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Abstract The Stratospheric Aerosol and Gas Experiment IIT instrument on the International Space
Station (SAGE III/ISS) has been making high quality solar occultation measurements of stratospheric
water vapor since June 2017. Here we evaluate the large-scale geophysical variability of the SAGE III/ISS
water vapor measurements for the first 3 years of observations (2017-2020) as part of data validation for
retrieval version 5.1 (v5.1). Detailed comparisons of SAGE III/ISS v5.1 with the Aura Microwave Limb
Sounder (MLS) version 5 retrievals show overall excellent agreement in terms of seasonal mean structure
and large-scale variability. SAGE III/ISS data capture the well-known seasonal variations in water vapor
including the vertically propagating “tape recorder” in the tropics and lower stratospheric maxima linked
to the NH summer monsoons. The high vertical resolution (~2 km) measurements from SAGE III/ISS
demonstrate contributions of the monsoons to the wet phase of “tape recorder” during the Northern
Hemisphere (NH) summer. Interannual variations over the short data record are also consistent between
SAGE III/ISS and MLS in the stratosphere between 16 and 30 km. We furthermore evaluate large-scale
variations in relative humidity (RH) derived from the high vertical resolution SAGE III/ISS water vapor
measurements, highlighting the detailed seasonal behavior and links to thermal structure near the tropical
tropopause. Spatial distributions of RH at the cold point tropopause (CPT) show a close link between high
RH and the minimum CPT temperature in both the NH winter and summer, consistent with temperature
control of water vapor near the tropopause.

1. Introduction

Stratospheric water vapor is important for radiative and chemical influences on the climate system (e.g.,
Anderson et al., 2012; Forster & Shine, 2002) and continues to be a topic of interest for observations and
model simulations (e.g., Avery et al., 2017; Banerjee et al., 2019; Dessler et al., 2013; Jensen et al., 2020;
Schoeberl et al., 2019; Yue et al., 2019). Long-term observations of stratospheric water vapor are available
from balloon measurements (Hurst et al., 2016), together with near-global measurements from satellite
data. Satellite instruments with long-term satellite data records include measurements from the Strato-
spheric Aerosol and Gas Experiment II (SAGE II, 1984-2005; Damadeo et al., 2013; Thomason et al., 2004),
the Halogen Occultation Experiment (HALOE, 1991-2005; Russell et al., 1993), the SAGE III instrument
onboard the METEOR-3M satellite (SAGE II1I/M3M, 2002-2005; Thomason et al., 2010), the Aura Micro-
wave Limb Sounder (MLS, 2004-present; Livesey et al., 2020; Waters et al., 2006), and the Atmospheric
Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS, 2004-present; Bernath et al., 2005) on
board the SCISAT satellite (Boone et al., 2020). Long term observations of water vapor (H,O) in the strat-
osphere and mesosphere have also been provided by the Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER, 2002-present; Rong et al., 2019) instrument. Davis et al. (2016) discuss-
es data quality for the SAGE II, HALOE and MLS instruments, in addition to providing a homogenized,
merged data set. A comprehensive overview of stratospheric water vapor measurements from satellites is
presented in the second Stratosphere-troposphere Processes and their Role in Climate (SPARC) water vapor
assessment (WAVASII; Lossow et al., 2017).
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More recently, the Stratospheric Aerosol and Gas Experiment III on the International Space Station (SAGE
III/ISS; Cisewski et al., 2014) has been making near-global measurements of stratospheric water vapor since
June 2017. The objective of this study is to evaluate large-scale geophysical variability in SAGE III/SS H,O
data as one component of data validation. This study is a companion to Davis et al. (2021), which focuses on
detailed profile comparisons of SAGE III/ISS with correlative independent data sets and providing guidance
for filtering data. Our analysis involves evaluating large-scale seasonal and interannual variability in SAGE
III/ISS over 2017-2020, including detailed comparisons with MLS water vapor retrievals. The comparisons
with the MLS data are valuable because of the very different spatiotemporal sampling of SAGE III/ISS and
MLS. The solar occultation technique from SAGE III/ISS provides high vertical resolution measurements
with limited spatial sampling (~31 solar occultation measurements per day), while passive limb sounding
from MLS provides daily near-global observations (82°S-82°N) with lower vertical resolution. Note that the
sampling differences can have a substantial impact on the depiction of stratospheric dynamics and trends as
shown in Millan et al. (2016). Here, we focus on the large-scale seasonal and interannual variabilities with
qualitative analyses. Our analyses of SAGE III/ISS data are based on recommended aerosol/cloud filtering
parameters from Davis et al. (2021), but we also highlight sensitivity of these data to enhanced stratospheric
aerosol loadings from volcanic eruptions (Chouza et al., 2020; Kloss et al., 2021) and stratospheric pyro-cu-
mulonimbus (pyroCb) events (Fromm et al., 2010; Kablick et al., 2020; Khaykin et al., 2020). We also evalu-
ate climatological upper troposphere-lower stratosphere (UTLS) relative humidity (RH) variations derived
from SAGE III/ISS water vapor and co-located temperature and quantify their detailed relationships with
UTLS thermal structure. The overall goal is to assess SAGE III/ISS H,O data quality by evaluating large-
scale geophysical variability in light of well-known behavior in the stratosphere, allowing use of these data
to improve understanding of processes influencing stratospheric water vapor.

2. Data Description
2.1. SAGE III/ISS

The SAGE 111, the second instrument from the SAGE III project (Chu & Veiga, 1998), was launched to the
ISS on February 19, 2017 and began routine operations in June 2017. In a mid-inclination orbit of 51.6°,
SAGE II1/ISS (Cisewski et al., 2014; Lorelei et al., 1999) provides measurements of aerosol, ozone, water
vapor, and other trace gases between 70°S and 70°N latitude using the techniques of solar occultation, lunar
occultation, and limb scattering. Vertical profiles of water vapor are currently only produced from solar oc-
cultation data, which provide ~31 profiles per day. This study uses version 5.1 (v5.1) H,O profiles, provided
on a 0.5 km grid from 0.5-60.0 km, from June 2017 to May 2020. SAGE III/ISS water vapor retrieval is per-
formed on a 1 km grid and the results are interpolated to a 0.5 km grid. These profiles are smoothed with a
1-2-1 filter in altitude, giving a vertical resolution of the v5.1 water vapor of ~2 km (see Davis et al., 2021 for
details of the retrieval algorithm). Davis et al. (2021) also makes recommendations on filtering the data for
retrieval anomalies and cloud interference that are applied here. The data are provided in units of number
density on altitude and are converted to mixing ratio using the temperature and pressure profiles reported
in the SAGE III/ISS data files that originate from the Modern-Era Retrospective analysis for Research and
Applications, Version 2 (MERRA-2, Gelaro et al., 2017). Wang et al. (2020) discussed a small altitude regis-
tration error of ~100 m in the SAGE ITI/ISS v5.1 auxiliary temperature and pressure profiles reported in the
data file. The temperature and pressure profiles used for the relative humidity calculations in this study are
remapped after this altitude registration error is corrected. Note the SAGE III/ISS retrieval algorithm solves
for H,0O mixing ratio and then converts to number density using the meteorological profiles reported in the
file. This altitude registration error correction only applies to our relative humidity calculations and is not
used for converting from number density to mixing ratio.

2.2. Aura MLS

The Earth Observing System (EOS) Microwave Limb Sounder (MLS) on board the Aura satellite was
launched into a sun-synchronous near-circular polar orbit in July 2004 (Waters et al., 2006). The MLS in-
strument measures ~3,500 profiles per day between 82°S and 82°N latitude. We use the Level 2 (L2) MLS
H20 based on version 5 (v5.0) data (Lambert et al., 2020; Livesey et al., 2020). Note that this is a recent
update from the MLS version 4.2 (v4.2) data used in Davis et al. (2021). Hurst et al. (2016) have shown that
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Figure 1. (a) Scatter plots of co-located SAGE III/ISS versus MLS water vapor (unit: ppmv) between 20°S and 20°N
colored by altitude (16-30 km) in November 2017 before the filtering is applied. SAGE I11/ISS water vapor profiles with
high uncertainty (>300%) are marked as open circles and with aerosol extinction coefficient at 1,022 nm higher than
1% 107 km™ are marked as filled circles. (b) Vertical profiles of SAGE III/ISS (orange) and MLS v5.0 (blue) water
vapor between 5°S and 5°N latitude for the same month. MLS, Microwave Limb Sounder; SAGE III/ISS, Stratospheric
Aerosol and Gas Experiment III on the International Space Station.

the MLS v4.2 H,O0 retrievals (Lambert et al., 2015) have temporal drift issues since ~2010, possibly related to
aging of the instrument. MLS v5.0 corrects for the temporal calibration drift and also for a dry bias (~20%)
below the tropopause. The changes made to v5.0 result in a ~5%-10% reduction in water vapor mixing ratios
in the stratosphere and above compared to the previous versions. MLS H,O profiles are reported on pressure
grids (12 levels per decade, 316-0.001 hPa). For comparison with SAGE III/ISS, each MLS H,O L2 profile is
interpolated to an oversampled altitude grid (0.5 km interval) using the temperature and pressure profiles
from MERRA-2. The MERRA-2 meteorological profiles are obtained from the Derived Meteorological Prod-
ucts (DMPs, see Manney et al., 2007; 2011). MLS daily average data are constructed on a 7.5° latitude x 15°
longitude grid each day using the L2 data after applying data screening criteria (Livesey et al., 2020). MLS
monthly average data are constructed by averaging daily data each month. For direct comparisons between
MLS and SAGE III/ISS in Section 3.1, MLS data are interpolated to the SAGE III/ISS measurement loca-
tions, altitudes and time, as described in Davis et al. (2021).

3. Results
3.1. Comparisons With MLS and Filtering Cloud/Aerosol Influences in SAGE III/ISS Data

In this section, we show profile-to-profile comparisons between SAGE III/ISS and MLS H,O and discuss de-
tails of the SAGE III/ISS data quality and screening. Davis et al. (2021) include extensive SAGE III/ISS com-
parisons with MLS v4.2 retrievals, showing an overall dry bias for SAGE III/ISS of ~10% in the stratosphere
for June 2017-December 2019. Here we compare with the updated MLS v5.0 data, which is ~5%-10% drier
than v4.2 in the stratosphere.

As an example, we show comparisons of MLS and SAGE III/ISS H,O profiles in the tropics for November
2017. Figure 1a shows pointwise comparisons of SAGE III/ISS and MLS data over 16-30 km during Novem-
ber 2017 using all profiles between 20°N and 20°S, illustrating strong correlation with small biases, but with
substantial scatter and numerous outliers, especially at low altitudes. Many of these outliers are associated
with aerosol and cloud effects on retrievals. Both the water vapor signal and the inversion process are affect-
ed by the presence of clouds, as discussed in Davis et al. (2021). For instance, uncertainties in water vapor
grow rapidly where the aerosol extinction at 1,022 nm exceeds 1 X 10~ km™". Davis et al. (2021) explains
details on filtering anomalous events (i.e., unphysical negative outliers and so-called keel-over profiles at al-
titudes > 30 km) and developed a filtering method using a combination of aerosol extinction and color ratio
as a conservative cloud filter. We have applied both retrieval uncertainty and aerosol extinction coefficient
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Figure 2. Relative difference between SAGE III/ISS and MLS water vapor medians ([SAGE III/ISS-MLS]/MLSx100,
unit: %) calculated for June 2017-November 2020 for (a) MLS v4.2 and (b) MLS v5.0. Results are based on MLS H,0
profiles collocated with SAGE III/ISS and interpolated to a 0.5 km altitude grid. Time averaged thermal tropopause
height calculated from the SAGE III/ISS temperature is over-plotted as gray solid lines. MLS, Microwave Limb Sounder;
SAGE III/ISS, Stratospheric Aerosol and Gas Experiment III on the International Space Station.

at 1,022 nm as additional filters throughout this study to filter outliers. This filtering is stricter than what
is used in Davis et al. (2021) and removes many of the obvious outliers in the upper troposphere and strat-
osphere. In Figure 1b, water vapor profiles with higher than 300% uncertainty or all points in a profile
below the highest altitude at which the aerosol extinction coefficient at 1,022 nm exceeds 1x107> km ! were
removed. This screening filters most of the outliers in Figure 1a (~1.2% of total data) and still preserves the
majority of profiles. Figure 1b compares co-located profiles between SAGE III/ISS H,0 and MLS H,O for
measurements in the deep tropics (5°N-5°S), after the filtering is applied to SAGE III/ISS, showing excellent
agreement between ~17 and 30 km. SAGE III/ISS water vapor profiles exhibit more noise at lower altitudes
(Figure 1a), which is related to aerosol/cloud interferences below ~20 km as discussed in Wang et al. (2020)
and Davis et al. (2021). MLS water profiles also include a number of obvious outliers below the tropopause.

Global comparisons of SAGE III/ISS and both MLS v4.2 and v5.0 data are shown in Figures 2a and 2b
based on the medians between June 2017 and November 2020. Time mean thermal tropopause height is
calculated from the SAGE III/ISS temperature based on the temperature lapse rate (WMO, 1957). Com-
parisons with v4.2 show a ~10% dry bias in SAGE III/ISS (Figure 2a), as shown in Davis et al. (2021). The
improvement in MLS v5.0 significantly reduces the median bias to a few percent (Figure 2b). The small
differences in Figure 2b highlight exceptional overall agreement between the two very different satellite
measurement techniques and retrievals. Overall, the agreement between SAGE III/ISS and MLS has been
improved significantly in MLS v5.0 compared to MLS v4.2 due to changes in MLS v5.0 retrievals. The biases
in Figures 2a and 2b do not show substantial latitudinal or vertical structure in the stratosphere except the
small-scale features in the mid-stratosphere between ~30 and 45 km. Larger biases are found near and
below the tropopause.

While there is good overall agreement between SAGE III/ISS v5.1 and MLS v5.0 stratospheric water vapor,
there are times and regions where larger differences occur. For example, Figure 3a shows the difference
between the two measurements in November 2019 where there are enhanced stratospheric aerosols from
the Ulawun and Raikoke volcanic eruptions (Chouza et al., 2020; Kloss et al., 2021), as shown in the cor-
responding 1 um aerosol extinction measured by SAGE III/ISS (Figure 3b). Figure 3a shows dry SAGE III/
ISS water vapor biases of ~5%-20% centered in the tropics and global lower stratosphere, approximately
overlapping the enhanced aerosols in Figure 3b. There is also a wet bias in the SAGE III/ISS water vapor at
the Northern Hemisphere (NH) high latitudes adjacent to Raikoke eruption. Similar anomalies in SAGE III/
ISS water vapor are observed in conjunction with enhanced stratospheric aerosols from the Australian bush
fires (Kablick et al., 2020) in early 2020 (not shown). This sensitivity of SAGE III/ISS stratospheric water
vapor to elevated aerosol loading is discussed by Davis et al. (2021), which could be an artifact of the SAGE
III/ISS water vapor retrieval algorithm. These affected SAGE III/ISS retrievals were not filtered by the stand-
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Figure 3. Latitude versus altitude sections of (a) Relative difference between SAGE III/ISS and MLS water vapor
(SAGE II1/ISS-MLS/MLSx100) averaged for November 2019 (unit: %). (b) Aerosol Extinction coefficients at 1,022 nm
measured by SAGE III/ISS for the same month (unit: km™"). Thermal tropopause height calculated from the SAGE
III/ISS temperature is over-plotted as black solid lines with squares. MLS, Microwave Limb Sounder; SAGE III/ISS,
Stratospheric Aerosol and Gas Experiment III on the International Space Station.

ard threshold values of retrieval uncertainty/aerosol optical depth discussed above, and more restrictive
threshold values could be applied in these cases (with corresponding loss of SAGE III/ISS measurements),
though such additional filtering is not explored here.

3.2. Near-Global Space-Time Variability

In the following, we examine large-scale behavior of water vapor observed by SAGE III/ISS including com-
parisons with MLS. SAGE III/ISS and MLS use different measurement techniques (solar occultation vs.
microwave limb sounding) and have very different space-time sampling. While MLS makes ~3,500 meas-
urements per day with near-global coverage (82°N-82°S), SAGE III/ISS makes up to 31 sunrise and sunset
occultation measurements per day and takes approximately one month to sample the region ~60°N-60°S
(see Figure 1 of Davis et al., 2021). The SAGE III/ISS measurements provide near-global longitudinal cover-
age of the tropics and middle latitudes for monthly averages, depending on the time of year.

As is well-known, the seasonal variation in water vapor entering the tropical lower stratosphere closely
follows temperature near the tropical tropopause, setting the “base” for the so-called tropical tape recorder
(Mote et al., 1996). Figure 4 shows the evolution of tropical (15°N-15°S) water vapor over 2017-2020 ob-
served by both SAGE III/ISS and MLS between 10 and 35 km altitude. Due to relatively sparse and uneven
spatial sampling in SAGE III/ISS measurements, a smoothing is applied to SAGE III/ISS water vapor to
fill the data gap and to reduce noise. As shown in Figure 4a, the number of data points vary depending
on the season with the maxima in June (~90 profiles/6 days) and minima in December each year. First,
the SAGE III/ISS water vapor profiles are averaged within the latitude bands every 6 days and then the
Gaussian smoothing is applied at each altitude with the width of 18 days. The 6-day time average is ap-
plied to maintain the detailed temporal variability and to reduce the noise, while the Gaussian smoothing
provides a smooth interpolation over data gaps in Figure 4a. The resulting fields are compared with daily
data measured by MLS in Figure 4b. The observed variability in Figure 4 consists of boreal summer maxi-
ma (wet phase) and boreal winter minima (dry phase) originating near the tropical cold point tropopause
(CPT), near ~17 km, propagating upwards to ~30 km with a phase lag of over one year. Overall, the SAGE
III/1SS and MLS water vapor mixing ratios in Figure 4 show good agreement, with consistent phase and
amplitude variations up to ~30 km. The SAGE III/ISS H,O displays somewhat larger noise at upper levels
due to low extinction signal from water vapor as discussed in Davis et al. (2021). It is interesting to note
isolated maxima near 31 km in the MLS data centered on October-November each year in Figure 4b, which
are not evident in the SAGE III/ISS data. In addition to the seasonal cycle, the water vapor minima and
maxima in Figure 4 show consistent interannual changes between SAGE III/ISS and MLS. For instance,
both instruments show the dry phase in early 2019 is drier than in 2018 and 2020, and the wet phase during
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Figure 4. Time versus altitude sections of zonal average water vapor mixing ratios (unit: ppmv) observed from (a)
SAGE I11/ISS and (b) MLS for June 2017 to November 2020 averaged between 15°S and 15°N latitude. The SAGE II1/
ISS data are averaged every 6 days and a Gaussian smoothing is applied to the averaged profiles with time in (a). The
number of SAGE III/ISS profiles used in 6-day averages is shown at the bottom panel in (a). The MLS water vapor
daily averaged data are shown in altitude grids in (b). Dark gray dashed lines denote cold point tropopause height
derived from the GPS temperature between 15°S and 15°N latitude. MLS, Microwave Limb Sounder; SAGE III/ISS,
Stratospheric Aerosol and Gas Experiment III on the International Space Station.

boreal summer of 2017 is wetter than in the summer of 2018. The wet phase maximum in the summer of
2019 is close to the one in 2017 for MLS, but this behavior is less clear from SAGE III/ISS data because of
data voids related to enhanced stratospheric aerosols in this year. The interannual variations originating
near the tropopause propagate coherently into the stratosphere, which is typical behavior observed in the
longer-term MLS data record (e.g., Randel & Park, 2019).

The evolution of global water vapor measured by SAGE III/ISS demonstrates transport processes associated
with tape recorder development from the boreal summer into winter. The moist phase of the tape recorder
is related to relatively warm tropical tropopause temperatures, in addition to contribution via transport from
the boreal summer monsoons (e.g., Bannister et al., 2004; Nutzel et al., 2019; Yu et al., 2020). Clear evidence
of this latter behavior is provided by the high vertical resolution SAGE III/ISS data during the summer in
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Figure 5. Zonal mean monthly average water vapor mixing ratios (unit: ppmv) obtained from SAGE III/ISS for (a) September 2017, (b) November 2017, and (c)
January 2018. The thermal tropopause derived from the SAGE III/ISS temperature is shown as thick gray dashed lines. SAGE III/ISS, Stratospheric Aerosol and
Gas Experiment III on the International Space Station.

2017 into winter in 2018 in Figure 5. A lower stratosphere water vapor maximum over the NH subtropics
(~15-18 km) tied to the monsoons propagates upwards and equatorward in a narrow layer and contributes
to the moist phase of the tape recorder over the equator several months later. By November 2017, a thin
layer of relatively higher water vapor exists between 18 and 20 km in the tropics (Figure 5b) while a water
vapor minimum forms near the tropical tropopause. The water vapor minimum is widespread in latitude
during January 2018 (Figure 5c). The time evolution shown in Figure 5 highlights well-known aspects of
water vapor including origination of the dry phase near the equatorial tropopause and rapid global transport
to high latitudes within the lowest stratosphere, and isolation of air in the “tropical pipe” above ~22 km.

Water vapor variability in the lower stratosphere (~18 km) over 60°N-60°S highlights strong seasonality and
equator to pole meridional transport (Figure 6). Figure 6a shows daily average water vapor measurements
at 18 km from SAGE III/ISS with a Gaussian smoothing applied with time, compared in Figure 6b with
MLS daily H,O data interpolated to 18 km. The strong annual cycle occurs in the tropics over ~20°N-20°S,
with low water vapor mixing ratios centered over the equator in winter and high values over ~0-30°N in
summer, the latter associated with the boreal summer monsoon circulations. In both cases, the water vapor
extrema in low latitudes propagate to high latitudes and this is especially clear for the transport to the Arctic
during summer (as simulated in Ploeger et al., 2013). These patterns are evident in the SAGE III/ISS and
MLS water vapor measurements, including consistent year-to year variations. For instance, the water vapor
maxima in the NH summer are higher in 2017 and the tropical minima are lower during early 2019. SAGE
III/ISS data in Figure 6a display somewhat sparser sampling during 2019-2020 related to the loss of data
due to enhanced stratospheric aerosol loadings, as discussed above.

3.3. Seasonal Variability in the UTLS

Much of the seasonal changes in longitudinal structure in stratospheric water vapor occurs in the UTLS
region, and comparisons of water vapor distributions between SAGE III/ISS and MLS for NH summer and
winter of 2017-2018 in the UTLS are shown in Figure 7. August and January are chosen to represent the
NH summer and winter respectively as SAGE III/ISS provides near-global coverage (60°S-60°N) in those
months of each year. Individual profiles of SAGE III/ISS H,0O are gridded at 15° X 7.5° (longitude X lati-
tude) grids using the available observations during August 2017 and January 2018. SAGE III/ISS measure-
ment locations are indicated in Figures 7a and 7c. For comparison, the MLS monthly average is constructed
on the same horizontal grid as shown in Figures 7b and 7d. The comparisons in Figure 7 show reasonable
agreement between SAGE III/ISS and MLS in terms of spatial structure, in spite of the limited SAGE III/ISS
sampling. For boreal summer (Figures 7a and 7b), 16.5 km is close to the local tropical tropopause, where
water vapor shows the maxima over the Asian and North American monsoons, in addition to a maximum
west of equatorial Africa. Comparisons in January 2018 (Figures 7c and 7d) at 18 km (close to the cold point
tropopause in boreal winter) show consistent water vapor minima over the tropical western Pacific, albeit
with some differences in detailed spatial structure. Overall, the comparisons shown in Figure 7 and other
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Figure 6. Time versus latitude sections of zonal average water vapor mixing ratios (unit: ppmv) obtained from (a)
SAGE I11/1ISS gridded with the Gaussian smoothing and (b) MLS daily data interpolated to 18 km altitude from June
2017 to May 2020. Black dots in (a) represent SAGE III/ISS daily data locations without the Gaussian smoothing. MLS,
Microwave Limb Sounder; SAGE III/ISS, Stratospheric Aerosol and Gas Experiment III on the International Space
Station.

months (not shown) show reasonable agreement between SAGE III/ISS and MLS water vapor sampled at
monthly cadence, highlighting the capability of SAGE III/ISS to monitor stratospheric water vapor struc-
ture and variability on monthly and seasonal time scales. Note, the latitudinal coverage of the SAGE III/ISS
measurements varies by season due to its orbit (see Figure 6a).

As is well-known, during NH summer enhanced water vapor mixing ratios are observed near the trop-
opause over the Asian and North American (NA) monsoon regions, including occasional high values
(above 8 ppmv) possibly linked with extreme convection (Jensen et al., 2020; Schwartz et al., 2013; Smith
et al., 2017). During August 2017, the water vapor maxima over the NA monsoon was relatively higher than
over the Asian monsoon (Figures 7a and 7b). This is considered to be a typical behavior and there exists
substantial year-to-year variability (Randel et al., 2015). To explore vertical structure over the monsoon
regions, and its variability, Figures 8a and 8b show time average vertical profiles of water vapor and co-lo-
cated temperature profiles over both the monsoon regions (marked as boxes in Figures 7a and 7b) for each
August of the 4 years (2017-2020). The average water vapor profile over NA in August 2017 shows higher
values between 16 and 19 km compared to the other years, and also compared to all 4 years over the Asian
monsoon region. The average temperatures are generally warmer and have larger interannual variability
over NA compared to over Asia, and there are not obvious relationships between time average water vapor
and co-located temperature profiles. Interestingly, the August 2017 temperatures over NA are relatively cold
while the water vapor is relatively high, which demonstrates that local temperatures are not controlling
water vapor. The relatively high water vapor values in August 2017 are consistent with higher values during
the wet phase of the tropical tape recorder seen in Figure 4a. Over the Asian monsoon region, lower temper-
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Figure 7. Longitude versus latitude sections of (a and c) SAGE III/ISS and (b and d) MLS water vapor (unit: ppmv) for (top) August 2017 at 16.5 km and
(bottom) January 2018 at 18.0 km, respectively. Locations of SAGE III/ISS measurements during these months are marked as gray plus signs in (a and c).

Gray solid lines in (a and b) represent the Asian (60°-160°E longitude/15°-35°N latitude) and North American (160°-80°W longitude/10°-35°N latitude)
monsoon regions, respectively. Note, the color scales are different between the summer and the winter months. MLS, Microwave Limb Sounder; SAGE III/ISS,
Stratospheric Aerosol and Gas Experiment III on the International Space Station.

atures with higher hygropauses exist and the water vapor profiles do not show significant changes among
those 4 years.

We further examine the individual SAGE III/ISS water vapor profiles and relationships to co-located tem-
peratures over the Asian and NA monsoon regions. Figures 8c and 8d show all of the individual measure-
ments of water vapor and temperature between ~15.5 and 21.5 km during August 2017 and August 2018.
Those 2 years are chosen as examples of extreme years from Figure 8b. August 2017 shows highest water
and coldest average temperatures, and August 2018 shows warmest temperatures over the NA. The data
points in Figures 8c and 8d are color coded according to altitude, and the red points highlight measurements
above the local CPT with temperatures below 200 K. Over the Asian monsoon, a few points with very low
water vapor mixing ratios (~3 ppmv) exist with very low temperatures (<197 K) near ~17 km. Over North
America, higher water vapor mixing ratios coexist with higher temperatures up to ~18 km, which is above
the CPT. Points above the local CPT with higher water vapor mixing ratios and low temperatures (<200 K)
are most common over North America in August 2017. Figures 8c and 8d also include the corresponding
saturation mixing ratios (gsar) calculated from the observed temperatures for comparison to observed water
vapor. The key feature in these results is that observed water vapor is well below saturation throughout
both monsoon regions, aside from a few individual points close to the tropopause in the NA monsoon in
August 2017. These results showing sub-saturation from SAGE III/ISS measurements are consistent with
climatologies of relative humidity in the monsoon regions derived from MLS and Atmospheric Chemistry
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Figure 8. Vertical profiles of water vapor mixing ratios (unit: ppmv) and temperature averaged over (a) Asia (60°-160°E/15°-35°N) and (b) North America
(160°-80°W/10°-35°N) for August 2017-2020. August 2017 is shown as solid lines with filled circles and August 2018 is shown as solid blue lines. Hygropauses
in each average water vapor profile and cold point tropopauses are marked as horizontal lines in (a and b). Gray dashed lines mark 200 K temperature in (a

and b). Scatter plots of water vapor versus temperature between 15.5 and 21.5 km over (c) Asia and (d) North America for August 2017 (filled circles) and

2018 (open circles). Red filled (2017) and open (2018) circles indicate SAGE III/ISS water vapor measurements above the local cold point tropopause with low
temperature (T < 200 K, shown as gray dashed lines). gsar values for the corresponding temperature and pressure of individual data points are over-plotted as
small black plus signs in (c and d). Colors indicate altitude of individual profiles (15.5-21.5 km). SAGE III/ISS, Stratospheric Aerosol and Gas Experiment III on
the International Space Station.

Experiment-Fourier Transform Spectrometer (ACE-FTS) water vapor measurements (for details, see Randel
et al., 2012). We note that while water vapor near and above the CPT is higher over NA compared to Asia in
Figures 8c and 8d, there are no individual extreme values above 8 ppmv in the SAGE III/ISS measurements
(in all 4 years, not shown). However, that is not surprising given their infrequent occurrence (less than 1%)
in MLS data as shown in Schwartz et al. (2013).

3.4. UTLS Relative Humidity

We include analysis of climatological relative humidity derived from SAGE III/ISS water vapor retrievals
combined with co-located temperatures from MERRA-2 (Gelaro et al., 2017). Evaluating the RH distribu-
tion near the tropical tropopause from satellite data is valuable for identification of large-scale structure
and regions near saturation that have implications for stratospheric dehydration and cirrus formation.
However, there are important caveats regarding the evaluation of RH from SAGE III/ISS solar occultation
data. First, it is important to note that SAGE III/ISS water vapor retrievals are affected by the presence
of opaque convective clouds or cirrus clouds near the tropical tropopause. This is true both within and
below the clouds where the water vapor signal becomes weak or the inversion process fails (see Davis
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Figure 9. PDFs of relative humidity versus altitude relative to the cold point tropopause calculated from SAGE III/
ISS water vapor and MERRA-2 temperature profiles between 15°S and 15°N, for statistics during (a) January-March
(2018-2020) and (b) June-August (2017-2019). (c) The corresponding number of measurements at each altitude

for January-March (red) and June-August (blue). Thin red and blue dotted lines mark 700 and 800 for references,
respectively. PDFs, probability density functions; SAGE III/ISS, Stratospheric Aerosol and Gas Experiment III on the
International Space Station.

et al., (2021) for details). As a result, more reliable water vapor retrievals and the derived RH statistics
primarily represent clear-sky areas, which is known to have lower RH than cloudy areas (e.g., Jensen
et al., 2017; Kahn et al., 2009; Kramer et al., 2020). The loss of SAGE III/ISS measurements due to clouds
is quantified below by showing the number of measurements as a function of altitude relative to the
tropopause. A second point is that the spatial structure of RH near the tropopause often exhibits small
horizontal and vertical scales (e.g., Jensen et al., 2013), often typically associated with small-scale waves
(Jensen & Pfister, 2004; Kim et al., 2016; Ueyama et al., 2015). Satellite measurements provide a large-
scale three-dimensional integrated perspective on the relevant moisture and temperature fields, averaged
over ~200 km horizontally and ~1 km vertically in the case of SAGE III/ISS water vapor. Such satellite
measurements cannot identify localized regions of supersaturation as observed in aircraft measurements
(e.g., Jensen et al., 2017; Kramer et al., 2020), but rather are useful to provide a global perspective to the
high-resolution in situ measurements.

We calculate RH with respect to ice from the ratio: RH = (q/gsar) X 100%, where q is the SAGE III/ISS water
vapor mixing ratio and gsar is the saturation mixing ratio over ice calculated from the MERRA-2 temper-
ature profiles based on Murphy and Koop (2005). We use the MERRA-2 temperature profiles linked with
the DMPs (Manney et al., 2007, 2011), which provide higher vertical resolution (72 vertical levels, UTLS
resolution of ~0.7 km) compared to the lower resolution temperature profiles (47 levels) provided with
the SAGE III/ISS retrievals. Because of relatively large uncertainty in the RH calculated from individual
profiles and the sampling considerations discussed above, we focus on the statistical behavior of RH in the
tropics throughout the seasonal cycle, and in the boreal summer monsoon regions (primarily representing
clear-sky areas, as noted above). We organize the vertical structure of RH with respect to the cold point
tropopause observed in each profile.

The statistical distribution of RH in the deep tropics (15°N-15°S) as a function of altitude relative to the cold
point tropopause is shown for boreal winter (January-March; “cold” season) and summer (June-August;
“warm” season) in Figures 9a and 9b. The corresponding total number of measurements at each altitude for
each season is shown in Figure 9c, illustrating the significant drop-off of measurements at and below the
tropopause, due to cloud effects noted above. Hence the RH statistics in Figures 9a and 9b mainly reflect
clear-sky (lower RH) conditions. The RH distributions in Figure 9 show generally increasing RH up to the
cold point, as expected, with RH decreasing quickly with altitude into the lower stratosphere. The peak of
the RH distributions at the cold point occurs for RH ~40%-70% for both seasons, with a relatively small dif-
ference in the distribution between these seasons. We note that the vertical structures in Figure 9 are similar
to RH statistics derived from MLS measurements presented in Schoeberl et al. (2019), but with improved
vertical resolution provided by SAGE III/ISS.
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Figure 10. Climatological structure of RH at the local CPT derived from all SAGE III/ISS H,O and temperature measurements averaged during (a) January-
March (2018-2020) and (b) June-August (2017-2019). Climatological CPT temperatures averaged for the same periods are overlaid as gray solid lines (contours
are only shown for T < 196 K). (c and d) PDFs of corresponding RH versus CPT for the two seasons from all of the individual measurements over 30°N-30°S.
Time average CPT temperatures for each season between 30°N and 30°S are noted in (c and d). Black solid lines show RH versus CPT for constant H,O mixing
ratios (2.5 and 4 ppm for (c and d), respectively). Temperature and pressure from the SAGE III/ISS data are used in this calculation. CPT, cold point tropopause;
PDFs, probability density functions; SAGE III/ISS, Stratospheric Aerosol and Gas Experiment III on the International Space Station.

We have evaluated the distribution of RH at the tropical cold point throughout the SAGE III/ISS record over
2017-2020 based on the approximate monthly sampling of the tropics (not shown). While H,O shows the
well-known tropical annual cycle in response to varying tropopause temperatures (e.g., Figures 4 and 6),
the RH values do not show a systematic seasonal variation, but rather distributions similar to Figures 9a
and 9b (with maxima spanning RH ~40%-70% at the cold point) throughout the year. We have also eval-
uated the RH distributions in the Asian and North American monsoon regions, in light of enhanced H,O
in these regions (e.g., Figure 7a). Statistics show higher overall RH in the Asian monsoon compared to the
North American monsoon, although both are well undersaturated (in clear-sky regions), as inferred from
Figures 8c and 8d. RH over the Asian monsoon region shows a close resemblance to the distribution in the
tropics in winter and summer (not shown).

Time average maps of RH at the cold point for the NH winter (cold) and summer (warm) seasons are shown
in Figures 10a and 10b, constructed from all available measurements from SAGE III/ISS over 2018-2020.
Time averaged CPT temperatures are over-plotted for each season based on the co-located temperature pro-
files, showing the well-known seasonally evolving climatological structure (e.g., Kim & Son, 2012; Schoe-
berl et al., 2019). The lowest temperature occurs over the Western Pacific in winter (Figure 10a) and over
the Central Pacific and Asian monsoon region in summer (Figure 10b). Enhanced RH is observed over
the Pacific in both seasons, generally co-located with coldest temperatures. Additional RH maxima occur
in boreal winter in cold tropopause regions including South America and east of Africa. Boreal summer
exhibits a localized RH maximum over the cold southern flank of the Asian monsoon region in Figure 10b
(near 20°N, 60°E), and this behavior is consistent with this region controlling H,O in the Asian monsoon by
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horizontal circulation through the cold region (Randel et al., 2015; Ueyama et al., 2018; Wright et al., 2011).
Note that there is no clear indication of an RH maximum co-located with a temperature minimum over the
North American monsoon region in the SAGE III/ISS statistics in Figure 10b, which suggests weaker links
between RH and temperature in this region.

Statistical relationships between RH and CPT temperature for the tropical SAGE III/ISS data are shown
in Figures 10c and 10d for the two seasons, based on individual measurement between 30°N and 30°S for
January (2018-2020) and August (2017-2019). The PDFs demonstrate compact relationships between RH
and CPT, with high RH occurring in the coldest regions in both the seasons. The average CPT temperature
is lower in NH winter (194 K) than in summer (197 K) for the similar RH distributions. In NH winter (Fig-
ure 10c), the distribution closely follows the constant H,O mixing ratio curve (2.5 ppm). This compact rela-
tionship suggests that water vapor has a very small influence in controlling relative humidity in this region.
Instead, temperature at the local CPT controls relative humidity in the tropics. In NH summer (Figure 10d),
the RH distribution follows the higher H,0O mixing ratio curve (4 ppm) and shows a compact relationship
similar to the NH winter. When the RH is lower than 20%, the PDFs distribution is centered below the
4-ppm curve, which needs further investigation. These RH-temperature relationships are in quantitative
agreement with near-tropopause statistics derived from high resolution aircraft measurements (for clear-
sky, e.g., Figure 5b in Jensen et al., 2017 and Figure 6 in Krdamer et al., 2020). This agreement enhances con-
fidence in the climatological statistics derived from SAGE III/ISS. The PDFs distributions for the individual
years show consistent behavior with the climatology shown here (figure not shown).

4. Summary and Discussion

In this work, we evaluated the large-scale geophysical variability in the first 3 years of SAGE III/ISS v5.1
water vapor data. Our goal is to validate water vapor measurements from SAGE III/ISS against other satel-
lite measurements qualitatively and also evaluate global and seasonal variability for scientific studies. The
SAGE III/ISS water vapor shows expected seasonal variability, including the well-known “tape recorder”
in the tropical stratosphere (Figure 3). The tropical annual cycle originating near the cold point tropo-
pause propagates both upward in the tropics and poleward in both hemispheres of the lower stratosphere
(Figure 5, the “horizontal tape recorder”). The comparisons between SAGE III/ISS and MLS v5.0 show
excellent overall agreement between the two data sets from the tropopause through the middle stratosphere
(~16-30 km). The high vertical resolution SAGE III/ISS data provide an excellent demonstration of lower
stratospheric water vapor maxima associated with the boreal summer monsoons that propagate to the trop-
ics and contribute to the moist phase of the tape recorder (Figure 4). While the SAGE III/ISS sampling takes
approximately one month to cover the latitude range ~60°N-60°S, we find that monthly sampling captures
the essential longitudinal structure of water vapor in the lower stratosphere, including localized maxima
tied to the summer monsoons and minima over the Western Pacific in the winter (Figure 6). Comparisons
with MLS also demonstrate that SAGE III/ISS can accurately capture interannual variations in stratospheric
water vapor. For instance, the water vapor minima in the tropics and the maxima over the NH subtropics
associated with the summer monsoons vary year-by-year, which are key for evaluating the related phys-
ical processes. Overall, these comparisons demonstrate that SAGE III/ISS sampling and data quality are
adequate for monitoring stratospheric water vapor variability and changes. The SAGE III/ISS water vapor
retrievals show higher sensitivity to enhanced stratospheric aerosol loadings during the events of volcanic
eruptions (Chouza et al., 2020; Kloss et al., 2021) and wildfires (Kablick et al., 2020). We have applied strict-
er filtering criteria to remove the outliers and caution is needed in filtering the data in these extreme events
(see, Davis et al., 2021 for details).

We have used the high vertical resolution SAGE III/ISS water vapor data together with co-located MERRA-2
temperatures to evaluate large-scale relative humidity behavior in the tropics, with the caveat that these
data primarily represent clear-sky regions. Results show that RH increases in the upper troposphere up to
the cold point (as expected), with maximum RH distribution around ~40%-70% at the cold point. There
are not obvious seasonal variations in this statistical RH distribution in the deep tropics during the year, in
spite of clear annual cycles in temperature and water vapor. Spatial distributions of RH at the cold point
tropopause during the solstice seasons (Figures 10a and 10b) show a close link between RH and large-scale
temperature, with statistical relationships (Figures 10c and 10d) that are in good agreement with (clear-sky)
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UTLS aircraft measurements (Jensen et al., 2017; Krdamer et al., 2020). This behavior enhances confidence
in the overall quality of the SAGE III/ISS water vapor data and suggests these data can be useful for more
detailed studies of RH distribution and variability, and for constraining global model behavior. Additionally,
quantitative analyses of sampling biases between SAGE III/ISS and other satellite instruments as shown in
Millan et al. (2016) will be beneficial in assessing changes in the stratosphere.

Data Availability Statement

The SAGE III/ISS v5.1 water vapor data and the Aura MLS water vapor v5.0 data are publicly available
through the NASA Goddard Earth Sciences Data and Information Services Center (GES DISC). The SAGE
III/ISS L2 Solar Event Species Profiles (HDF-EOS) V051 can be obtained from https://dx.doi.org/10.5067/
ISS/SAGEII/SOLAR_HDF4 12-V5.1. The Aura MLS water vapor v5.0 data sets are available in the fol-
lowing link https://dx.doi.org/10.5067/Aura/MLS/DATA2508. The MERRA-2 temperature included in the
DMPs is available in the following link https://mls.jpl.nasa.gov/dmp/
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