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Abstract water vapor in the middle atmosphere plays an essential role in global warming, ozone depletion,
and the formation of polar stratospheric and mesospheric clouds. We show that tropical middle atmospheric
water vapor simulated with the specified-dynamics version of the Whole Atmosphere Community Climate
Model (SD-WACCM) is consistent with changes observed in a merged satellite data set, which encompasses the
period 1993-2020. Consistent with previous work, we find no significant trend in the stratosphere in either the
observations or the simulation; in the mesosphere, we find a long-term trend of 0.1 ppmv per decade, but only
in the observations. We also analyze an SD-WACCM simulation for the longer period 1980-2019 to quantify
the contribution of various factors to the decadal variation of middle atmospheric water vapor. Over 1980-1995,
the simulated water vapor in the upper stratosphere and mesosphere, averaged zonally and over +30° latitude,
increases by 0.30 ppmv per decade due to increasing methane emissions. After 1995, a significant abrupt
decrease of water vapor of 0.37 ppmv per decade and then a gradual increase of 0.33 ppmv per decade result
from changes in stratospheric cold point temperature. The cold-point temperature is strongly influenced by the
strength of the Brewer-Dobson circulation. The acceleration of the Brewer-Dobson circulation before about
2003 leads to a cooler tropical tropopause and a decrease of water vapor, and the deceleration thereafter leads to
corresponding warming of the tropopause and an increase in water vapor.

Plain Language Summary Water vapor in the middle atmosphere is important to global warming
and ozone depletion. We analyze both satellite data and climate model output to understand its variation in the
past four decades. We conclude that there is a slight increasing trend in observed mesospheric water vapor,
but no significant trend in stratospheric water vapor. Model simulation results indicate that methane oxidation
explains most of the increase of water vapor in the upper stratosphere and mesosphere over 1980-1995.
Changes in the meridional circulation of the middle atmosphere lead to changes in the tropical tropopause
temperature, which is the main factor that influences middle atmospheric water vapor over 1995-2020.

1. Introduction

Water vapor plays an essential role in climate in the whole atmosphere. As a greenhouse gas, it contributes to
surface and tropospheric warming and to cooling in the middle and upper atmosphere (Dvortsov & Solomon, 2001;
Forster & Shine, 1999, 2002; Maycock et al., 2014; Rind & Lonergan, 1995; Shindell, 2001; Smith et al., 2001;
Solomon et al., 2010), and provides a significant positive feedback to increases in well-mixed greenhouse gases
(Dessler et al., 2013). It is an important source of the hydroxyl radical, which participates in the catalysis of
ozone depletion in the stratosphere (Dvortsov & Solomon, 2001; Evans et al., 1998; Kirk-Davidoff et al., 1999;
Shindell, 2001). It also forms polar stratospheric clouds and polar mesospheric clouds (Hervig et al., 2016;
Liibken et al., 2018; Russell et al., 2014; Thomas, 2003).

The budget of water vapor in the middle atmosphere has two sources: water vapor entering the stratosphere in
the tropical, upwelling branch of the Brewer-Dobson circulation, and water vapor from methane oxidation. In the
upper stratosphere and mesosphere, methane oxidizes and 1 mol of methane generates about 2 mol of water vapor
(Bates & Nicolet, 1950; Dessler et al., 1994; Flentje et al., 2005; Gunson et al., 1990; Hansen & Robinson, 1989;
Jones et al., 1986; le Texier et al., 1988; Noél et al., 2018; Rosenlof, 2002). Previous studies have shown that
methane oxidation plays an important role to the water vapor budget at least above 22 km (Hurst et al., 2011;
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Oman et al., 2008), but changes in methane are not enough to explain the overall water vapor variation (Kley
et al., 2000; Randel et al., 2004; Rosenlof et al., 2001).

Most of the water vapor in the middle atmosphere enters the stratosphere through the extremely cold tropical
tropopause layer, where much of it condenses and is removed by precipitation, such that only a few ppmv of water
vapor is present in air parcels that reach the stratosphere (Fueglistaler et al., 2009; Sherwood & Dessler, 2000).
Thus, the cold point temperature in the tropical tropopause layer controls how much water vapor can enter the
stratosphere directly (Bonazzola & Haynes, 2004; Fueglistaler & Haynes, 2005; Mote et al., 1996; Nedoluha
et al., 2013; Randel et al., 2004; Randel & Park, 2019; Sherwood & Dessler, 2000). The physical processes that
impact cold point temperature, such as El Nifio-Southern Oscillation (ENSO) and the quasi-biennial oscillation
(QBO), can therefore influence the water vapor mixing ratio (Garfinkel et al., 2013; Geller et al., 2002; Liu
et al., 2019; Oman et al., 2008; Scaife et al., 2003; Tao et al., 2015; Zahn et al., 2014). It has also been argued that
deep convection can penetrate the cold point tropopause (Cooney et al., 2021; Johansson et al., 2015; Sherwood
et al., 2004), and bring air with high water vapor content to the stratosphere, bypassing the cold point temperature
constraint (Dessler et al., 2016; Schoeberl et al., 2014; Schwartz et al., 2013; Wang et al., 2019; Ye et al., 2018;
Yu et al., 2020; Zahn et al., 2014).

Because of its importance to the climate, the long-term trend of middle atmospheric water vapor has long been
studied. Many of the satellite observations and model simulations suggest that there is no significant trend in the
past several decades (Dessler et al., 2014; Froidevaux et al., 2019; Hegglin et al., 2014). However, Frost Point
Hygrometer (FPH) measurements over Boulder, launched since 1980, show a significant positive trend in lower
stratospheric water vapor (Hurst et al., 2011; Lossow et al., 2018). Meanwhile, almost all climate models predict
that middle atmospheric water vapor will increase by 0.5—1 ppmv due to an increase of the cold point temperature
over the 21st century (Gettelman et al., 2009, 2010).

When considering the decadal scale, water vapor in the middle atmosphere shows significant changes of vary-
ing sign. For example, before 1998, a positive trend is observed (e.g., Dvortsov & Solomon, 2001). Between
about 1998 and 2003, there is a large drop in the water vapor mixing ratio; the proposed reasons for this large
change include acceleration of the Brewer-Dobson circulation, ENSO, and changing phase of the QBO (Brinkop
et al., 2016; Ding & Fu, 2018; Garfinkel et al., 2018, 2020; Randel et al., 2006; Rosenlof & Reid, 2008). After
2003, the water vapor mixing ratio in the middle atmosphere increases again. During these relatively short peri-
ods, the trend of water vapor in the middle atmosphere can be as large as 5% per decade, which is too large to be
explained merely by methane oxidation (Fernando et al., 2020; Froidevaux et al., 2019; Yue et al., 2019).

Understanding the drivers of past water vapor long-term trends and decadal variations may help improve the
prediction of future trends. There are still debates regarding (a) whether the middle atmospheric water vapor trend
over the past few decades is significant; (b) how important are the cold point temperature and methane emissions
for driving significant decadal-scale increasing and decreasing variations; and (c) what is the driver for changes
of the cold point temperature. The analysis in this paper is based on data from satellite observations and simula-
tions made with the specified dynamics version of the Whole Atmospheric Community Climate Model, version
6 (SD-WACCM6), which is described below. We separate the water vapor in the middle atmosphere into its
different sources (methane oxidation, cold point temperature, and deep convection), and quantify the contribution
from each source and how these contributions change during different periods. We finally look closely into how
anthropogenic activity influences changes in each source, which provides insights for prediction of water vapor
based on future human activities.

2. Data
2.1. Satellite Data

The Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument on the
Thermosphere-lonosphere-Mesosphere Energetics and Dynamics (TIMED) satellite was launched on 7 Decem-
ber 2001 and has provided measurements since January of 2002. The SABER instrument is described in detail
by Russell et al. (1999). We use the v2.07 SABER water vapor product, which is retrieved from the 6.8 pm
channel and screened to discard observations over 12 ppmv (Rong et al., 2019). SABER observes two local
times every day, and covers 83°N-83°S, switching from 53°N-83°S to 83°N-53°S about every 60 days due
to satellite yaw maneuvers that prevent the sensor from looking directly at the Sun. The vertical resolution is
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2 km, and measurements are made from 100 hPa to 0.006 hPa. Local time variation in SABER H,0 is neglected
in our long-term trend study. Tidal variations in H,O are important only above 70 km (Rong et al., 2019). The
random error of the SABER water vapor product is less than 4% below 60 km, and increases to 30% at 80 km
(Rong et al., 2019). The systematic error is 10%—20%. The retrieval of water vapor in the infrared spectral range
is heavily dependent on temperature, and the systematic error due to temperature is 20% below 30 km (~14 hPa)
(Remsberg et al., 2008; Rong et al., 2019). During part of the first year after launch there are anomalous water
vapor values that appear to be related to changing detector sensitivity due to icing. After May of 2002 the prob-
lem was addressed by periodically cycling off the cryocooler to sublimate the ice (see Remsberg et al., 2008, for
details). For this reason, and because we have elected to use whole years of data, we use SABER data from 2003
to 2020. We grid the monthly data into 5° latitude and 10° longitude grid boxes.

The Microwave Limb Sounder (MLS) on the Aura satellite was launched on 15 July 2004 (Waters et al., 2006).
We use the v5.0 water vapor product of MLS, which is retrieved from the 190-GHz band (Livesey et al., 2020).
There are about 3,500 observations per day in the MLS product. They cover 82°N-82°S and 316-0.001 hPa, with
a vertical resolution of 1.2-3.6 km below 0.22 hPa and 611 km above 0.22 hPa. The random error of the MLS
v5.0 water vapor product is 6% in the stratosphere and increases rapidly to as high as 55% at 80 km. The system-
atic error is 5%—19% (Lambert et al., 2007; Read et al., 2007). We screen the MLS data following the instructions
in the data description document (Livesey et al., 2020). One major improvement of the v5.0 data compared to
previous versions is that part of the “slow drift” problem in water vapor data is resolved (Hurst et al., 2016;
Livesey et al., 2020, 2021). In our study, we use MLS data from 2005 to 2020, and grid the monthly data into
5° latitude and 10° longitude grid boxes.

The Halogen Occultation Experiment (HALOE) on the Upper Atmosphere Research Satellite (UARS) was
launched on 12 September 1991 (Russell et al., 1993). We use the v19 level 2 water vapor product, which consists
of the solar occultation measurements retrieved from the 6.605 pm band. The HALOE product has about 400
observations per month. They cover 80°N-80°S and 100 hPa — 0.005 hPa, with a vertical resolution of 2 km.
The random error of the HALOE water vapor product is 7%—13%, and the systematic error is 19%—24% (Kley
et al., 2000). We screen the trip angle problem and cloud contamination events from the HALOE data (http://
haloe.gats-inc.com/user_docs/). The accuracy of HALOE data in 1992 is influenced by the Mount Pinatubo
volcanic aerosols, so we use the HALOE data from January 1993 to November 2005 (S. Davis et al., 2016). We
also grid the HALOE data into 5° latitude and 10° longitude grid boxes.

2.2. Merged Satellite Data

To have an observational data record long enough to cover the low frequency natural variability throughout
the middle atmosphere, we merge SABER, MLS, and HALOE into a 28-year data set, 1993-2020. We include
HALOE data to extend the temporal coverage of our merged data, and include SABER and MLS data for their
accuracy in the mesosphere and stratosphere, respectively.

Our merged data set is constructed from bi-monthly averages of all the data because of a peculiarity of the
SABER sampling pattern: In order to avoid looking directly at the sun, SABER must execute periodic yaw
maneuvers. Over the course of the SABER mission the yaw cycles drift with respect to local time (LT), such that
LT sampling over a single month of SABER observations is not uniform in time, which can introduce spurious
trends. The problem can be obviated by averaging the data over complete yaw cycles, since all LT are sampled
during each yaw cycle. The duration of a SABER yaw cycle is 60 days, so uniform LT sampling can be ensured
by averaging SABER data over 2 months (see Rezac et al., 2018, their Figure 1 and related discussion).

Our merging methodology is similar to previous merging procedures (Froidevaux et al., 2015; Randel &
Park, 2019). For each data set, we calculate the deseasonalized water vapor anomalies averaged over 5° latitudi-
nal bands between 30°N and 30°S for each pressure level from 100 hPa to 0.01 hPa, and then merge the data on
each pressure level. Due to the sparseness of HALOE sampling, the calculation is done on zonal mean values. We
show the calculation at several vertical levels in Figure 1 as an example. We first merge SABER and MLS water
vapor anomalies, and then combine the merged SABER and MLS data with the HALOE water vapor anomalies.

When we merge SABER and MLS data during the overlap period between SABER and MLS (2005.01-2020.12),
we use the mean value of the water vapor anomaly as the merged result (green solid line in Figure 1). During the
early part of the SABER era (2003.01-2004.12), the merged result (green solid line) is the SABER water vapor
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Figure 1. Time series of 30°N-30°S mean deseasonalized water vapor mixing ratio at (a) 0.01 hPa, (b) 0.1 hPa, (c) 1 hPa, (d) 10 hPa, and (e) 100 hPa, observed by
Microwave Limb Sounder (MLS) (blue solid line), Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) (orange solid line), and Halogen
Occultation Experiment (HALOE) (red solid line), and in the merged MLS + SABER data (green solid line), and the merged MLS + SABER + HALOE data (black
line). Dashed lines are the average value of each data set during the overlap period (i.e., 2005.01-2020.12 when merging SABER and MLS data, and 2003.01-2005.11

for HALOE and merged SABER + MLS).

anomalies minus the difference between the mean SABER water vapor anomalies (orange dashed line) and the
mean merged result (green dashed line), both averaged during the overlap period.

Next, we merge in HALOE data. During the overlap period between SABER and HALOE (2003.01-2005.11),
the merged value of the water vapor anomaly is the weighted mean of 1/3 of the HALOE anomalies plus 2/3
of the merged SABER and MLS anomalies (black solid line). Thus, every data source is given the same weight
when merging. During the rest of the HALOE era (1993.01-2002.12), the merged result is the HALOE water
vapor anomalies minus the difference between mean HALOE water vapor anomalies (red dashed line) and mean
merged result (black dashed line in Figure 1), both averaged during the overlap period.

Below 14 hPa (see Figure le as an example), where the systematic error of the SABER water vapor is large, we
only merge MLS and HALOE data. During the overlap period between MLS and HALOE (2005.01-2005.11),
the merged value of water vapor anomaly is the weighted mean of half of the HALOE anomalies plus half of the
MLS anomalies (black solid line). During the rest of the HALOE era (1993.01-2004.12), the merged result is
the HALOE water vapor anomalies minus the difference between the mean HALOE water vapor anomalies (red
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dashed line) and the mean merged result (black dashed line in Figure 1), both averaged during the overlap period.
During the rest of the MLS era (2005.12-2020.12), the merged result is the MLS water vapor anomalies minus
the difference between mean MLS water vapor anomalies (blue dashed line) and mean merged result (black
dashed line), both averaged during the overlap period.

An comparison between our merged data and two other merged satellite datasets, Stratospheric Water and OzOne
Satellite Homogenized (SWOOSH) (S. Davis et al., 2016) and Global OZone Chemistry And Related trace gas
Data records for the Stratosphere (GOZCARDS) (Froidevaux et al., 2015), shown in Figure S1, reveals good
agreement among these datasets, with the exception of SWOOSH at 1 hPa after about 2003. The reason for this
difference is not known.

2.3. SD-WACCM

CEMS2 (WACCMO6) is the whole atmosphere component of the Community Earth System Model, v2 (CESM2),
with fully coupled chemistry (see Gettelman et al., 2019, for a full description). It covers the range of altitude
from the Earth's surface to the lower thermosphere ("140 km). In this paper, we use a specified dynamics (SD)
version of WACCM6, where the temperature, horizontal winds, and vertical velocity below 50 km are nudged
to MERRA?2 (Molod et al., 2015) reanalysis data. The horizontal resolution is 0.95° latitude X 1.25° longitude,
and the model uses a finite volume dynamical core (Lin, 2004). There are 88 vertical levels in SD-WACCM
nudged by MERRA?2, with 72 MERRA2-levels from the surface to the lower mesosphere and 16 free-running
levels above (N. Davis et al., 2020). We emphasize that in the SD-WACCM simulation water vapor is calculated
explicitly in the model, not nudged from MERRA2.

Our study is based on SD-WACCM because the specified dynamics run follows the temperature field and circula-
tion in MERRA?2, which is important for comparing the model to observations. Previous studies have shown that
an earlier, free-running version of WACCM, CESM1(WACCM4) (Marsh et al., 2013), produces too small a trend
of water vapor in the past 2 decades compared to observations, but the specified dynamics version of that model
shows better agreement (Froidevaux et al., 2019; Yue et al., 2019). We first validate the SD-WACCM6 water
vapor trend with our merged satellite data, and then analyze the water vapor variation in SD-WACCM6 model
output. Our SD-WACCM run covers the period 1975-2019. MERRA?2 data is available from 1980. To allow the
age-of air tracer and longer-lived chemical species in the model to reach equilibrium, the SD-WACCM run starts
from 1975 and nudges 1975-1979 fields with 1980-1984 MERRA?2 data. We analyze the monthly mean model
output from 1980 to 2019.

2.4. Validation of SD-WACCM6 Water Vapor Trend With Satellite Data

Our calculation of the water vapor trend follows a multi-variate linear regression (MLR) strategy similar to that
used by Yue et al. (2015); Yue et al. (2019). The regression model is given by:

H>Ofii =a-0BO1+b-QBO2+c-ENSO+d - F10.7 (1)

The contributions of the QBO, ENSO, and the 11-year solar cycle to temperature variability are estimated by
MLR, Equation 1, and the trend is then calculated from simple linear regression of the “filtered” time series:

H>Oviiterea = H2O — HyOpjy = A-t+r 2)

where A is the trend. In Equation 1, we use the NINO3.4 index as an indicator of the ENSO signal (https:/www.
ncdc.noaa.gov/teleconnections/enso/indicators/sst/); the 30 hPa and 50 hPa equatorial zonal-mean zonal wind as
two independent indicators of the QBO (https://psl.noaa.gov/data/correlation/qbo.data); and the 10.7 cm radio
flux as an indicator of the solar cycle (https://lasp.colorado.edu/lisird/data/noaa_radio_flux/). We also calculate
the 2-sigma uncertainty range of the trend, with auto-correlation considered (Tiao et al., 1990).

An improvement to Yue et al.'s approach is that, when we regress on ENSO, we use the NINO3.4 index time
series lagged by 5 months, since this lag time has the largest correlation with water vapor entering the middle
atmosphere (Calvo et al., 2010; Garcia et al., 2007). When regressing on ENSO at higher altitudes, we lag the
ENSO index by 5 months plus the age of air (AOA) difference between the tropical tropopause and each pres-
sure level. The AOA is calculated using a synthetic, inert, linearly increasing AOA tracer in SD-WACCM.
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Figure 2. (a) Vertical profile of the mean water vapor mixing ratio trend averaged over 30°N-30°S for the period 1993-2020 in the merged satellite data. The dark
shading denotes the 2-sigma uncertainty range. (b) The time series of 15-year sliding trends of 30°N-30°S mean water vapor from 100 hPa to 0.01 hPa, calculated using
model output from 1980 to 2019 (the first 15-year trend is over 1993-2007 and centered on 2000) in our merged data. Dark gray dots denote where the trend exceeds
the 2-sigma uncertainty range. (c and d) Same as in (a and b) but calculated from specified-dynamics version of the Whole Atmosphere Community Climate Model
(SD-WACCM) output.

The trend of middle atmospheric water vapor is close to zero over 1993-2020, in both satellite observations and
SD-WACCM (Figures 2a and 2c¢). In the stratosphere, both the satellite data and SD-WACCM show no significant
trend of water vapor. In the mesosphere, the merged satellite data shows a small but significant trend, which is
not reproduced in SD-WACCM. We do not see the positive trend observed in the Boulder frost point hygrom-
eter (Hurst et al., 2011; Lossow et al., 2018). Although our analysis is mainly focused on the tropics (and thus
not directly comparable to the Boulder hygrometer observations), previous studies that extend their analyses to
northern hemisphere mid-latitudes also see this difference; the difference has been attributed mainly to the fact
that the FPH observes a lower water vapor content than the satellite before 2000 (S. Davis et al., 2016; Hegglin
et al., 2014). It has been pointed out by Hurst et al. (2016) that the discrepancy between the FPH and MLS could
be a result of the slow drifting problem of MLS (Livesey et al., 2021). However, as we show in Figure 1, the
variation of MLS v5.0 water vapor, where the slow drifting problem is partially resolved (Livesey et al., 2020),
is consistent with that in SABER, and SABER water vapor does not have a slow drifting problem. Thus, our
conclusion that there is no trend of water vapor in the past three decades is reasonable.

To further validate the SD-WACCM model output with the satellite observations, we show the 15-year sliding
window trend of water vapor from 1993 to 2019 (2020 for the merged satellite data) in Figures 2b and 2d. We
calculate the sliding window trends from the H,O time series obtained after removing contributions from ENSO,
QBO, and the solar cycle over 1993-2019, per Equations 1 and 2. This obviates inaccuracies that might arise
when attempting to remove the 11-year solar signal from the relatively short 15-year segments used to calcu-
late sliding trends. Overall, the SD-WACCM middle atmospheric variation shows good agreement with satellite
observations. One evident area of agreement is that both the model and observations show a negative trend pattern
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before 2005 (the sliding window over 1998-2012), and a positive trend pattern thereafter; the SD-WACCM trend
is larger over both the negative and positive trend eras by ~0.05 ppmv/decade; the overestimate of the observed
trend by SD-WACCM is most pronounced in the mesosphere. Despite this difference, the overall consistency
between satellite data and SD-WACCM lends confidence to the analysis of the water vapor trend based upon the
model. In the following sections, our analyses are all based on SD-WACCM.

3. Drivers of Upper Stratospheric and Mesospheric Changes in SD-WACCM

The sources of water vapor in the middle atmosphere are direct entry from the troposphere at the tropical tropo-
pause, and methane oxidation in the upper stratosphere and the mesosphere. The main sink is the photodissoci-
ation at wavelengths near Lyman-alpha in the mesosphere. As explained in Section 2.4, when we calculate the
trend, we regress out the influence of solar activity, which strongly modulates the sink of water vapor above the
upper mesosphere. Thus, the trend we estimate is only related to the variation of water vapor sources. Further-
more, in this paper we only analyze the changes of the sources of water vapor up to 0.1 hPa, avoiding most of the
altitude range where photolytic loss is important.

In the upper stratosphere and mesosphere, we separate water vapor into water vapor from methane oxidation

(H,04,mc1s) and water vapor from direct entry into the stratosphere (H,O,,.) and quantify their respective

entr;
contributions to the total water vapor trend. The accurate determination of HZOmecm, or how much methane is
oxidized into water vapor, depends on several factors, such as how much methane enters the stratosphere, and the
residual circulation that transports methane through the middle atmosphere. Figure 3a shows the time series of
sentry) Calculated in SD-WACCM and averaged over 10°S—10°N at 85 hPa.

We note that the lower boundary condition on methane in SD-WACCM is based on observations, as described by

methane entering the stratosphere (CH

Meinshausen et al. (2017) and that the time series at the tropical tropopause follows closely the boundary condi-

tion, since methane is well mixed throughout the troposphere. CH shows an overall increasing trend from

4entry
~1.5 ppmv to ~1.9 ppmv from 1980 to 2019, an increase of 27%. The increasing trend is rapid over 1980-1994
(0.09 ppmv per decade), becomes considerably slower over 1995-2012 (0.04 ppmv per decade), and is rapid

again after 2013 (0.13 ppmv per decade).

The mean AOA reflects the strength of the residual circulation (Hall & Plumb, 1994). Our calculation of the
AOA is based on the AOA tracer in SD-WACCM. This tracer is inert and increases linearly with time. We use the
85 hPa 10°S-10°N mean AOA tracer mixing ratio as a reference value, and use the time lag technique to calculate
the AOA (Garcia et al., 2007). The AOA calculation in SD-WACCM is largely dependent on the MERRA?2 wind
field it nudges to. Previous studies have compared the AOA derived from several reanalysis data and concluded
that the mean age of MERRAZ2 is similar to that from ERAS, and is longer than from ERA-interim and JRA-55
(Ploeger et al., 2019, 2021).

The overall AOA decreases over the past four decades. Take 10 hPa as an example (Figure 3b): at that level,
AOA decreases from about 3.5 to 3.0 years over 1980-2019, with fluctuations to values as low as 2.6 years, such
that the time-mean age on 10 hPa is ~3 years. The AOA changes are not uniform: AOA decreases by 0.11 years
per decade from 1980 to June 2002, and then increases by 0.12 years per decade from July 2002 through 2019.
The variability of the AOA is an indicator of the changes of the Brewer-Dobson circulation. More details on the
Brewer-Dobson circulation and possible causes for its variability will be discussed in Section 5.

With the foregoing in mind, we calculate water vapor derived from methane oxidation, H,Oy, . ., based on the
assumption:

H>0fromcn4(t, 2,0) = 2 X CHuoxidizea(t, 2,0) = 2 X (CHy (%0, 2o, 60) — CHu(t, 2, 0)) 3)

where 6 is latitude and z is log-pressure altitude; 6, and z,, denote the reference position at the tropical tropopause,
that is, 10°N-10°S and 100 hPa; and t0O is the time when an air parcel is on the reference position. The mean
AOA 7 =1 — t, is the difference between the time, ¢, when a certain mixing ratio of the AOA tracer is found at
a particular point (z, 6) in the meridional plane, and the (earlier) time when the same mixing ratio occurred at
the reference point (z,, 6;)). Similar methods can be found in Austin et al. (2007) and Oman et al. (2008). Some
previous studies conclude that molecular hydrogen also plays a role in middle atmospheric water vapor budget,
especially in upper stratosphere (le Texier et al., 1988; Wrotny et al., 2010). However, in SD-WACCM model, the
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series of H,O (blue line), H,Oy,,cyy (orange line), and H,O,,,,,, (green line) at 1 hPa, averaged over 10°N-10°S.

variation of H, with altitude in the stratosphere is less than 0.1 ppmv and its role in the decadal variation is even
smaller, so we neglect this process.

entry

We calculate H,0,,,, as follows: in the stratosphere and lower mesosphere, H,O,., equals SD-WACCM water
vapor mixing ratio minus H,O, ... calculated from Equation 3. However, in the middle and upper meso-
sphere, above about 0.3 hPa (~57 km), water vapor and methane begin to be photodissociated (Brasseur &
Solomon, 1984), such that the sum of total molecular hydrogen, H,O + 2CH,, is no longer constant. Therefore,
the simple subtraction of (3) from the total water vapor is no longer appropriate for estimating how much water
vapor is due to H)O,,,.. Instead, above 0.3 hPa we limit the proportions of H,Oy oy and H)O,,, relative to total
water vapor to their values at 0.3 hPa; we also reduce H,0,,,, and H,Oy,, ey above 0.3 hPa in proportion to the
reduction of total water vapor above that pressure level, such that the sum H,0,,,, + H,Oj; ey remains equal to
total water vapor everywhere. We have compared H,O,,, from the time series of water vapor mixing ratio at the
entry point extended to higher altitudes by taking into account the time required to reach those altitudes (i.e., the
AOA), and find that the difference between the two values, anywhere between 100 hPa and 0.01 hPa, is at most

0.37 ppmv and, on average, 0.17 ppmv.

While our partitioning of total water into H,0,,,, and H,Oy oy, cannot account for methane oxidation above
0.3 hPa, this does not introduce much error because the amount of unoxidized methane in the upper mesosphere
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Figure 4. (a) The 1980-2019, 30°N-30°S mean water vapor mixing ratio in specified-dynamics version of the Whole Atmosphere Community Climate Model (blue

line), and the partitioning into H,Oy, . . (orange line) and H,O

(green line). (b) Same as in (a), but for the trend (ppmv per decade). (¢) Same as in (a), but for the

entry

relative trend (% per decade). The shading denotes the 2-sigma uncertainty range.

is small, about 10%—15% of its value at the tropopause. In addition, at these altitudes, photodissociation instead
of oxidation becomes the dominant loss process for methane, such that loss of methane does not imply produc-
tion of water vapor. Thus, above 0.3 hPa, any additional contribution to water vapor from methane is small and
negligible. Note also that our approximation does not introduce much error for the purpose of computing trends.
The water vapor variability due to photodissociation is mainly influenced by changing solar activity associated
with the 11-year solar cycle, which we filtered out using multi-variate regression before calculating the trend.
Thus, most of the contribution of photodissociation to water vapor trends above 0.3 hPa is removed in this study.

We focus on the stratopause (1 hPa) as an example of how partitioning total water vapor into H,O,,, and HyOy, . oy
works. The water vapor mixing ratio on this level is ~6.8 ppmv (see Figure 3c). H,Oy, cy 1S ~2.6 ppmv and
accounts for 38.2% of the water vapor at the stratopause, while H,0,,,, is ~4.2 ppmv and accounts for 61.8%
of the water vapor at the stratopause. In terms of the vertical profile (Figure 4a), H,O; ., increases from O to
2.9 ppmv between the tropical tropopause and the middle mesosphere, and the pressure levels where H,Oy, . na
increases most rapidly with altitude are between 10 hPa and 1 hPa (Figure 4a). H,0,,,, shows a constant value
of 4 ppmv in both stratosphere and mesosphere below 0.3 hPa, before photodissociation becomes important.
These values agree with previous observations and model simulations (e.g., Rosenlof, 2002). Thus, separating

H,Oy, ncns and H,O_ - based on the AOA is feasible.

entry

Over 1980-2019, water vapor in SD-WACCM has almost no trend in the lower and middle stratosphere but
has a positive trend of up to 0.07 ppmv per decade above the middle stratosphere, where methane oxidation is
rapid (Figure 4b). Due to the increase of methane oxidation with altitude, the trend of H,O; -y, increases to
0.09 ppmv per decade around the middle stratosphere, and to 0.13 ppmv per decade in the upper stratosphere
and mesosphere. On the other hand, H,0,,,, shows a negative trend of —0.05 ppmv per decade throughout most
of the altitude range, except near 100 hPa, where the trend is actually positive. This discrepancy is due to the lag
between the time air parcels enter the stratosphere at 100 hPa and the time they reach higher levels. For example,
it takes 3 years for air to travel from the entry point to 10 hPa (Figure 3a), so the trend of H,0,,, on 10 hPa is
the trend of the entry values a few years earlier, 1977-2016 instead of 1980-2019. At levels above 50 hPa, the
negative trend of H,0,,,, is offset by the positive water vapor trend from methane oxidation, H,O,,cpyy; thus, the
total water vapor increase is negligible over 1980-2020 through the middle stratosphere and small but positive in
the upper stratosphere and mesosphere.

To understand the reasons for the variation of water vapor trend on decadal scales, we show 15-year sliding
trends of H,0, H,Oy,,cpg> and H,yO,,,, in Figure 5. These plots are similar to those shown in Figure 2, but in this
case cover the entire period of the SD-WACCM simulation and, in addition, they show the behavior partitioned
according to the water vapor source. SD-WACCM correctly reproduces the three different eras of water vapor

YUET AL.

9of 18



AP~ .
M\\JI Journal of Geophysical Research: Atmospheres 10.1029/2022JD0367 14
AND SPACE SCIENCE
= a trend of H,O
Q‘? 0.01 ( Z) . . . . . . . . . = . . . . . 80 g
= i S
2 1 | } | i t | i . 48 3
H >
g | | | i 5
g 100 — . . L . 16 <
o 1987 1992 1997 2002 2007 2012
(1980-1994)  (1985-1999)  (1990-2004)  (1995-2009)  (2000-2014)  (2005-2019) I045 =
©
o b trend of H,O_fromCH,4 | ©
& 0.01 ( .) : G — — 80z [[%30 ©
< A A A R T A sy Lo i s}
o N I A O Foi = 1t015 3
S 1 | P i1 r483 £
a I H s H i . X 3 L 0.00 a
a | [ T T T I | | S 2
g 100 . . ; s . 16 < 5
o 1987 1992 1997 2002 2007 2012 r—0.15 £
(1980-1994)  (1985-1999)  (1990-2004)  (1995-2009)  (2000-2014)  (2005-2019) o
- -0.30
o (c) trend of H,O_entry 2
o 0.01 ——————— ——————780F || -045T
2 14 | i bl - 48
3 =1
un | 2
: . " :
Q 100 - i . : ! 16 <
o 1987 1992 1997 2002 2007 2012

(1980-1994)

(1985-1999)

(1990-2004)  (1995-2009) (2000-2014) (2005-2019)
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trend (a) then is divided into (b and c¢), where (b) is the trend of H,O,, ., and (c) is the trend of H,0O

entry- S€€ text for details.

trend as observed with the merged data after 1993 (cf. Figure 2), and previous other studies: water vapor increases
by up to 0.30 ppmv per decade over 1980-1998, decreases by up to 0.37 ppmv per decade over 1998-2003, and
then increases by up to 0.33 ppmv per decade after 2003.

Methane oxidation and water vapor entering the middle atmosphere from the troposphere play different roles over
these three eras. Before ~1995, the positive trend of water vapor is mainly driven by the increase of H,Oy 4
(Figure 5b), and the trend of HQOemry is insignificant (Figure 5¢). After 1995, the increase of H,Oy, s becomes
slower, and both the large drop of middle atmospheric water vapor over 1998-2003 and the increase after 2003,
are mainly driven by the changes of H,0O

entry”

As mentioned earlier in this section, the methane emission rate also could be divided into three eras: rapid
(1980-1994) — slow (1995-2012) — rapid (after 2013). H,Oy, s does not recover to a high positive trend
immediately after 2013, since it takes several years for methane to be transported to the upper stratosphere and
mesosphere and our record ends in 2019. We would expect that, in later years, methane oxidation will again
become a significant driver to a future increase of water vapor content in the upper stratosphere and mesosphere.

4. Trends in the Lower Stratosphere: The Role of Cold Point Temperature in H,O

entry

As shown above, H,0,,,, explains most of the changes of the middle atmospheric water vapor after 1995, includ-
ing the large drop over 1998-2003 and then the increase after 2003. In this section, we focus on the tropical lower
stratosphere, and quantify the changes of H,0,,,,. The cold point temperature (7,) plays the most important
role in determining HZOCmry (e.g., Fueglistaler & Haynes, 2005; Mote et al., 1996; Randel et al., 2004), and deep
convection and the overshooting events that penetrate the tropopause may determine the rest. In this section, our
strategy is to separate the part of water vapor variation that could be explained by the cold point temperature
(H,O4ep)> and check (a) whether the residual (H,0,q,,) contributes to the decadal variation of the water vapor,
and (b) how H,0O,, .. is connected with deep convection.

residual
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At the tropical tropopause, the regions with strong upwelling always have extremely low temperatures, and the
low temperatures reduce the saturation mixing ratio and constrain the water vapor content entering the strato-
sphere. The regions with downwelling have higher temperatures but do not influence the water vapor entering the
stratosphere. Thus, when calculating T, we average the temperature over 25°N-25°S using only the grid points
where the vertical velocity in pressure coordinates is negative, that is, where the air ascends.

The cold point tropopause is located at 100 hPa during boreal summer and at 85 hPa during boreal winter (Oman
et al., 2008). We consider the variation of the tropopause height by using a cubic spline interpolation method for
the cold point tropopause between 118 hPa and 72 hPa and then picking up the minimum value on a grid with
1 hPa resolution. To account for different lag times for air parcels to travel from the cold point tropopause during
different months, we use a similar method as in Randel and Park (2019). For water vapor data at each latitude,
level, and month (Jan to Dec), we lag the time series of cold point temperature by 0—11 months with respect to
the time series of water vapor and pick the lag month that maximizes the lagged correlation coefficient between
water vapor and cold point temperature. For example, during May each year, the water vapor time series at 85 hPa
and 5°N has the maximum correlation with the time series of T, during April, so we use this as the predictor
Tp Then, for each latitude and level, we put together the corresponding T, for all months, and regress on it the
corresponding water vapor time series. Finally, we generate a 3-D (month-level-latitude) matrix of H,0,,,, and
a 3-D matrix of H,0

residual*

The HZOlemp we reconstruct has a is similar to the result of Randel and Park (2019); the correlation coefficient
with is H,O,,,,, on 85 hPa, averaged over 30°N-30°S (Figure 6a), is as high as 0.874. Not surprisingly, both the

large negative trend of H,O, .. over 1998-2003 and the positive trend after 2004 are explained by changes in the

entry
cold point temperature (Figures 6¢ and 6d).

Since most of the variation of H,0O,,., can be explained by the cold point temperature, H,O has a relatively

entry residual

small value (Figure 6b), and insignificant trend. We are also interested in how much deep convection might

explain the variation of H,0 In the model's parameterization of deep convection, the highest level that the

residual*
convective mass flux reaches is 139 hPa, which is below the cold point tropopause. Although there is no direct

transport of water vapor from deep convection, the latter could still influence H,O,,., by, for example, upper trop-

entry
ospheric mixing. We find that, at least in this version of SD-WACCM, there is no evidence that deep convection

matters, since the value of the H,0 , and its trend are both relatively small, and they are not significantly

residua
correlated with deep convection (Figure 6b). The H,O,, .., could be influence by other factors, such as horizontal
mixing (Ploeger et al., 2013; Ray et al., 2010),but we do not investigate this possibility in the specified dynamics

simulations used here.

Although the convective parameterization in SD-WACCM may preclude a role for deep convection in the trend
of middle atmospheric water vapor because it does not allow for overshooting events, model water vapor shows
good agreement with observations. In other words, in the model, deep convection is not a key factor for the trend
of water vapor in the past four decades. Dessler et al. (2016) argue that the deep convection may explain 0.2-0.5
ppmv of the increase of water vapor in the 21st century. Our result, which focuses mainly on the past, does not
refute the possibility of future importance.

5. Discussion

In previous sections, we concluded that rapidly increasing anthropogenic methane emissions explain most of the
increase of water vapor in the middle atmosphere before 1995. We also showed that the changes of the cold point
temperature explain most of the variations of middle atmospheric water vapor after 1995 and we provide a thor-
ough discussion on quantifying the role of methane and cold point temperature in the decadal-scale variability,
and focus on the impact of each contribution. Our conclusions are consistent with previous studies; for example,
Hurst et al. (2011) also points out the importance of methane oxidation, and Randel and Park (2019) also empha-
size the importance of the cold point temperature.

In this section, we put our study into the larger context of climate change, discuss what might have influenced the
cold point temperature in the past four decades, and attempt to connect it with anthropogenic activities.

We examined the relationship between the cold point temperature, T, and the transformed Eulerian mean (TEM)
vertical velocity w* as follows: After deseasonalizing both time series, we used multi-variate linear regression

YUET AL.

11 of 18



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD036714

Pressure (hPa)

Pressure (hPa)

H20 anomaly (ppmv)
o

—
Q
-

85 hPa 30°N-30°S H;0, r=0.874

=
1

|
[ast
1

A....A. [P
—— H,;0_entry

—— H,0_temp

1980

1985 1990 1995 2000 2005 2010 2015 2020

30°N-30°S
85 hPa H,0 residual

(1980-1994)

(d)

z(b) and 163 hPa convective mass flux E
s -
2 14 — H,0_residual —— convective mass flux [} 0.2 ﬁé‘
© =S
s 9 00 S E
$ 11 - 5e
o' 2=
T T T T T T T T T c

£ 1980 1985 1990 1995 2000 2005 2010 2015 2020 S

(c) H,O_entry , 85 hPa sliding window trend

_0.5 T T T T

1987 1992 1997 2002 2007 2012

(1985-1999) (1990-2004) (1995-2009) (2000-2014) (2005-2019)

H,O temp, 85 hPa sliding window trend

0.5
0.0 -
_0-5 T T T T
1987 1992 1997 2002 2007 2012
(1980-1994) (1985-1999) (1990-2004) (1995-2009) (2000-2014) (2005-2019)

Figure 6. (a) Time series of deseasonalized H,0,,, (gray line) and H,0,,,, (red) at 85 hPa, averaged over 30°N—30°S; the correlation coefficient is 0.874. (b) Time
series of deseasonalized H,O, .. at 85 hPa, averaged over 30°N—30°S (blue), and time series of the deseasonalized convective mass flux at 163 hPa, averaged over
30°N=30°S. (c) The time series of 15-year sliding trend of mean H,0,,, at 85 hPa, 30°N-30°S, calculated from 1980 to 2019. Gray shading denotes the 2-sigma
uncertainty range. (d) Same as in (c), but for the trend of H,O, See text for details.

temp*®

to remove the signals of the QBO, ENSO, and volcanic eruptions to avoid any correlation caused by the fact
that both time series could be influenced by these factors. We then regressed T, on w* and found a correlation
coefficient of —0.59 (Figure 7). This result suggests that w* influences the variation of the cold point temperature
on both monthly and decadal scales; it shows a decreasing trend before 2003 and an increasing trend thereafter,
consistent with the decadal variation of the cold point temperature.

A causal relationship between the Brewer-Dobson circulation and the cold point temperature could be supported
by the simplified TEM thermodynamic equation (Andrews et al., 1987):
dT
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Figure 7. The time series of the tropical mean cold point temperature anomaly in specified-dynamics version of the Whole Atmosphere Community Climate Model
(black line) and 85 hPa tropical mean w* (transformed Eulerian mean residual circulation vertical velocity, red line); in both cases, the signal of El Nifio-Southern
Oscillation, quasi-biennial oscillation, and volcanic eruptions is removed.

where horizontal mean advection, eddy flux divergences and diffusion have been neglected. In Equation 4, w*
is the TEM residual circulation vertical velocity, S is the static stability, and Q__ is the net heating rate (long-
wave + shortwave heating rate). The largest contribution to d7/dt is the seasonal cycle, which has been removed in
our analysis. Taking this into account and expressing Q

net

as radiative relaxation, Equation 4 can be rewritten as:

net
w*S = —aT )

where a is an inverse radiative time scale. Thus, we conclude that, an increase of w*, that is, an acceleration of the
Brewer-Dobson circulation can lead to a decrease of the cold point temperature, and vice-versa.

One possible explanation for the variation of the Brewer-Dobson circulation is anthropogenic activity, espe-
cially ozone depletion and recovery. Many studies have noted the impact of anthropogenic activity on the
Brewer-Dobson circulation and the cold point temperature. Greenhouse gases can influence the Brewer-Dobson
circulation either by changing the sea surface temperature or by directly changing the radiative budget, and
a monotonically increasing trend in greenhouse gases leads to an acceleration of the Brewer-Dobson circula-
tion (Garcia & Randel, 2008; Li et al., 2018; Maycock et al., 2013; Morgenstern et al., 2018; Oberldnder-Hayn
et al., 2015; Oman et al., 2008). An interesting factor is the depletion and recovery of ozone, which is not mono-
tonic. After ozone depleting substances reached their peak abundances at about 2000, they began to decrease
because of the success of the Montreal protocol (Newman et al., 2007), and the ozone hole over Antarctica began
to recover (Solomon et al., 2016). Ozone depletion alone can cause acceleration of the Brewer-Dobson circula-
tion, and its recovery can cause deceleration of the Brewer-Dobson circulation (Fu et al., 2019; Li et al., 2018;
Polvani et al., 2018, 2019).

One should note that, although plausible, the causal relationship between ozone depletion/recovery and the vari-
ation of the Brewer-Dobson circulation is not statistically significant in our study. On the one hand, changes of
ozone influence w* most strongly in the Southern Hemisphere (Fu et al., 2019; Polvani et al., 2018), while our
study mainly focuses on the Tropics. On the other hand, Polvani et al. (2018); Polvani et al. (2019) concluded
that the tropical Brewer-Dobson circulation will still accelerate over the 21st century due to the influence of
both ozone recovery and greenhouse gas emissions, but the acceleration is much slower than during the period
of ozone loss, 1960-2000. Note that the Polvani et al. (2018) conclusion about the acceleration of the circulation
in the 21st century is based on the trend calculated over 80 years; in our study, where we only have a two-decade
record in the 21st century, we see a slight deceleration of the Brewer-Dobson circulation (Figures 3b and 7).
Whether this is because our record is not long enough or there are other explanations for the variation of the
Brewer-Dobson circulation is not clear.

Overall, we find that the variation of the Brewer-Dobson circulation influences substantially the variation of the
cold point temperature, and thus H,O on both monthly and decadal time scales. Our results also suggest that

entry®
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the variation of the Brewer-Dobson may be influenced by anthropogenic activity, such as greenhouse gas emis-
sion and ozone depletion and recovery.

6. Conclusions

According to Yue et al. (2019), the zonal and meridional averaged water vapor in the middle atmosphere over
55°N-55°S, as observed by both SABER and MLS, has increased 2%-5% per decade since the early 2000s. This
is consistent with our findings using a merged HALOE-MLS-SABER data set and a simulation carried out with
SD-WACCM in the tropics (Figure 5). On the other hand, water vapor in the stratosphere shows no significant
trend over a longer period (the past three decades in either the merged satellite data or SD-WACCM, or the past
four decades in the SD-WACCM simulation). The significant increasing trend over 1980-2020 observed by the
FPH over Boulder is not reproduced. The FPH trend could be due to local variations not captured in satellite
observations and global models. The merged satellite data indicate a 1%—2% per decade increase of mesospheric
water vapor over 1993-2020, which is, however, not simulated by SD-WACCM. Except for this discrepancy,
SD-WACCM simulates water vapor trends that agree closely with the observations, which suggests that the
model can be used to analyze the processes that control water vapor trends.

In this paper, we separated SD-WACCM water vapor in the middle atmosphere into different sources, calcu-
lating their contribution to the overall trend, and analyzing how the contributions change over time based on
SD-WACCM. In the upper stratosphere, we conclude that changes in water vapor derived from methane oxidation
explain most of the increase of water vapor before 1995, and that changes in water vapor entering the stratosphere
from the troposphere mainly explain the large drop between 1998 and 2003 and then the increase of water vapor
after 2003.

In the lower stratosphere, we reconstructed water vapor based on the cold point temperature and considered the
seasonal variability of the cold point tropopause. The water vapor reconstruction indicates that changes in cold
point temperature explain most of the variation of water vapor entering the stratosphere. We then compared the
residual water vapor (actual minus reconstructed) with deep convective mass flux in SD-WACCM, and found
that the latter plays an insignificant role in past changes of water vapor in the middle atmosphere, at least in this
model.

Changes of water vapor in the middle atmosphere are strongly connected with anthropogenic activities. Rapidly
increasing anthropogenic methane emissions contribute to an increase of water vapor in the middle atmosphere,
especially before 1995. Ozone depletion before 2000, and recovery after 2000, may in turn accelerate and decel-
erate the Brewer-Dobson circulation, which then leads to a decrease and then an increase in the cold point temper-
ature and hence in water vapor.

The rate of emission of methane increases again after 2013, indicating that the contribution from methane oxida-
tion to water vapor will increase in the future. Ozone will keep recovering until 2080 according to projections by
multiple models (e.g., Polvani et al., 2019). The recovery of ozone may influence the Brewer-Dobson circulation,
offsetting part of the acceleration due to increases in greenhouse gases such as CO, over the period studied here.
Together with future changes in the emission of methane, how these anthropogenic processes will combine and
influence the future water vapor trend is unclear. The analysis presented in this paper will help quantify the
contribution from methane, ozone, and greenhouse gases such as CO, to the future budget and trends of middle
atmospheric water vapor.

Data Availability Statement

e [Dataset] SABER v2.07 water vapor data are available from http://saber.gats-inc.com/data.php (see Russell
et al., 1999)

e [Dataset] MLS v5.0 water vapor data are available from https://disc.gsfc.nasa.gov/datasets/ML2H20_005/
summary (see Waters et al., 2006)

e [Dataset] HALOE water vapor data are available from http://haloe.gats-inc.com/download/index.php (see
Russell et al., 1993)
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