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Abstract Water vapor (H2O) measurements made by the Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) instrument between 2002 and 2018 and by the Aura Microwave Limb
Sounder (MLS) instrument between 2004 and 2018 are analyzed to determine the linear trend and solar cycle
response of H2O in the stratosphere and mesosphere. Both SABER and MLS show a rapid global H2O
increase of 5–6% per decade in the lower stratosphere after the 2001 drop. The increasing zonal mean H2O at
40°N in SABER and MLS is consistent with the Boulder frost point hygrometer data in the lower
stratosphere. The global distribution of SABER and MLS H2O trends are positive at most altitudes and
latitudes, and they peak in the tropical lower stratosphere. In the mesosphere the SABER H2O trend is
0.1–0.2 ppmv per decade and the MLS H2O trend is 0.2–0.3 ppmv per decade. The trend and solar cycle
response derived from the observations are compared against the Whole Atmosphere Community Climate
Model (WACCM). The solar cycle response of H2O from WACCM agrees with SABER and MLS.
The linear H2O trend from WACCM does not show the observed increase in the lower stratosphere.

1. Introduction

Water vapor (H2O) is a key trace gas throughout the Earth's atmosphere. It fundamentally regulates the
weather and climate of our planet (Brasseur & Solomon, 1995; Wallace & Hobbs, 2006). Water vapor in
the stratosphere originates from both transport of tropospheric air through the tropical tropopause
(Brewer, 1949) and in situ methane oxidation in the middle to upper stratosphere (Jones et al., 1986).
Increasing stratospheric water vapor, especially in the lower stratosphere, cools the stratosphere but warms
the troposphere (Dessler et al., 2013; Foster & Shine, 1999; Oinas et al., 2001; Shindell, 2001; Smith et al.,
2001; Solomon et al., 2010). Accordingly, the 10% decrease of stratospheric water vapor right after 2000
(Randel et al., 2006) could have slowed the rate of global surface temperature increase by about 25%
(Solomon et al., 2010). Increased water vapor in the stratosphere can also enhance polar stratospheric cloud
formation and lead to more prolonged high‐latitude ozone loss (Kirk‐Davidoff et al., 1999; Shindell, 2001;
Forster and Shine, 1999). In the upper mesosphere, more abundant water vapor from increasing methane
contributes to more frequent polar mesospheric cloud occurrences at ~82 km (Thomas et al., 1989;
Lubken et al., 2018). Based on all the mechanisms above, we argue that a long‐term increase or decrease
of water vapor in the stratosphere and mesosphere will have fundamental global and regional impacts.

Using the water vapor measurements obtained from balloon‐borne frost point hygrometers (FPH) launched
from Boulder, Colorado (40°N, 105°W), Oltmans and Hofmann (1995) and Oltmans et al. (2000) estimated
about 1–1.5%/year increase from 14 to 28 km during 1965–2000. Using the same FPH data from 1980 to 2010,
Hurst et al. (2011) showed that stratospheric water vapor increased water vapor during 1980–2010 despite
significant short‐term variability, decreased during 2001–2005 (the abrupt “drop” described by Solomon
et al., 2010), and then increased again during 2006–2010. In contrast to the FPH measurements, the
Halogen Occultation Experiment (HALOE) lower stratosphere water vapor over 1992–2003 shows a rela-
tively constant or even decreasing trend (Randel et al., 2004). Strong correlations were found between the
lower stratospheric H2O and tropical tropopause temperatures, especially the cold point tropopause tem-
perature. No clear trends are identified in the cold point tropopause temperature in Randel et al. (2004).
Merging multiple satellite datasets starting from 1988, Hegglin et al. (2014) determined that global lower
stratospheric water vapor trends are slightly negative, agreeing with the HALOE analysis. Dessler et al.
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(2014) showed that the variations in water vapor can be largely explained by dynamical factors such as the
quasi‐biennial oscillation (QBO), the Brewer‐Dobson circulation (BDC), and temperature changes at
500 hPa (Dessler et al., 2013). Since there is no consensus that a significant long‐term trend has occurred
in the amount of water vapor entering the stratosphere through the tropical tropopause, many questions
remain open concerning whether the stratospheric water vapor trend ever existed, how these trends vary
with latitude and altitude, or how to interpret the discrepancies between different measurements and the
possible mechanisms.

There have been fewer observations of water vapor in the mesosphere. Using ground‐based water vapor
millimeter‐wave spectrometer and satellite measurements, Nedoluha et al. (2013) found that H2O has been
increasing in the lower mesosphere since 2006. Remsberg et al. (2018) also reported a positive linear trend of
HALOE water vapor in the midlatitude mesosphere. To gain a better understanding of the mesospheric
water vapor, more studies are needed.

In this paper, we will analyze the linear trend and solar cycle response in the newly retrieved Sounding of the
Atmosphere using Broadband Emission Radiometry (SABER) H2O in the stratosphere andmesosphere from
2002 to 2017 and compare these findings with the Aura Microwave Limb Sounder (MLS) H2O results from
2004 to 2017. This paper assumes that SABER and MLS instruments are stable that their systematic errors
have not significantly changed.

2. Observations

The SABER instrument on the Thermosphere‐Ionosphere‐Mesosphere Energetics and Dynamics (TIMED)
satellite was launched on 7 December 2001. SABER measures vertical profiles of infrared limb radiance in
10 broadband spectral channels with band centers ranging from ~1.6 to 17 μm. Profiles are sampled at
0.35‐km intervals with a 2‐km vertical field of view (Russell et al., 1999). The profiles obtained in both the
ascending and descending portions of the TIMED orbit, corresponding to two local times every day.
SABER radiances are used to retrieve altitude profiles of temperature and volume mixing ratios of Earth
atmosphere minor species (i.e., CO2, O3, H2O, [O], and [H]) in the altitude range of ~15–110 km depending
on channel. Other parameters used to characterize the energetics in the MLT region are also retrieved.
Continuous latitude coverage is provided ranging from 53°S to 83°N switching to the 83°S to 53°N every
~60 days, as the TIMED spacecraft rotates 180° about its yaw axis (Russell et al., 1999). SABER has a local
time precession of 12 min/day and it takes ~60 days to sample all local times with fairly uniform local time
steps and remove tidal aliasing. The instrument has been operating nominally since January 2002. No major
SABER data gaps (100% duty cycle) existed within 53°S–53°N.

SABER version 2.07 H2O mixing ratio from ~100 hPa (~16 km) to 0.006 hPa (~83 km) is retrieved from the
6.8‐μm channel (Rong et al., 2019). The long‐standing positive bias caused by spectral out‐of‐band emission
in the H2O channel due to O3 has been corrected in version 2.07 data that are now publicly available. The
data were also screened using a threshold of 12 ppmv in the 25–80 km range. A 12 ppmv is based on several
other data sets such as Atmospheric Chemistry Experiment (ACE) and MLS. ACE can reach 13–14 ppmv
occasionally, whereas MLS H2O can exceed 11–12 ppmv. Detailed discussions of screening are presented
in Rong et al. (2019). SABER H2O has a vertical resolution of 2 km throughout the altitude range from
the tropopause to ~80 km. Table 1 of Rong et al. (2019) provides the itemized and total error analysis.
Single‐profile random errors are ~2–3% up to 60 km and increase rapidly to 30% at 80 km due to degraded
signal‐to‐noise ratio in the radiance measurement. The total systematic error (10–20%) increases toward
both the lower and upper ends of the altitude range caused by temperature and nonlocal thermal equili-
brium effects, respectively.

The MLS instrument on the Aura satellite was launched on 15 July 2004. The Aura satellite orbit is sun syn-
chronous with a 98° inclination and 705‐km altitude. MLS scans Earth's limb from the surface to 90 km glob-
ally from 82°S to 82°N (Waters et al., 2006). TheMLSH2O product is retrieved from its 190‐GHz band at both
ascending and descending orbits (Lambert et al., 2007). The current v4.2 MLS H2O has a vertical resolution
of ~3 km below ~50 km and degrades to ~10 km at ~83 km. Single‐profile random errors range from 15% near
the tropopause, to 6% in the stratosphere, and up to 55% near 80 km altitude. The MLS v4.2 H2O systematic
error varies in the range of ~5–19% below ~75 km and exceeds 20% above ~83 km.
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Figure 1 displays the global (55°N–55°S) bimonthly running mean time series of H2O mixing ratio from
SABER and MLS in the stratosphere and mesosphere after 2002. The tidal effect or local time variation of
SABER H2O is largely removed with the 60‐day or yaw cycle average. SABER and MLS H2O are generally
in good agreement except at 48 km where SABER H2O is about 0.5 ppmv higher than MLS systematically
after being averaged globally. This is overall consistent with the multiyear average shown in Rong et al.
(2019) indicating that, around the stratopause, SABER H2O is persistently higher than MLS H2O.
Seasonal variations of H2O have been discussed in the profile comparisons of Rong et al. (2019) and refer-
ences therein, thus will not be repeated here. It is clear that during the early 2000s the stratospheric H2O
was recovering from the well‐known sudden drop in 2001 (Randel et al., 2006; Solomon et al., 2010).
There was another H2O drop in the stratosphere around 2014–2015. At 29 km, both SABER and MLS
H2O increased steadily from ~4.4–4.7 ppmv in 2003–2005 to ~4.9 ppmv in 2018. In the mesopause region
(~82 km), the interannual behavior of H2O is largely controlled by photolysis, which produces OH and H,
exhibiting a variation pattern in concert with the solar cycle. It is apparent that H2O at 82 km was more
abundant during solar minimum, around 2009.

Figure 1. Time series of bimonthly global mean (55°S–55°N) SABER (red) and MLS (blue) H2O mixing ratio (a) 82, (b) 62, (c) 48, and (d) 29 km.
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The Boulder FPH data obtained since April 1980 is the longest running stratospheric H2O measurement
(Hurst et al., 2011, 2016). However, it is debatable whether the long‐term H2O increase indicated by the
FPH is representative of the global water vapor trend, as it is not continuous and from a single point. The
lower stratosphere H2O from a merged satellite data set (HALOE, SAGEII, ACE‐FTS, Aura‐MLS, SMR,
and MIPAS) actually shows a negative trend during 1986–2010 (Hegglin et al., 2014). Lossow et al. (2018)
suggest that the differences in the data sampling (Boulder at ~40°N, 105°W vs. the zonal mean) cannot
explain the trend discrepancy between the FPH measurements and the zonal mean satellite data in
1980–2010. Figure 2 compares the Boulder FPH measurements with the monthly zonal mean time series
(Figure 2a) of both SABER and MLS H2O at 40°N and 32 hPa and the counterparts near Boulder (±2.5°
latitude and ±5°longitude) (Figure 2b). It is clear that the zonal mean is representative of the atmosphere
over Boulder. Although the FPH measurements (orange plus signs) have larger variability, the overall
increasing H2O amount after 2002 is in general consistent among these three data sets. The zonal mean
long‐term trends at 40°N are 0.20±0.04 ppmv/decade, 0.23±0.01 ppmv/decade, and 0.39±0.01
ppmv/decade for FPH, SABER, and MLS, respectively. In particular, SABER and the FPH measurement
agree very well since 2014. Nevertheless, the FPH measurements and the zonal mean satellite data during
2002–2017 display similar H2O trends.

We applied the same multiple linear regression (MLR) method used in Yue et al. (2015) to the SABER
(2003–2017) and MLS (2005–2017) bimonthly mean H2O time series and calculated the global mean
(±55° for both MLS and SABER) H2O linear trend and solar cycle responses with 2σ uncertainties, as illu-
strated in Figure 3. The MLR uncertainties depend on the scatter of the time series and their autocorrelation
(Yue et al., 2015). The annual oscillation, semi‐annual oscillation, QBO, and El Nino‐Southern Oscillation
terms were also fitted in the MLR (not shown) and removed. The indices of solar cycle (F10.7), QBO, and
El Nino‐Southern Oscillation used in the regression were introduced in Yue et al. (2015). In a test, we com-
pared the trends of SABER H2O for 2003–2017 and 2005–2017, and they are almost identical, indicating that

Figure 2. Time series of (a) monthly zonal mean SABER (red) and MLS (blue) H2O mixing ratio at 32 hPa and 40°N and
(b) corresponding SABER and MLS H2O mixing ratio near Boulder (37.5–42.5°N, 100–110°W), compared with the
Boulder NOAA frost point hygrometer measurement (orange pluses).
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the trend is not sensitive to the 2002–2004 period. This indicates that the 2‐years shorter MLS time series
does not constitute a problem for the present trend study. The linear trends of both SABER and MLS in
Figure 3 are large in the lower stratosphere below 10 hPa, that is, about 5–6% (or 0.25 ppmv) per decade
at 30 hPa (~25 km). This is half of the FPH H2O trend magnitude in Boulder between 1980 and 2010
(13.5% or 0.5 ppmv per decade) (Hurst et al., 2011) but much larger than (and of opposite sign to) the
negative trend derived from the merged satellite observations (Hegglin et al., 2014). In the upper
stratosphere and mesosphere, the SABER H2O trend of 2–3% or 0.1–0.2 ppmv per decade is smaller than
that of MLS (3–4.5% or 0.2–0.3 ppmv per decade).

In the mesosphere, complete methane oxidation is a major source of water vapor (Brasseur & Solomon,
1995). One can estimate the H2O trend due purely to increasing CH4 by assuming complete methane oxida-
tion in the upper stratosphere/lower mesosphere (i.e., loss of one CH4 molecule produces two H2O mole-
cules) and using the observed global surface methane estimated to have increased from about 1.77 ppmv
in 2000 to 1.82 ppmv in 2015 or about 0.035 ppmv per decade (https://www.esrl.noaa.gov/gmd/ccgg/
trends_ch4/#global_growth). This corresponds to 0.07 ppmv per decade for the H2O trend assuming that
all of the CH4 is oxidized into H2O in the mesosphere above 0.1 hPa (i.e., above ~65 km). Even so, the
contribution of increasing methane oxidation to the H2O trend is only able to explain ~50% of the SABER
H2O trend of 0.1–0.2 ppmv per decade above 0.1 hPa. The rest of the observed H2O trend is attributed to
the behavior of H2O transported from below.

On the other hand, the solar cycle response of H2O in Figure 3 is very consistent between SABER andMLS in
the mesosphere. Because of stronger photodissociation of H2O during solar maximum, variations of H2O
and F10.7 show increasingly negative correlation at higher altitudes (Figure 3). Interestingly, there is a small
positive correlation between H2O and the solar cycle in the stratosphere that cannot be explained by
chemistry alone. Solar cycle variations of dynamics and transport could contribute to this position correla-
tion. We will investigate this feature together with modeling studies in the future.

Figure 3. Global mean water vapor mixing ratio absolute and relative linear trend and solar cycle response for SABER
(red, 2002–2017) and MLS (blue, 2004–2017). The relative trend is defined as the absolute value divided by the multi-
year mean H2O profiles. The uncertainty denotes the 95% confidence level.
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Figure 4 shows the global distribution of SABER andMLSH2O linear trends. The SABER linear trends are as
large as 7% per decade in the tropical lower stratosphere and become smaller at higher latitudes. Such a large
trend in the tropical lower stratosphere is consistent with the notion that H2O enters the lower stratosphere
from the tropical tropopause (e.g., Dessler et al., 2014) with mixing ratio controlled by the tropopause cold
point. In the lower stratosphere, the upwelling branch of the BDC transports tropical H2O to higher altitudes
and latitudes. The acceleration of the BDC due to increasing greenhouse gasses [see, e.g., Garcia & Randel,
2008] and increased water vapor injection into the stratosphere due to increasing penetration of overshoot-
ing tops (Anderson et al., 2018) can further influence the H2O trend in the stratosphere. The MLS H2O trend
in the stratosphere shows a more complex structure compared to SABER. In the mesosphere, both the
latitudinal distributions and the magnitudes of the trends differ between the two analyses, that is, the
MLS H2O trend shows a larger value of 6% per decade between 0.1 hPa and 0.01 hPa, while the SABER
H2O trend is at a maximum of 4% per decade. In addition, theMLS H2O trend exhibits larger values centered
in the equatorial region, whereas the SABER trend maximum is located in the northern hemisphere.
Although SABER is free from tidal aliasing, MLS only measures two local times each day. It is sufficient
to remove diurnal tidal aliasing with ascending and descending observations averaged; however,
semidiurnal tidal aliasing may still not be completely removed.

3. Discussion and Summary

This paper presents the global H2O trend from a newly developed SABER data set. SABER contains the long-
est single satellite record of H2O in the stratosphere and mesosphere (2002 until present). The number of
H2O profiles retrieved from SABER and MLS is much larger than previous missions such as HALOE and

Figure 4. SABER (a) H2O absolute (ppmv per decade) and (b) relative trends (% per decade) and MLS (c) H2O absolute
(ppmv per decade) and (d) relative trends (% per decade) as a function of latitude andpressure. Shaded area denotes the
significance results under the 2σ uncertainty.
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SAGE II (most of which used solar occultation and therefore provided much sparser coverage). Thus, the
calculated global H2O trend from limb emission measurements during 2003–2017 has a greater statistical
significance because on the order of ~1,500 H2O profiles are measured each day by, for example, SABER,
versus only 30 per day for the occultation measurements. The increasing trends of zonal mean MLS and
SABER H2O at 40°N are consistent with what is shown in the Boulder FPH data in the lower stratosphere
(at 32 hPa, see Figure 2). The global distributions of SABER and MLS H2O trends both peak in the
tropical lower stratosphere and show a similar rapid global H2O increase of 5–6% per decade in that
altitude range. We earlier discussed the idea in connection with Figure 4 that this behavior could be
driven by the BDC. In the mesosphere, the MLS H2O trend of 0.2–0.3 ppmv per decade is much greater
than the SABER trend of 0.1–0.2 ppmv per decade.

In an attempt to shed further light on the lower stratosphere H2O increase, Figure 5 shows the simulated
linear trend and solar cycle response from a WACCM Chemistry‐Climate Model Initiative REFC1 simula-
tion during the 2002–2015 period. In this simulation, themodel is free running, but not coupled to the ocean,
since the sea surface temperatures is specified from observations. Between 10 and 0.1 hPa, WACCM and
SABER H2O trends are consistent at ~2% per decade. On the other hand, the large H2O trend in the lower
stratosphere observed by SABER and MLS was not reproduced in WACCM. This might suggest that a phy-
sical mechanism responsible for this large H2O increase is absent in the model. According to Dessler et al.
(2014), the QBO, the strength of the BDC, or the temperature of the tropical troposphere all can affect
howmuch water vapor enters the stratosphere through the tropical tropopause. The question whether these
three processes are accurately represented in WACCM or if any of the individual processes is dominant will
be examined in a follow‐up paper. Meanwhile, it is encouraging that the solar cycle response in H2O is con-
sistent between WACCM and the observations, which shows a negative response in the mesosphere. This
suggests that photodissociation of H2O is well represented in WACCM.

The SABER H2O record is still shorter than two solar cycles given its ~17.5 years of coverage thus far. It is
also much shorter than the Boulder FPH data record (1980–present) (Hurst et al., 2011) and merged satellite
data sets (1985–2010) (Hegglin et al., 2014). Therefore, we cannot rule out the possibility that longer term
natural variability could be responsible for the seemingly large H2O trend in the SABER analysis (e.g.,
Dessler et al., 2014; Hegglin et al., 2014), especially since the time series began right after the 2001 H2O
decrease. We hope to revisit this H2O long‐term trend with longer records from SABER or MLS in the future.
Currently, both instruments are functioning well. The high consistency between the SABER and MLS H2O
at 40°N and Boulder FPHmeasurements after 2003 lends additional confidence to the increasing trend since
1980 reported in Hurst et al. (2011). At least after 2003, the Boulder FPHmeasurement is consistent with the
zonal mean at 40°N and even the global trend. We have no answers as to why the merged satellite H2O trend
is so different from the Boulder FPHmeasurement (Hegglin et al., 2014). One thing to be checked is whether

Figure 5. Relative (a) linear trend and (b) solar cycle response of global mean WACCM H2O from 2002 to 2015. Shaded
area is significant at 95%.
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the asynoptic sampling in the earlier satellite solar occultation observations have caused an artificial H2O
trend over the years, such as in HALOE or SAGE II.

The increasing global H2O throughout the stratosphere and mesosphere shown in Figure 4 has potentially
important impacts on climate, chemistry, and aeronomy. Solomon et al. (2010) argued that the stratospheric
water vapor increase of about 1 ppmv from 1980 to 2000 could account for 0.24 W/m2 radiative forcing. By
comparison, SABER and MLS detected about a 0.45 ppmv increase from 2003 to 2017. Thus, the radiative
forcing due to this H2O increase is not negligible for surface global warming. It is known that increasing
H2O also leads to ozone depletion [e.g., Sindell, 2001]. The strong H2O trend observed by SABER and
MLS since 2003 could possibly interfere with the healing of the ozone hole that has occurred since 2000
(Solomon et al., 2016). These water vapor increases might not be true secular trends but could instead be
due to random, low frequency natural variability. The uncertain natural variability can result in incorrect
trends. On the other hand, any trend in the stratosphere or mesosphere due to CH4 is a long‐term trend, dri-
ven by anthropogenic increases in CH4. Lübken et al. (2018) have demonstrated that the more frequent
appearance of noctilucent clouds at ~83 km since the 1800s was mainly driven by the increase in water vapor
due to methane oxidation in the mesosphere, as opposed to other factors, such as a colder mesopause tem-
perature. The increasing mesospheric H2O seen in SABER and MLS since 2003 supports the conclusion in
Lübken et al. (2018). The overall impacts of H2O changes in the stratosphere and mesosphere observed by
SABER and MLS in the 21st century will be quantified in future focused studies.
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