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Key Points:11

• Assimilation of SAGE III/ISS water vapor in NASA GEOS model provides a use-12

ful constraint on analyzed stratospheric water vapor13

• The analyzed fields can bridge the gap between Aura and future missions mea-14

suring stratospheric water vapor15

• Polar regions and isolated anomalous events, such as Hunga Tonga eruption, may16

not be fully captured owing to the ISS orbit.17
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Abstract18

Stratospheric water vapor (SWV) is a greenhouse gas that has a significant, yet uncer-19

tain, impact on the Earth’s climate through its radiative effect and feedback. As the cli-20

mate changes, it is thus critical to monitor and understand changes in SWV. NASA’s21

Microwave Limb Sounding (MLS) aboard the Aura satellite has observed SWV since 200422

but will soon reach end of life. The Stratospheric Aerosol and Gas Experiment (SAGE)23

missions observe SWV as well, with the SAGE III instrument operating on the Inter-24

national Space Station (ISS) since 2017. We use the constituent data assimilation ca-25

pabilities of NASA’s Goddard Earth Observing System (GEOS) to demonstrate that the26

up to 30 SAGE III/ISS profiles each day provide a useful constraint on SWV over the27

observed midlatitudes and tropics. We conclude that assimilating SAGE III/ISS SWV28

into GEOS can continue the SWV climate data record of Aura MLS.29

Plain Language Summary30

Water vapor in the lowest most part of the atmosphere is an integral part of our31

global weather systems. In the stratosphere, water vapor is low compared to the tropo-32

sphere (where weather happens) and yet increases can cause increases in tropospheric33

temperature and reduce stratospheric temperatures. Monitoring stratospheric water va-34

por is important to our assessment of climate variability and climate change. As NASA’s35

Earth Observing System (EOS) mission satellites come to the end of their missions, our36

ability to monitor stratospheric water vapor from space will decrease. Here, we show how37

the infrequent but high quality observations from the Stratospheric Aerosol and Gas Ex-38

periment (SAGE) III instrument on the International Space Station until at least 202639

(ISS is expected to be decommissioned in approximately 2030) can be used in a data as-40

similation system to continue monitoring stratospheric water vapor following the end of41

the EOS mission satellites.42

1 Introduction43

Stratospheric water vapor (SWV) is a greenhouse gas that has a significant, yet un-44

certain, impact on the Earth’s climate through its radiative effect and feedback (Gettelman45

et al., 2010; Solomon et al., 2010; H. J. R. Wang et al., 2020; Xia et al., 2021). SWV is46

expected to increase (Gettelman et al., 2010) with a positive feedback on surface tem-47

peratures. An unexpected decrease in SWV during the early 2000s and its impact on cli-48

mate is documented (W. J. Randel et al., 2006; Rosenlof & Reid, 2008; Solomon et al.,49

2010). However, the long-term trend for SWV is contested (Lossow et al., 2019; Yue et50

al., 2019) depending on the observation source, such as from NOAA’s frost-point hygrom-51

eters (FPH) (e.g., Hurst et al., 2011) or single- or merged-satellite datasets (e.g., Heg-52

glin et al., 2014; W. Randel & Park, 2019; Konopka et al., 2022). As the climate changes,53

it is critical to monitor and understand changes in SWV for accurate climate assessments.54

The Stratospheric Aerosol and Gas Experiment (SAGE) missions have been instru-55

mental in monitoring the state of stratospheric composition (e.g., Davis et al., 2017; Heg-56

glin et al., 2014; Solomon et al., 2010), yet there was a gap in the SAGE missions from57

2005 to 2017. Since the end of 2004, NASA’s Aura satellite mission observes SWV us-58

ing the Microwave Limb Sounder (MLS; Waters et al., 2006) but is nearing its end of59

life (Fisher, 2017). In order to assess the long-term trends in global SWV, the SAGE and60

Aura missions must be considered together. It is crucial to establish a long-term record61

of SWV behaviour while the current SAGE III instrument installed on the International62

Space Station (ISS) and Aura are both operating in order to reliably assess the newest63

SAGE record.64

Global reanalysis products, such as those produced using NASA’s Goddard Earth65

Observing System (GEOS), are ideal candidates to assess global trends in water vapor.66
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GEOS uses data assimilation, an application of Bayesian inference (Jazwinski, 1970), to67

combine and propagate in space and time information from observations using the gov-68

erning equations from the atmospheric state and estimates of their errors. The GEOS69

atmospheric data assimilation system (ADAS; Todling & El Akkraoui, 2018), developed70

and maintained at NASA’s Global Modeling and Assimilation Office (GMAO), is able71

to harmonize multiple sensors to statistically optimize the best representation of global72

distributions provided as a four-dimensional (4D) product. This method has the poten-73

tial to generate high spatiotemporal resolution global distributions of atmospheric com-74

position even from relatively sparse data by updating the prior conditions obtained from75

previous assimilation steps.76

Historically, SWV observations have not been included in global reanalyses, result-77

ing in poor representations of SWV fields (Davis et al., 2017). Among those reanalyses,78

NASA GMAO’s Modern-Era Retrospective analysis for Research and Applications, Ver-79

sion 2 (MERRA-2; Gelaro et al., 2017) is one of the better representations of SWV be-80

cause of its relaxation to a data-driven climatology (Davis et al., 2017). The recently re-81

leased MERRA-2 Stratospheric Composition REanalysis with Aura MLS (M2-SCREAM;82

Wargan et al., 2023) is among the first to provide a reanalysis which constrains SWV83

with space-based measurements (see also BRAM2: Belgian Assimilation System for Chem-84

ical ObsErvations Reanalysis of Aura MLS, version2; Errera et al., 2019). M2-SCREAM85

uses an extension to the GEOS ADAS, the Constituent Data Assimilation system (CoDAS;86

Wargan et al., 2020; Weir et al., 2021). CoDAS enables the assimilation of satellite re-87

trievals of trace gas abundances within a chemistry mechanism that is coupled to the GEOS88

atmospheric general circulation model (AGCM).89

The assimilation of SAGE water vapor is possible in the CoDAS framework to carry-90

on the trend and climate assessments after the Aura mission. Previous studies of pre-91

Aura datasets suggest the atmospheric lifetime of SWV may be long enough that even92

the limited 15-30 observations a day provided by solar occultation measurements could93

provide a meaningful constraint on reanalysis fields (Chipperfield et al., 2002; Pierce et94

al., 2007; Stajner & Wargan, 2004; Stajner et al., 2006). The aim of this study is to test95

and evaluate if the observations from SAGE will be able to anchor the assimilation sys-96

tem to produce reasonable analyzed water vapor fields.97

2 Data98

2.1 SAGE III/ISS99

The SAGE III instrument was installed on the ISS in February 2017, with mea-100

surements available starting in June 2017. The benefit of the SAGE series instruments101

is the design of the solar occultation technique and the self-calibration of the instruments102

which supports consistency across the SAGE platforms (H.-J. Wang et al., 2006; Yang103

et al., 2006). SAGE III/ISS observes between about ± 70◦ latitude (H. J. R. Wang et104

al., 2020) with usually 15 to 30 profiles per day (Davis et al., 2021). The measurements105

are mainly in the stratosphere, with large uncertainties reported in the troposphere and106

mesosphere (Damadeo et al., 2018; Davis et al., 2021; McCormick et al., 2020; H. J. R. Wang107

et al., 2020).108

Early validations of SAGE III/ISS water vapor (Davis et al., 2021; Park et al., 2021)109

demonstrate the success of the mission to continue the high quality, high vertical res-110

olution measurements of stratospheric composition by SAGE occultation instruments.111

We focus on the SWV profiles using SAGE III/ISS version 5.2 data (hereafter, simply112

referred to as SAGE) on a 0.5 km grid and we applied the additional filtering recommended113

by Davis et al. (2021). Our study will cover July 2017 through December 2022.114
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2.2 Independent observations115

2.2.1 Water vapor soundings116

Balloon-based frost-point hygrometer instruments measure temperature and wa-117

ter vapor (usually up to the mid-stratosphere) using temperature-moderated mirrors with118

a thin layer of dew or ice in equilibrium with the air around it. NOAA’s FPH (e.g., Vömel119

et al., 1995; Hall et al., 2016) are routinely launched from Boulder, Colorado, USA (40◦ N,120

105◦ W); Hilo, Hawaii, USA (20◦ N, 155◦ W); and Lauder, New Zealand (45◦ S, 170◦ E).121

Along with the NOAA FPH data, ‘cryogenic’ frost-point hygrometers (CFH; Vömel et122

al., 2007) sounding data from Lindenberg, Germany (52.2◦ N, 14.1◦ E), San Jose, Costa123

Rica (10◦N, 84.1◦ W), and Beltsville, Maryland, USA (39.1◦ N, 76.9◦ W) are available124

on routine basis and obtained for the study period.125

2.2.2 ACE-FTS126

The Atmospheric Chemistry Experiment (ACE) Fourier Transform Spectrometer127

(FTS) instrument on the Canadian SCISAT satellite measures water vapor using solar128

occultation. Because of the SCISAT satellite orbit the ACE-FTS measurements observe129

each latitude during specific times of the year including polar regions, with limited cov-130

erage over the tropics (https://ace.uwaterloo.ca/mission orbit.php). The ACE-131

FTS record begins in 2004, and it is documented to be stable and with a general high132

bias in SWV but within 10 % when compared against MLS (v3.3/3.4) and other inde-133

pendent observations (P. E. Sheese et al., 2017). We use ACE-FTS version 5.2 data with134

the quality flags applied (P. Sheese & Walker, 2023).135

2.2.3 MLS version 5136

MLS provides approximately 3000 profiles per day, with a vertical resolution on the137

order of 2-3 km, between ± 82◦ latitude. Version 4.2 water vapor (assimilated in M2-138

SCREAM) has a documented drift since 2010 when compared against independent ob-139

servations that results in a wet bias throughout the stratosphere (Hurst et al., 2014, 2016;140

Livesey et al., 2021; W. Randel & Park, 2019). MLS v5 largely reduces the post-2010141

bias to below statistically significant levels when compared to ACE-FTS but still shows142

significant (though reduced) drifts when compared to FPH stations (Livesey et al., 2021).143

2.3 GEOS Reanalysis products144

MERRA-2 is a global reanalysis that extends from the surface to the mesosphere145

and from January 1980 to the present. The MERRA-2 system assimilates a wide range146

of conventional observations and radiance data to constrain the meteorology (Gelaro et147

al., 2017). MERRA-2 does not assimilate SWV; instead it applies a 3-day relaxation to148

a monthly climatology (Davis et al., 2017) and constrains the water mass balance through-149

out the column (Takacs et al., 2016).150

Here, we use the GEOS CoDAS multi-species M2-SCREAM reanalysis water va-151

por 3D fields (GMAO, 2022; Wargan et al., 2023) as our benchmark of a composition152

reanalysis appropriate for climate studies. M2-SCREAM is constrained to analyzed me-153

teorological fields from MERRA-2 using the computationally-efficient meteorological “re-154

play” technique (Orbe et al., 2017). M2-SCREAM uses a full stratospheric chemistry155

mechanism, “StratChem” (Douglass et al., 1997; Kawa et al., 1995; Nielsen et al., 2017;156

Pawson et al., 2008) and assimilates MLS v4.2 water vapor for the Aura period (2005-157

one month lag; Wargan et al., 2020, 2023).158
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3 Methods159

In order to be as comparable to M2-SCREAM as possible, the existing GEOS Co-160

DAS infrastructure used to assimilate MLS water vapor in M2-SCREAM was used, fol-161

lowing minor adaptation to ingest data from the SAGE instrument. As in the M2-SCREAM162

system, the experiments assimilated SWV in StratChem with the meteorological replay163

to MERRA-2 (winds, temperature, pressure, and tropospheric water vapor) at 50 km164

horizontal resolution.165

A series of experiments was conducted:166

1. SAGE assim: SAGE water vapor GEOS CoDAS assimilation,167

2. MLS assim: MLS (v5.0) water vapor GEOS CoDAS assimilation, and168

3. Control: Meteorological replay with StratChem, no assimilation169

Each run is initialized from M2-SCREAM fields starting on July 1, 2017. The first170

half of July 2017 had optimal number of profiles (between 15-30 per day); however, few171

profiles were collected in the second half of July 2017 (see Figure S1). The SAGE III/ISS172

instrument has periodic expected interruptions to the observation record, including dur-173

ing summer and winter when the Solar Beta Angle is high (|β| > 60◦; https://asdc.larc174

.nasa.gov/documents/sageiii-iss/guide/ReleaseNotes G3B v05.30.pdf). Loss of175

data constraints, especially for extended periods of time, must be taken into consider-176

ation when evaluating the success of any assimilation system (Cohn & Dee, 1988). The177

SAGE assimilation and the Control were run through December 2022. The MLS v5 as-178

similation was conducted for a two-year period ending July 2019.179

4 Results and Discussion180

SWV mixing ratios from M2-SCREAM and the three experiments described in Sec-181

tion 3 are compared against co-located ACE-FTS measurements for 2018 in the range182

of ± 70◦ latitude (Figure 1, Table S1). In comparison to the Control experiment (Fig-183

ure 1a), there is a clear improvement in the distribution of water vapor in the lower strato-184

sphere (blue and cyan dots, 400 and 500 K) in all three assimilation products (Figure 1b-185

d, see also statistics in Table S1). While the correlation (r) between the assimilated wa-186

ter vapor and ACE-FTS measurements, listed in Figure 1b-d, is greater at higher alti-187

tudes (r ranges from 0.88 to 0.94; 1000 and 800 K) compared to the lower stratosphere188

(r ranges from 0.48 to 0.76; 400 and 500 K), the data constraints drastically improve on189

the spread compared to the the Control simulation in the lower stratosphere (r = 0.28190

and 0.39, 400 and 500 K, respectively, Figure 1a).191

It is important to remember how the differences among the independent observa-192

tions can affect the evaluation of the SAGE assimilation. The SAGE analyzed water va-193

por fall in between the two MLS version estimates relative to ACE-FTS (Figure 1b-d,194

Table S1), with generally higher estimates in the SAGE assimilation compared to the195

MLS (v5) assimilation throughout most of the stratosphere (Figure 1b,d; see also Fig-196

ure S2 zonal mean plots).197

To investigate these differences further, FPH and CFH data are used for the pe-198

riod July 2017 through December 2021. The stratospheric profiles shown in Figure 2 are199

oriented relative to the tropopause altitude. In general, there is good agreement between200

the station data and the SAGE analyzed water vapor in the stratosphere (6 to 15 km201

above tropopause; Figure 2a,b). In this altitude range, the mean SAGE analyzed wa-202

ter vapor is within a few tenths of a ppmv of the mean station data, and the standard203

deviation is generally less than ± 0.5 ppmv (thick black dashed lines), consistent with204

the results of Davis et al. (2021) which found the SAGE observations were generally within205

0.5 ppmv of the balloon-based measurements. In the lowermost stratosphere (0 to 5 km206

–5–



manuscript submitted to Geophysical Research Letters

Figure 1. Comparison of 2018 ACE-FTS water vapor to the three experiments and the re-

analysis (a) Control, (b) SAGE assimilation, (c) M2-SCREAM, and (d) MLS assimilation, sam-

pled at the closest time and location to the ACE-FTS measurements. Five isentropic surfaces in

the stratosphere were used: 1500 K (grey), 1000 K (pink), 800 K (black), 500 K (cyan), and 400

K (blue). Inset in each panel provides the Pearson correlation coefficient (r) at each isentropic

level. Standard deviation and mean bias at each level are provided in Table S1.
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Figure 2. Statistical comparisons of SWV soundings from sites using FPH (Boulder: n=84

profiles, Hilo: 46, Lauder: 48) and CFH (Lindenberg: 95, Beltsville: 30, and San Jose: 49) in-

struments and SAGE assimilation for July 2017 through December 2021 in troposphere-relative

(TR) coordinates. a: Mean profiles for station data (black circles) and SAGE assimilation (red

circles). b, c: Frequency of the differences (model minus observation) are shown for 6 to 15 km

(bin size = 0.1 ppmv) and 0 to 5 km (bin size is 0.5 ppmv), respectively. At each km above the

tropopause, the mean (crosses), ± 1 standard deviation of the difference (thick black dashed

lines), and ± 1 standard deviation of the observations (dotted lines) are indicated. Note, the

x-axis in b and c and for San Jose in c are different.

above tropopause; Figure 2a,c), there is a clear transition to higher water vapor estimates207

in the SAGE assimilation compared to the hygrometer measurements and there is a large208

increase in the variability of the observations (dotted lines). Except at San Jose, the spread209

in the differences increases with the standard deviation in the analyzed water vapor fields210

also increasing, reflecting the observed variability at these levels.211

One of the main transport pathways for tropospheric water vapor into the strato-212

sphere is through tropical upwelling as part of the larger Brewer-Dobson circulation (Holton213

et al., 1995; Mote et al., 1996; W. Randel & Park, 2019). This can be captured through214

the “tape recorder” signal (Mote et al., 1996), which is the seasonal imprint of tropical215

tropopause temperatures on SWV, presented here as anomalies in water vapor within216

± 15◦ latitude of the equator (Figure 3). There is relatively dry air leaving the tropopause217

centered on boreal winter (shown in brown) and relatively moist air in a period centered218

on boreal summer (blue), which are both advected upward for about an 18 month cy-219

cle (Mote et al., 1996; Blunden et al., 2023). In MERRA-2, the tropospheric water va-220

por is constrained by observations; thus, the annual cycle is well captured between 100221

and 70 hPa (Figure 3a). Above about 70 hPa there is little inter-annual variability as222

mixing ratios are relaxed to a climatology. For M2-SCREAM and the SAGE assimila-223

tion, new patterns emerge compared to MERRA-2, indicating that the wet and dry phases224

can have varying intensities throughout the stratosphere (70 to 10 hPa). While the tape225

recorder signal in the SAGE assimilation does not appear as smooth as M2-SCREAM,226

likely due to less frequent tropical observations, the SAGE assimilation is still able to227

capture it until early 2022.228

In January 2022, Hunga Tonga-Hunga Ha’apai (HT-HH), a submarine volcano in229

the tropical Pacific Ocean (approximately 20◦ S, 175◦ W), erupted, injecting vast amounts230
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Figure 3. Tropical tape recorder signal assessed as anomalies in water vapor for 15◦ S to

15◦ N and 100 to 10 hPa for (a) MERRA-2, (b) M2-SCREAM, and (c) SAGE assimilation for

the period of January 1, 2017 through December 31, 2022. The base period for the anomalies do

not include 2022: MERRA-2 and M2-SCREAM use the average water vapor for the 5-year period

from January 1, 2017 through December 31, 2021, and SAGE assimilation use the average water

vapor for the 4-year period from July 2, 2017 through July 1, 2021.
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of water into the stratosphere (e.g., Carr et al., 2022; Coy et al., 2022; Manney et al.,231

2023; Millán et al., 2022; Schoeberl, Wang, Ueyama, Taha, & Yu, 2023; Vömel et al., 2022).232

In the two assimilation products, the expected vertical transport, as seen in the MERRA-233

2 reanalysis (Figure 3a) was disrupted above 70 hPa in the early 2022, with anomalously234

high water vapor now present in the stratosphere (Figure 3b,c). The HT-HH eruption235

is a natural experiment of how well SAGE captures an anomalous event which can im-236

pact Earth’s climate (Jenkins et al., 2023; Millán et al., 2022; Schoeberl, Wang, Ueyama,237

Dessler, et al., 2023; Sellitto et al., 2022). Along with the water vapor, aerosols from the238

volcanic eruption reached the stratosphere which can impact the ability of space-based239

instruments like SAGE to observe the full atmosphere (Damadeo et al., 2013; Davis et240

al., 2021). Microwave radiances, like those retrieved from MLS, are not affected to the241

same degree by volcanic sulfate aerosols (Millán et al., 2022). It is evident from Figure 3242

that the HT-HH water vapor signal is delayed and not as anomalously-high in the SAGE243

assimilation compared to the assimilation system with MLS (M2-SCREAM, Figure 3b,c).244

This reduced HT-HH signal led to the following questions:245

1. Are there enough SAGE tropical profiles following the HT-HH eruption that the246

assimilation system would be able to pick up its signal?247

2. Does CoDAS need further tuning to handle such extremes?248

In Figure 4, the mean zonal analyzed water vapor in the latitude range coinciding249

with the volcanic plume of high SWV (30◦ S and the Equator) at 20 hPa (the center of250

positive tropical tape recorder signal in the SAGE assimilation in Figure 3c) highlights251

how the assimilation system responds to the frequency of the SAGE observations. In M2-252

SCREAM (assimilating MLS), there is an increase in the mean water vapor in the days253

following the eruption, reaching nearly 15 ppmv by the end of January 2022. Prior to254

the eruption, zonal mean SWV from the SAGE assimilation was within 0.5 ppmv of M2-255

SCREAM (solid blue line vs red line) and continued at background levels in the imme-256

diate months following the eruption, with the few observations available (grey bars) mak-257

ing no impact on the analyzed water vapor (solid blue line, Figure 4). It is not until early258

March 2022 that SWV in the SAGE assimilation starts to increase each time there are259

tropical observations (Figure 4). To answer the first question, there are not enough ob-260

servations of the plume.261

In June 2022, the SWV in the austral tropics is at a maximum in the SAGE as-262

similation (Figure 4). The statistical comparison of the SAGE observations to the as-263

similation products (Figure 5) highlights the low bias of the SAGE assimilation compared264

to the observations within the water vapor peak in the layer from 20 to 30 hPa. At each265

level, the dotted lines are the SAGE retrieval uncertainty which are over 10 ppmv be-266

tween 30 to 50 hPa (Figure 5a,c). From March to June, the thickness of the layer of high267

uncertainty decreased (as the uncertainty decreased), and the water vapor in this layer268

in the SAGE assimilation increased (Figure S3a-d). The monthly statistics comparing269

the observations versus the GEOS assimilated products illustrates that the CoDAS is270

performing as expected (Figures 5, S3 and S4), answering the second question, such that271

where the instrument uncertainty is high for the observations available the CoDAS as-272

signs lower weightings to the observations, contributing to a reduced HT-HH signal in273

the SAGE assimilation. The profiles of SAGE water vapor observations are compared274

to the M2-SCREAM analysis (assimilates MLS v4.2) in Figure 5c,d. Since there is very275

good agreement between M2-SCREAM analyzed water vapor and SAGE observations,276

the observation uncertainty estimates for SAGE are likely too high.277

To explore if the CoDAS algorithm would allow these profiles to have a stronger278

impact on the system if the uncertainty estimates were reduced, the errors were artifi-279

cially reduced by a factor of 10 where the aerosol extinction (1020 nm) > 1x10−3 km−1.280

While this helps to increase the water vapor in the zonal band of 30◦ S - Equator (solid281

vs dashed blue lines, Figure 4), the uncertainty estimates are still large (bottom row, Fig-282
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Figure 4. Zonal mean SWV at 20 hPa between 30◦ S and the Equator for M2-SCREAM (red

line), SAGE assimilation (solid blue line) and the SAGE assimilation with the artificially reduced

uncertainty (dashed blue line) for January 1 to August 15, 2022. The grey bars indicates the

number of daily SAGE profiles in this tropical band.

Figure 5. June 2022 tropical SAGE observations compared to analyzed water vapor fields

from the SAGE assimilation (a,b) and M2-SCREAM (c,d). a,c: the mean (white crosses),

standard deviation (thick black bars), probability density functions (color) of the model minus

observation, with SAGE retrieval uncertainty (dotted line). b,d: mean SWV profiles.
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ure S3) so the assimilation with SAGE water vapor profiles still underestimated the SWV283

within the plume in comparison to M2-SCREAM (dashed blue vs red lines, Figure 4).284

By June, as the enhanced aerosol layer sinks (Duchamp et al., 2023) with respect to the285

water vapor plume, the measurements with high uncertainty are below the enhanced wa-286

ter vapor layer (Figures 5a,b and S3), and the assimilation no longer benefits from the287

artificially reduced uncertainty (Figure 4). By mid-August, M2-SCREAM and SAGE288

assimilation estimates are again within 0.5 ppmv.289

5 Conclusion290

It is critical to monitor and understand changes in stratospheric water vapor (SWV)291

– a powerful greenhouse gas – as a driver in Earth’s evolving climate. For climate as-292

sessments, it is critical to have realistic global 3D representation of SWV concentrations.293

Several Earth-observing satellites have instruments which measure water vapor in the294

stratosphere; most notably are MLS, ACE-FTS and SAGE series instruments. Both MLS295

and ACE-FTS are heritage instruments launched in the early 2000s, and at least MLS296

is nearing the end of its life. Reanalysis products are useful for analyzing long-term vari-297

ability, but those without observational constraints for SWV are not suitable for scien-298

tific studies of SWV (Davis et al., 2017). Two recent reanalyses have included MLS wa-299

ter vapor in the DA observing system (Errera et al., 2019; Wargan et al., 2023). While300

the community awaits follow-on missions, the assimilation of SAGE SWV profiles should301

be considered in reanalysis products. This study demonstrated there is a clear benefit302

to assimilating the SAGE water vapor observations, albeit less frequent with respect to303

MLS, with the caveat that for anomalous events, like HH-TH eruption, and where there304

are few to no observations (e.g., seasonally in the tropics, and the polar regions), the re-305

analysis product would be mainly driven by background fields.306

Open Research Section307

The Atmospheric Chemistry Experiment (ACE), also known as SCISAT, is a Canadian-308

led mission mainly supported by the Canadian Space Agency. ACE-FTS Level 2 data309

was obtained from https://databace.scisat.ca/level2/ and quality flags (P. Sheese & Walker,310

2023) were accessed through https://doi.org/10.5683/SP3/NAYNFE. SAGE III/ISS311

is a NASA Langley managed mission funded by the NASA Science Mission Directorate312

within the Earth Systematic Mission Program. Enabling partners are the NASA Human313

Exploration and Operations Mission Directorate, the International Space Station Pro-314

gram, and the European Space Agency. SAGE III/ISS is available at https://doi.org/315

10.5067/ISS/SAGEIII/SOLAR NetCDF4 L2-V5.2. MLS v5 are available from https://316

disc.gsfc.nasa.gov/datasets?page=1&source=Aura\%20MLS&project=Aura. M2-SCREAM317

is available through the Goddard Earth Sciences Data and Information Services Cen-318

ter (https://disc.gsfc.nasa.gov) and the specific M2-SCREAM product collection used319

here is cited appropriately in the references as GMAO (2022). FPH observations were320

obtained from https://gml.noaa.gov/ozwv/wvap/ using the Water Vapor Data Archive321

FTP. The CFH observations were obtained from NDACC and can be accessed via this322

link: https://ndacc.larc.nasa.gov/instruments/sonde.323
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