 2002-2021, and data selection is guided by the
spatiotemporal distribution of valid SABER observations. Specifi-
cally, a day is considered valid if measurements exist for at least
90% of the years. Adjacent valid days must be separated by no
more than 5 d, and each continuous sequence of valid days must
last at least 10 d. A band is thus defined as a temporally continuous
observational segment within the specified latitude-altitude
domain—namely 55°-80° in each hemisphere and 40-80 km in
altitude—that satisfies these criteria. On the basis of this proce-
dure, three observationally stable time bands are identified in the
northern hemisphere—February 1-22 (22 d), June 1-13 (13 d),
and September 19-October 25 (37 d)—and three corresponding
bands are identified in the southern hemisphere—March 19-April
30 (43 d), July 16-August 24 (39 d), and November 21-December
20 (29 d). These stable periods provide consistent temporal
sampling across most years, offering a reliable basis for multi-year
averaging and long-term trend estimation.

To reduce the interference of atmospheric wave activity (including

gravity waves, tides, and planetary waves) on the long-term trend
analysis, we first remove their short-term variability to obtain
more stable background fields. In particular, the use of zonal
mean values effectively suppresses the influence of small-scale
gravity waves, nonmigrating tides, and long-period planetary
waves, thereby allowing a more accurate estimation of mean
water vapor trends. However, migrating tides depend on LT and
exhibit strong amplitudes in the upper atmosphere, making them
impossible to remove simply through zonal averaging. To obtain
reliable long-term trends, it is therefore necessary to first fit and
remove the influence of atmospheric diurnal tides. Given that
tidal signals also show interannual variability, this study establishes
a systematic tidal-fitting procedure for SABER temperature obser-
vations to quantitatively characterize the spatial and temporal
structures of the semidiurnal (12-h) and diurnal (24-h) tidal
components in the middle and upper atmosphere. To lessen the
impact of local anomalous samples, a moving time-window strat-
egy is applied (Figure 3), in which observational data from 2002 to
2021 are processed using a 5-year sliding window to ensure
adequate data coverage within each fitting period. For each
window, valid observations within the target latitude range
(—=55°-90°) and altitude range (40-90 km) are selected and aver-
aged by LT with a bin size of 0.5 h to construct representative
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Fitted tides (DW1 and SW2) at 75°N, 40 km (2015-2019)
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Figure 3. Example of the tidal fitting process at 75°N and 40 km
within a 5-year window. The gray dots represent daily water vapor
values at different local times, whereas the red line indicates the fitted
tidal curve. The blue and green lines denote the individual DW1 and
SW2 tidal components, respectively.

diurnal tidal variation curves.

On the basis of the processed LT temperature fields, a two-
component harmonic analysis is performed at each latitude-
altitude grid point to resolve the diurnal (24-h) and semidiurnal
(12-h) migrating tidal components. The fitting provides the ampli-
tudes and unwrapped phases (in LT) of both tidal modes, which
are used to reconstruct and remove the tidal contributions from
the original temperature data. This step ensures that variations
associated with changing LT sampling across different years do
not alias into the long-term trend analysis. Because tidal phases
exhibit temporal variability, a two-step fitting procedure is utilized
to ensure consistency across different locations and time periods.
In the first step, the median phase of each migrating tidal compo-
nent is determined from the initial harmonic analysis and fixed as
a reference. In the second step, the fitting is repeated with the
phase held constant, allowing only the amplitude to vary. This
approach provides a uniform phase baseline, enabling robust
cross-comparisons of tidal amplitudes among different
latitude-altitude grid points and preventing phase drift from

introducing artificial variability. The entire procedure is imple-
mented using a nonlinear least-squares optimization algorithm
and includes an automatic quality-control criterion that excludes
time windows with insufficient data, thereby ensuring the statisti-
cal robustness of the retrieved tidal parameters:

2
H20res = HaOpy + Z ancos (nwtir — ¢,).

n=1

Among them, w=2n/24 represents the Earth’s rotational
frequency (radians per hour); t;; denotes the LT (hours); and a,
and ¢, are the amplitudes and phases of the migrating diurnal
tide (n = 1) and semidiurnal tide (n = 2), respectively. In this way,
H,Opk excludes atmospheric wave perturbations and can be
regarded as the mean water vapor concentration.

When conducting long-term trend analyses with satellite observa-
tions, the variation in LT sampling can strongly influence the
detected trends, as measurements at different LTs may reflect
different phases of the diurnal cycle. To address this issue, we
introduce an LT-mode approach, in which long-term variations
are evaluated at fixed LTs to minimize sampling-induced biases.
Figure 4 illustrates the LT coverage for the February observation
window in the northern hemisphere, comparing data from 2002
and 2021. Even within the same seasonal period, the LT coverage
gradually drifts from year to year because of orbital precession,
resulting in substantial cumulative differences after two decades.
This drift is further illustrated in Figure 5: prior to 2016, the LT
sampling was approximately uniform, but after 2016—when the
orbit entered a configuration lacking noontime observations—
the LT distribution became markedly nonuniform. Under such
conditions, directly removing tides using the full LT data would
introduce diurnal aliasing into the derived long-term trends,
thereby reducing their reliability.

To resolve this issue, we develop an LT-mode approach that stan-
dardizes the analysis at fixed LT intervals. Specifically, histograms
of the 20-year record are used to identify the most frequently
occurring LT intervals that persist across all years, which are
defined as the LT modes. These modes are refined through bin-
width interpolation to capture the precise centers of the dominant

LT sample distribution—Band1 (DOY 32-53)
Selection windows: each LT mode £1.0 h

400000 | 2002 all (n = 4690192) 2021 selected (n = 853834) !
12002 selected (n =1132558) --- LT mode:3.6 h 3

2021 all (n = 7891334) --- LT mode: 203 h :
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Figure 4. Local-time sampling distribution for the February observation window in the northern hemisphere. The x-axis represents LT, and the
y-axis indicates the number of valid SABER observations. The blue and yellow bars correspond to data from 2002 and 2021, respectively. The red
dashed line marks the selected central LT, and the boxed region denotes the subset of data used in the analysis.
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Figure 5. Sampling comparison across the LT discontinuity: YC method versus LT-mode.

LT coverage. Two fixed LT-mode windows are then established,
and a tolerance of 1 h around each mode is applied to ensure
sufficient sampling while maintaining temporal comparability
between early and late years. It should be noted that during the
tidal-fitting stage, the full LT data are still utilized to preserve the
complete diurnal structure, whereas the LT-mode subsets are
used in the subsequent long-term trend analysis.

Whereas the LT-mode approach effectively standardizes LT
sampling, its necessity arises from the fact that tidal removal alone
cannot completely eliminate diurnal contamination. In an ideal
situation, if the fitted tides were perfectly removed, the true daily
mean values could be directly recovered. In practice, however,
tidal amplitudes and phases vary with time, and the 5-year sliding
window used in the fitting cannot fully capture these variations,
leaving nonlinear residual anomalies. To quantitatively assess how
much the LT-mode constraint improves the long-term trend esti-
mation, we designed a variable-tide experiment.

In this experiment, a synthetic temperature record was generated
with time-varying tidal amplitudes and phases, and random noise

was added to simulate a 20-year observational period. Two meth-
ods were compared:

(1) AlI-LT method: Tides are fitted using all LT samples within each
5-year window, and the residuals are averaged over a +30-d
monthly window to obtain the monthly mean.

(2) LT-mode method: This method applies the same 5-year tidal
fitting but retains only samples within fixed LT windows (two
global modes £3 h) when computing the residual mean, thereby
reducing aliasing errors attributable to LT sampling drift.

As shown in Figure 6 and Table 1, both methods reproduce the
imposed long-term trend reasonably well (mean error within
0.5 K decade"). However, the All-LT method is subject to stronger
aliasing under time-varying tides, leading to larger biases. In
contrast, the LT-mode method effectively suppresses aliasing and
yields trend estimates closer to the true value. Although its error
variance is slightly higher, its overall robustness is improved.
These results demonstrate that the LT-mode method provides a
more reliable framework for extracting long-term trends from
satellite observations.

Annual anomalies vs LT-mode (with TRUE varying tide)

—e— All-LT anomaly
5 LT-mode anomaly
--A- True tide (annual window, demeaned)
14
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Figure 6. Comparison of long-term trend estimates obtained using the All-LT and LT-mode methods in the variable-tide experiment. The true
imposed trend is 8 = —2.5 K decade~'. The green dashed line with triangles represents the prescribed time-varying tidal amplitudes used in the
simulation. The blue circles indicate the results derived from the All-LT method, and the orange dashed lines with square symbols denote those

obtained using the LT-mode method.
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Table 1. Trend =+ SE across five seeds for each method.

Method seed1 seed?2 seed3 seed4 seed5
AlI-LT (5-year tide, annual 60 d) -235+0.19 -235+0.19 -234+0.19 -234+0.19 -234+0.19
LT-mode (5-year tide, annual 60 d) —-2.51+0.26 —-2.51+0.27 —-2.50+0.27 —-2.50+0.27 —-2.50+0.27

After confirming the reliability of the LT-mode method in the vari-
able-tide experiment, we applied it to the SABER temperature
dataset to estimate mesospheric long-term trends. To further vali-
date the applicability of the LT-mode trend-retrieval framework to
real observations, we performed an independent comparison
using SABER temperature data. Following the same analysis
procedure, long-term mesospheric temperature trends were
derived for the southern hemisphere November-December
period and compared with the results of Liu X et al. (2024), who
analyzed SABER data without applying LT-mode constraints. As
shown in Figure 7, the LT-mode results exhibit spatial patterns
and magnitudes that are highly consistent with Liu’s YC6 case
(their Figure 4), with only minor regional differences near
60°-70°S, demonstrating the consistency of long-term trend
retrievals between the two approaches. This agreement demon-
strates that the LT-mode approach produces reliable trend esti-
mates and does not introduce systematic biases, confirming the
robustness of the method when applied to satellite observations.

To accurately estimate the long-term trends of mesospheric water
vapor, interannual variability associated with natural climate
drivers should be accounted for. The 10.7 cm solar radio flux (Fyq7)
is adopted as an independent variable in the regression model,
given its established utility in characterizing solar cycle variations
in the middle atmosphere (Tapping et al., 2013; Forbes et al.,
2014). In addition to solar activity, the El Nino-Southern Oscillation
(ENSO) is also included as a regressor to account for its significant
teleconnection impacts on the stratosphere and their subsequent
dynamical coupling to higher altitudes (Domeisen et al., 2019).
ENSO—although originating in the tropical ocean-atmosphere
system—has been shown to influence the middle and upper
atmosphere at middle and high latitudes through large-scale
dynamical coupling (e.g, Li T et al, 2013, 2016; Cen YT et al,

Nov—Dec trend compared to YC6
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Figure 7. Southern hemisphere (November-December) mesospheric
temperature trends derived using the LT-mode method, compared
with the YC6 results reported by Liu et al. (2024, their Figure 4).

2022). Therefore, ENSO is included in the multiple linear regression
to avoid aliasing its variability into the estimated long-term trend.

The regression equation is expressed as

Y(t) = co + c1t + CoF 17 (t) + GGENSO (t) + c,AP(t) + (t),

where Y denotes the annual mean water vapor concentration
from 2002 to 2023; ¢, represents the mean state; ¢, indicates the
long-term trend; and ¢, and c; represent the contributions from
solar activity and ENSO, respectively. Here, AP represents a
geomagnetic activity index to account for the impact of particle
precipitation and auroral activity on mesospheric chemistry, while
g(t) is the residual term encompassing both model uncertainty
and random observational noise. The regression was performed
for the period 2002-2021; data after 2021 were excluded to avoid
potential biases caused by the Hunga Tonga—Hunga Ha'apai erup-
tion in early 2022, which temporarily disturbed global mesospheric
temperatures (Yu WD et al., 2023a) and injected massive amounts
of water vapor and aerosols whose complex stratospheric transport
and residence time could further confound long-term trend analy-
sis (Zhao Q and Zhou X, 2026).

3. Results

Having validated the LT-mode framework by using both numerical
experiments and independent comparisons with previous studies,
we next applied this method to the SABER water vapor observa-
tions to investigate the long-term variability in the mesosphere.

Figure 8 shows the climatological distribution of mesospheric
water vapor over the polar regions (40-85 km), for better under-
standing of the background state against which the long-term
trends are interpreted. Figures 8a—-8c present seasonal distributions
of the water vapor mixing ratio in the northern hemisphere,
whereas Figures 8d-8f show the corresponding distribution in the
southern hemisphere. In boreal late winter (February; Figure 8a),
water vapor mixing ratios are generally <2 ppmv above ~70 km,
whereas values below ~60 km can reach ~8-10 ppmv. During
boreal early summer (June; Figure 8b), the altitude where H,0
exceeds ~5 ppmv rises to ~75-80 km. In boreal autumn (September
to October; Figure 8c), enhanced water vapor is primarily confined
below ~60 km, with a maximum of ~10 ppmyv, whereas the upper
mesosphere remains comparatively dry.

The southern hemisphere (Figures 8d-8f) exhibits seasonal
behavior similar to that in the northern hemisphere, with
enhanced water vapor in the high-latitude mesosphere during
summer and a reduced water vapor mixing ratio during winter.
This seasonal contrast reflects the combined effects of large-scale
circulation and temperature-dependent saturation. Figure 8
therefore documents the climatological background state of
mesospheric water vapor (e.g., Garcia, 1989; Smith, 2012).

Figure 9 shows the zonal-mean water vapor trend profiles for six

Kang X and Yang CY et al.: High-latitude mesospheric water vapor trends evaluated with a new method from SABER data
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the standard errors of the averaged data. The overall mean trend (purple line) represents the mean of the six latitude-band trends within

55°5-55°N.
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latitude bands, each corresponding to a specific period and the
three seasonal observation windows in each hemisphere. The low-
latitude trend profiles (Figures 9a-9¢) show pronounced seasonal
variability in their vertical structure. In the winter observation
window (Figure 9a; February in the northern hemisphere and
July-August in the southern hemisphere), trends differ above
~70 km. In the southern hemisphere, positive trends weaken
above ~70 km and turn negative above ~80 km. In the northern
hemisphere, the trend remains strongly positive near ~80 km but
exhibits localized negative layers around ~75 km and ~85 km.
Overall, the wintertime low-latitude trends therefore cannot be
described as a simple moist-below/dry-above reversal at 70 km.

Figure 9b corresponds to September-October in the northern
hemisphere and March-April in the southern hemisphere. The
trends show a distinct hemispheric contrast, with significant
moistening in the northern hemisphere, whereas the trends in the
southern hemisphere are generally weak and mostly insignificant.
In summer and winter (June and November-December; Figure
9¢), the moistening trend dominates both hemispheres through-
out the middle and upper mesosphere, with similar trends in both
hemispheres.

The purple line in Figure 9b represents the mean trend of the
analyzed periods averaged over 55°S-55°N among different
months or seasons. It shows that low-latitude water vapor
increases gradually within 40-60 km, reaching a maximum near
60 km, followed by a slight weakening between 60 and 80 km.
This vertical profile agrees well with previous multi-dataset analy-
ses: long-term observations indicate that mesospheric water
vapor at low to midlatitudes generally exhibits a positive trend of
approximately 0.1 ppmv decade~! and increases with altitude (Yu
WD et al., 2022; Zhang SR et al., 2023). Although discrepancies
among satellite datasets above ~0.2 hPa (=60 km) introduce
uncertainty in the upper-level estimates (Shi GC et al., 2023), the
standard errors in Figure 9 confirm that the moistening trend in
the 70-80 km layer remains statistically significant and consistent
with earlier results.

In the high-latitude regions of Figure 9d-9f, the seasonal depen-
dence becomes more pronounced. In winter, the moistening
trend is stronger in the northern hemisphere, with a trend of
approximately 0.7-0.5 ppmv decade™! in the lower mesosphere
(below ~70 km) and a reduction to 0.5-0.3 ppmv decade! in the
upper mesosphere (above ~70 km). In autumn (Figure 9e), both
hemispheres exhibit moistening that intensifies with altitude,
with trends ranging from approximately 0.2-0.3 ppmv decade™!
in the lower mesosphere to 0.4-0.5 ppmv decade~! in the upper
mesosphere. However, the southern hemisphere shows slightly
drier conditions in the lower mesosphere, with a weaker moisten-
ing trend at the bottom (~0.2-0.3 ppmv decade™), whereas the
northern hemisphere maintains a more consistent moistening
trend throughout the vertical profile. In summer, both hemispheres
experience a strong moistening trend of approximately 0.3 ppmv
decade", which remains nearly constant with height throughout
the middle and upper mesosphere.

Figure 10 shows the decadal trends of the water vapor mixing
ratio as a function of latitude for the northern hemisphere

seasonal observation windows (a: February; b: June; c
September-October) and their southern hemisphere counterparts
(d: July-August; e: November-December; f: March-April), provid-
ing a latitude-resolved view of the baseline spatial structure prior
to summarizing hemispheric differences. Both hemispheres
exhibit broadly similar latitude-dependent patterns, with positive
water vapor trends prevailing at middle latitudes (55°-70°) and
weaker or negative trends toward the polar regions (75° and pole-
ward). In the northern hemisphere, this latitudinal structure is
robust across all seasonal windows, characterized by increasing
water vapor south of approximately 70°N and a drying tendency
poleward of this latitude. This midlatitude—polar contrast is most
pronounced in February, with moistening reaching up to
+2 ppmv decade™! at lower and middle latitudes and drying of
approximately —2 ppmv decade~! over the polar cap, whereas
similar but weaker contrasts are evident in June and September-
October. In the southern hemisphere, water vapor trends are
generally positive across the middle and high latitudes during
winter (July-August) and summer (November-December), with
drying confined to austral autumn (March-April) south of ~70°S.
In contrast to the northern hemisphere, where a persistent polar
drying feature extends up to ~75-80 km, no comparably persistent
polar drying is observed in the south. Overall, although the large-
scale spatial patterns are broadly similar between the two hemi-
spheres, polar drying and wintertime moistening are weaker in
amplitude and more seasonally confined in the southern hemi-
sphere.

4. Summary

This study presents a methodological framework for evaluating
long-term water vapor variability in the upper mesosphere by
using two decades of observations from the SABER instrument
onboard the TIMED satellite. A new LT-mode method was devel-
oped to minimize aliasing effects caused by the nonuniform LT
sampling of satellite measurements. By identifying the most
frequently observed LT intervals and constraining the analysis
within these windows, the LT-mode approach effectively
suppresses diurnal contamination and orbital drift biases.
Compared with the conventional All-LT approach, the LT-mode
method provides a physically consistent and practical strategy for
extracting long-term signals without relying on an empirical back-
ground model, thereby reducing system bias. Application of this
method reveals distinct hemispheric and seasonal patterns in
mesospheric water vapor trends. Overall, water vapor trends
between 55 and 80 km are predominantly positive in both hemi-
spheres, with stronger moistening during local winter compared
with summer and autumn. At high latitudes, the hemispheric
behavior differs. In the northern hemisphere, water vapor trends
become negative poleward of ~75°N, indicating persistent drying
over the polar cap. In contrast, in the southern hemisphere, trends
poleward of ~75°S are generally weak or not statistically signifi-
cant, rather than showing systematic drying. These results high-
light a robust altitude-dependent moistening in the mesosphere-
lower thermosphere, accompanied by a clear hemispheric asym-
metry in polar trend behavior.

Although the LT-mode approach provides a consistent framework
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Figure 10. Mean water vapor trend distribution for the three northern hemisphere observation windows, corresponding to (a) February,

(b) June, and (c) September-October, and southern hemisphere observation windows, corresponding to (d) July-August,

(e) November-December, and (f) March-April. Contour labels indicate the trend values (ppmv decade™). The purple dashed line and blue solid
line represent the climatological altitudes of the mesopause and stratopause, respectively. Blank areas denote grid points with fewer than 20

months of valid data, which are excluded from the analysis.

for evaluating such long-term changes, several uncertainties must
still be considered. Measurement and retrieval errors increase
with altitude, with random uncertainties reaching approximately
30% and systematic biases of 10%-20% in the upper mesosphere.
Comparisons among satellite datasets generally show differences
within £10%, although SABER tends to overestimate water vapor
near the Antarctic stratopause and underestimate it above 80 km
in polar summer. Additional uncertainty arises from inter-sensor
calibration inconsistencies above 0.2 hPa (~60 km) and from phys-
ical processes not fully captured by current models. Nevertheless,
independent ground-based and multi-satellite records consis-
tently indicate a long-term moistening, lending confidence to the
general pattern observed here.

Mechanistic attribution of these trends remains complex. Decadal
variability in the Brewer-Dobson circulation, tropical tropopause
temperatures, methane oxidation, and solar forcing all contribute
to mesospheric water vapor changes (Lossow et al., 2018; Yu WD
et al, 2022). Continued observational and modeling efforts—
particularly those combining chemistry—climate simulations with
homogenized multi-satellite datasets—are essential to further
constrain these mechanisms. The LT-mode framework developed
in this study offers a transferable approach for isolating long-term
atmospheric signals from nonuniform satellite sampling, providing
a foundation for future analyses of trace gases and climate-related

variability in the middle and upper atmosphere.
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