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Abstract

Since June 2017, the Stratospheric Aerosol and Gas Experiment III instrument on the International Space Station (SAGE

III/ISS) has been providing vertical profiles of upper tropospheric to stratospheric water vapor (WV) retrieved from solar

occultation transmission measurements. The goal of this paper is to evaluate the publicly released SAGE III/ISS beta version

5.1 WV retrieval through intercomparison with independent satellite- and balloon-based measurements, and to present recom-

mendations for SAGE III/ISS data quality screening criteria. Overall, we find that SAGE III/ISS provides high quality water

vapor measurements. Low quality profiles are predominately due to retrieval instabilities in the upper stratosphere that cause

step-like changes in the profile, and aerosol/cloud-related interferences (below ˜20 km). Above 35 km, the retrieved uncertainty

and noise in the data rapidly grow with increasing altitude due to relatively low extinction signal from water vapor. Below the

tropopause, retrieved uncertainty increases with decreasing altitude due to enhanced molecular scattering and aerosol extinction.

After screening low-quality data using the procedures described herein, SAGE III/ISS WV is shown to be in good agreement

with independent satellite and balloon-based measurements. From 20 – 40 km, SAGE III/ISS WV v5.1 data exhibit a bias of

0.0 to -0.5 ppmv (˜10 %) relative to the independent data, depending on the instrument and altitude. Despite its status as a

beta version, the level of SAGE III/ISS WV agreement with independent data is similar to previous SAGE instruments, and

therefore the data are suitable for scientific studies of stratospheric water vapor.
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Abstract 31 

Since June 2017, the Stratospheric Aerosol and Gas Experiment III instrument on the 32 

International Space Station (SAGE III/ISS) has been providing vertical profiles of upper 33 

tropospheric to stratospheric water vapor (WV) retrieved from solar occultation transmission 34 

measurements. The goal of this paper is to evaluate the publicly released SAGE III/ISS beta 35 

version 5.1 WV retrieval through intercomparison with independent satellite- and balloon-based 36 

measurements, and to present recommendations for SAGE III/ISS data quality screening criteria. 37 

Overall, we find that SAGE III/ISS provides high quality water vapor measurements. Low 38 

quality profiles are predominately due to retrieval instabilities in the upper stratosphere that 39 

cause step-like changes in the profile, and aerosol/cloud-related interferences (below ~20 km). 40 

Above 35 km, the retrieved uncertainty and noise in the data rapidly grow with increasing 41 

altitude due to relatively low extinction signal from water vapor. Below the tropopause, retrieved 42 

uncertainty increases with decreasing altitude due to enhanced molecular scattering and aerosol 43 

extinction. After screening low-quality data using the procedures described herein, SAGE III/ISS 44 

WV is shown to be in good agreement with independent satellite and balloon-based 45 

measurements. From 20 – 40 km, SAGE III/ISS WV v5.1 data exhibit a bias of 0.0 to -0.5 ppmv 46 

(~10 %) relative to the independent data, depending on the instrument and altitude. Despite its 47 

status as a beta version, the level of SAGE III/ISS WV agreement with independent data is 48 

similar to previous SAGE instruments, and therefore the data are suitable for scientific studies of 49 

stratospheric water vapor. 50 

Plain Language Summary 51 

Measurements of water vapor in the stratosphere are important for understanding climate 52 

change. This paper presents new measurements of stratospheric water vapor from an instrument 53 

aboard the International Space Station, and we describe methods for filtering the data to retain 54 

only the highest quality profiles for scientific analysis. The new measurements compare well to 55 

existing satellite and scientific balloon measurements of stratospheric water vapor, and therefore 56 

will be of use for studying year-to-year and longer-term changes in stratospheric water vapor. 57 

1 Introduction 58 

Water vapor plays an important role in determining the radiative balance of Earth’s 59 

atmosphere, and variations in stratospheric water vapor (SWV) concentrations have been shown 60 

to affect radiative forcing (Forster & Shine, 1999; Solomon et al., 2010), ozone concentrations 61 

(Dvortsov & Solomon, 2001), and atmospheric circulation (Maycock et al., 2013). These 62 

variations in SWV can occur on sub-seasonal to decadal timescales, so accurate and continuous 63 

global measurements of SWV are essential in order to understand SWV variability over the 64 

range of relevant timescales. Although no formal satellite-based monitoring program exists for 65 

SWV, a number of temporally overlapping satellite instruments have been making measurements 66 

of SWV continuously since the launch of the Stratospheric Aerosol and Gas Experiment II 67 

(SAGE II) in 1984. This collection of satellite SWV measurements, which is described 68 

comprehensively by the second SPARC (Stratosphere-troposphere Processes And their Role in 69 

Climate) water vapor assessment (WAVAS-II, Lossow et al., 2019), includes both the SAGE II 70 

instrument (1984 – 2005, Damadeo et al., 2013), as well as the SAGE III instrument that flew 71 

aboard the METEOR-3M satellite (SAGE III/M3M, 2002 – 2005, Thomason et al., 2010).  72 
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In June 2017, a new SAGE III instrument aboard the International Space Station (SAGE 73 

III/ISS) began regular operation and has been making ~30 solar occultation measurements per 74 

day since that time. From these sunrise and sunset transmittance measurements, vertical profiles 75 

of ozone (Wang et al., 2020), nitrogen dioxide, water vapor, and aerosol extinction at multiple 76 

wavelengths are retrieved, and have been made publicly available as version 5.1. 77 

2 SAGE III/ISS solar water vapor data  78 

2.1 Instrument description and retrieval 79 

The SAGE III/ISS instrument is essentially the same as the SAGE III/M3M instrument 80 

(W. Chu et al., 1997; W. P. Chu & Veiga, 1998) only with some additional hardware to operate 81 

onboard the International Space Station and an improved neutral density filter to eliminate thick 82 

plate etalon features in the solar events (Cisewski et al., 2014; Thomason et al., 2010). Like 83 

previous SAGE instruments, it uses the technique of solar occultation to produce line-of-sight 84 

(LOS) transmission profiles at each wavelength from the top of the atmosphere down to the 85 

cloud top (W. P. Chu & Mccormick, 1979). SAGE III/ISS is also capable of making 86 

observations using lunar occultation or limb scatter modes, but those measurements do not 87 

produce water vapor as a retrieval product and are thus not discussed here. As a CCD 88 

spectrometer, observations of absorption by water vapor in the atmosphere are made using 27 89 

different pixel columns on the CCD between 933 nm and 958 nm, each with a spectral resolution 90 

of ~1 nm. Two additional pixel columns with similar resolution near 920 nm and 971 nm are also 91 

used. Collectively, this spectral range measures in the rho-sigma-tau bands in the water vapor 92 

spectrum as well as the Wulf band in the ozone spectrum. 93 

This paper discusses the results of the version 5.1 beta release of water vapor. The 94 

retrieval algorithm is a non-linear Levenberg Marquardt, onion-peeling algorithm making use of 95 

the Curtis-Godson approximation forward model to turn wavelength-dependent LOS 96 

transmission profiles into profiles of water vapor, ozone, and aerosol simultaneously. 97 

Contributions from Rayleigh/molecular scattering are removed first, but ozone is not simply 98 

cleared out as an interfering species despite having an arguably more robust solution (of ozone 99 

extinction) from another part of the SAGE III/ISS retrieval algorithm (e.g., see Wang et al. 100 

(2020) for a description of the SAGE III/ISS ozone product). This is because doing so would 101 

make the water vapor solution dependent upon the relative accuracy of the ozone cross-section 102 

database used here (Bogumil et al., 2003) between the primary ozone solution spectral range 103 

(~600 nm) and that used for water vapor (~945 nm). Similar retrievals in SAGE II using the 104 

same cross-section database suggest that the relative difference in ozone cross-sections between 105 

the two spectral regimes could be off by about 10% (Damadeo et al., 2013). Instead, the 106 

increased spectral resolution of SAGE III/ISS (compared to SAGE II) makes the retrieval 107 

sensitive only to the relative shape of the ozone cross-sections in the water vapor channel and not 108 

their overall magnitude (Thomason et al., 2010). However, the ozone and aerosol solutions that 109 

derive from the water vapor retrieval are not reported as part of the public data product. It is 110 

important to point out that in v5.1, unlike other SAGE III/ISS data products, the water vapor 111 

retrieval is performed on a 1 km grid and the results are interpolated to a 0.5 km grid. The LOS 112 

transmission profiles are also smoothed for use with the water vapor retrieval, giving the final 113 

product a 2 km vertical resolution. 114 
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The SAGE III/ISS instrument and its operation in solar occultation mode is similar to its 115 

predecessors (e.g., SAGE II and SAGE III/M3M), but includes some advances which permit 116 

measurement of additional wavelengths. A general description of the solar occultation 117 

measurement technique is provided by Mccormick et al. (1979), but here we briefly describe 118 

how SAGE III/ISS acquires the radiant target and uses a scanning mirror to scan the target image 119 

across the instrument field-of-view (FOV) aperture. A measurement is considered to occur at the 120 

point along the line of sight from the instrument to the target that comes closest to the Earth’s 121 

surface (i.e., the subtangent point). The altitude of that point above the Earth’s surface is 122 

commonly referred to as the tangent altitude.  123 

The use of a scanning mirror provides multiple samples at each tangent altitude that are 124 

combined to construct transmission profiles from the Earth’s surface (or cloud top) to an altitude 125 

of 100 km. Above this altitude, irradiance measurements are acquired between 100 and 250 km 126 

to characterize the instrument’s performance across its wavelength range. This information is 127 

used to calibrate the instrument for each solar occultation event. By using this procedure, SAGE 128 

III data are relatively unaffected by changes in the instrument characteristics over the lifetime of 129 

the mission.  130 

 2.2 SAGE III/ISS solar sampling characteristics 131 

The ISS is inclined in a 52° orbit, and as such, sunrise and sunset latitudes oscillate from 132 

their extreme latitude in one hemisphere to their extreme in the other hemisphere approximately 133 

every 30 days (Figure 1a). This pattern results in expanded sampling coverage compared to 134 

SAGE III/M3M. The latitudinal sampling envelope varies seasonally, in phase with the subsolar 135 

latitude, such that the sampling is shifted northward during boreal summer and southward during 136 

boreal winter. As with other mid- and high-inclination orbit solar occultation instruments, the 137 

sampling is denser at higher latitudes and sparser in the tropics, with on average 2-3 months per 138 

year of no tropical data at near-equatorial latitudes (Figure 1b). 139 

 140 
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 141 

Figure 1. a) SAGE III/ISS solar occultation latitudes as a function of latitude and time, separated 142 

by event type (sunrise and sunset). b) The number of SAGE III/ISS solar occultation 143 

measurements as a function of latitude and time, in monthly 5° latitude bins.  Data shown are 144 

from the mission start (June 2017) through December 2019. 145 

3 Correlative data and methods 146 

3.1 Aura MLS 147 

The Aura Microwave Limb Sounder (MLS) instrument began taking data in August 2004 148 

from aboard the NASA Earth Observing System Aura satellite (Waters et al., 2006). MLS 149 

measures thermally emitted microwave radiation from Earth’s limb, and retrieves water vapor 150 

using the 190 GHz channel (Lambert et al., 2007; Read et al., 2007). MLS achieves nearly global 151 

coverage (82°S - 82°N), sampling ~3500 profiles per day with a vertical resolution of 2.5 – 3.5 152 

km for stratospheric water vapor (100 hPa – 1 hPa). Here, we use version 4.2 data, which are 153 

provided at 12 levels per decade (~ 1.25 km) for pressures greater than 1 hPa. Over this range, 154 

the estimated accuracy (precision) for water vapor ranges from 4 to 19% (4 to 15%, Livesey et 155 

al., 2020). MLS data are screened according to the recommendations in the Aura MLS version 156 

4.2 data quality document (Livesey et al., 2020).  157 
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3.2 ACE-FTS 158 

The Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) is 159 

a solar occultation limb sounder launched in 2003 aboard the SCISAT satellite. ACE-FTS 160 

measures mid-infrared radiances (750 – 4400 cm
-1

) with a vertical field of view of ~3 to 4 km to 161 

retrieve numerous trace gases on a 1 km altitude grid. Measuring since February 2004, ACE-FTS 162 

observes up to 30 solar occultation events per day, with sampling focused on high latitudes due 163 

to its high inclination orbit (74°). In this paper, we use both ACE-FTS v3.6 data, which is a 164 

minor update to the validated v3.5 data (Boone, 2013; Sheese et al., 2017), and the recently 165 

released v4.1 data (Boone et al., 2020). The newest version of ACE-FTS is included here to 166 

assess any potential differences between it and the well validated earlier version of the data. 167 

Validation efforts for ACE-FTS v3.5 data have demonstrated that the water vapor product has 168 

good stability and mean bias within 10% (17-70 km) in comparison to the Michelson 169 

Interferometer for Passive Atmospheric Sounding (MIPAS) and Aura MLS measurements 170 

(Sheese et al., 2017). The assessment of ACE-FTS data in WAVAS-II also corroborates these 171 

results (Khosrawi et al., 2018; Lossow et al., 2019).    172 

3.3 Frost point hygrometer measurements 173 

The balloon-borne frost point water vapor measurements used here consist of NOAA 174 

Frost Point Hygrometer (FPH, Hurst et al., 2011) and Cryogenic Frostpoint Hygrometer (CFH, 175 

Vömel et al., 2007) soundings at 5 sites (see Table 1) during both routine monthly soundings and 176 

specially chosen times to correspond to ISS overpasses. The CFH and NOAA FPH use the same 177 

basic principle to measure frost point temperatures at high vertical resolution (~5 m), but there 178 

are subtle differences in the way they operate. Each uses a different optical system and control 179 

parameters to regulate a thin layer of ice on a temperature-controlled mirror, and there are also 180 

differences in the way unwanted stray light (i.e., sunlight) is filtered. Several dual flights of the 181 

two hygrometers since 2005 have demonstrated their agreement is well within the stated 182 

measurement uncertainties (< 10%), especially in the stratosphere (Hall et al., 2016; Vömel et 183 

al., 2007).  184 

Table 1. Frost point hygrometer soundings used in this study (17 June 2017 to 31 December 185 

2019) 186 

 187 

Station Instrument Latitude Longitude # Soundings 
  

# SAGE 
coincidences 

Lindenberg (GER) CFH 52.2 14.1 64 14 
Boulder (USA) FPH 40 -105.2 38 23 
Hilo, HI (USA) FPH 19.7 -155.1 28 9 
San Jose (CRI) CFH 10 -84.1 29 9 
Lauder (NZL) FPH -45 169.7 28 13 
TOTAL    187 68 

 188 

3.4 Coincident profiles 189 

For identifying coincident measurements from correlative data sources, it is necessary to 190 

define coincidence criteria since measurements are generally not made at the exact time and 191 

geographical location. Here, we use criteria very similar to that used by Wang et al. (2020) to 192 

identify matched pairs of ozone profiles from SAGE III/ISS and correlative satellite data sets. 193 
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For matching other satellite data sets with SAGE III/ISS, we consider profiles to be matched 194 

with SAGE III/ISS if they fall within ± 1 day, ± 2° latitude, and ± 1113 km in longitude (i.e., 195 

equivalent to ± 10° longitude at the equator). For the case of multiple correlative profiles meeting 196 

this match criteria, the profile with the closest spatial distance is chosen. 197 

For matching with frost point hygrometers, we use a relaxed coincidence criteria of ± 2 198 

days, ± 4° latitude, and ± 2226 km zonally (i.e., equivalent to ± 20° longitude at the equator). 199 

These relaxed criteria lead to 36% of frost point (FP) profiles obtained at the 5 sites between the 200 

start of SAGE III/ISS data and the end of 2019 being matched with SAGE, as opposed to 16% 201 

when the more restrictive criteria are used. Of the matched FP-SAGE measurements, the median 202 

separation is 350 km and the root-mean-square time difference is 26 hours. Also, it is worth 203 

noting that 32 of the 187 FP profiles collected between the beginning of SAGE III/ISS data 204 

collection and the end of 2019 were purposefully timed with SAGE III/ISS solar occultation 205 

overpasses to obtain matched data, so in general these measurements are quite well matched with 206 

SAGE occultations. 207 

4 SAGE III/ISS data quality screening criteria 208 

4.1 Known anomalies and outliers in version 5.1  209 

As of the end of 2019, SAGE III/ISS has collected 21,879 solar occultation profiles of 210 

water vapor, all of which are shown in Figure 2. An analysis of these reveals a number of 211 

anomalous profiles that can be broken into two categories: failed retrievals and “keel-over” 212 

profiles. Both of these anomalies have a similar cause. The amount of extinction from water 213 

vapor in the spectral region surrounding 945 nm is very small in the upper stratosphere and 214 

mesosphere and the SAGE III/ISS water vapor retrieval uses a non-linear onion peeling 215 

technique, meaning it starts at the top of the profile and iteratively works its way down while 216 

using the previous solutions for the next iteration. With a weak signal and a non-linear solution, 217 

instabilities can arise that result in mixing ratios that tend to oscillate back and forth between 218 

very large positive and very large negative through the onion peeling process. This oscillatory 219 

behavior, a byproduct of error propagation (Clarmann et al., 1991), is a common outcome of any 220 

onion peeling retrieval in a weak signal regime and results in a noisy solution at the top of the 221 

profile that relaxes with decreasing altitude. Occasionally the solution arrives at a negative value 222 

that is so large it cannot properly recover, resulting in the anomalous profiles shown in red in 223 

Figure 2a. Similarly, the solution sometimes arrives at a very large positive value that it slowly 224 

relaxes from as the retrieval moves to lower altitudes, resulting in the “keel-over” profiles, so 225 

named because the mixing ratio appears to keel over towards very large values in the upper part 226 

of the profile. 227 

 228 
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229 
  230 

Figure 2. a) All retrieved water vapor values collected by SAGE III/ISS through the end of 2019 231 

(gray +). Anomalous water vapor profiles are shown in red (see Table 2), and have been removed 232 

in the middle and right panels. b) SAGE III/ISS WV values on an enlarged scale, along with the 233 

median values (magenta), median uncertainties (green), and two diagnostics of the dispersion of 234 

the data: the median  3-standard deviation lines (blue) and corresponding 3 times the scaled 235 

median absolute deviations (MAD*=1.48*MAD, red). c) SAGE III/ISS WV values after removal 236 

of anomalous profiles (Section 4.1), keel-over profiles (Section 4.2), and aerosol/cloud 237 

contaminated data (Section 4.3).  238 

 239 

In version 5.1, the data are screened for failed retrievals or obviously unphysical results 240 

by the SAGE team prior to their release as part of a Quality Assurance (QA) step that was also 241 

done during the SAGE III/M3M mission. The large, unphysical, negative anomalies are 242 

intentionally removed during the QA step, but this is still a manual process and, as evident by 243 

Figure 2a, sometimes an error is made and failed retrievals slip through for release to the public. 244 

A list of these missed anomalies identified for manual removal is shown in Table 2. Also 245 

included in this list of bad events is one profile affected by solar eclipse conditions (i.e., with bit 246 

flag 6 set, see NASA, 2018). 247 

 248 

Table 2. Anomalous water vapor events in SAGE III/ISS version 5.1 (17 June 2017 to 31 249 

December 2019) 250 

Event 
number 

Date Time Latitude 
  

Longitude Reason 

1128120 2018-05-11 12:51:54 -39.97 60.35 anomaly 

1495410 2019-01-02 16:59:41 43.92 -139.92 anomaly 

1587720 2019-03-03 3:01:49 -54.70 -122.50 anomaly 

1587920 2019-03-03 6:07:17 -54.45 -169.04 anomaly 
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1589520 2019-03-04 6:50:56 -52.29 178.72 anomaly 

1592220 2019-03-06 0:34:43 -48.09 -89.27 anomaly 

1596720 2019-03-08 22:08:09 -39.07 -55.50 anomaly 

1630910 2019-03-30 22:05:22 -43.44 123.49 anomaly 

1632310 2019-03-31 19:44:11 -45.70 159.39 anomaly 

1683520 2019-05-03 18:50:00 -46.95 -30.86 anomaly 

1739820 2019-06-09 0:20:16 33.84 -78.85 anomaly 

1756710 2019-06-19 22:29:33 -1.39 113.57 anomaly 

1762620 2019-06-23 17:13:27 -32.26 -3.68 anomaly 

1766110 2019-06-25 22:25:57 28.04 100.89 anomaly 

719620 2017-08-21 20:23:56 -6.69 -36.65 eclipse 

 251 

While the large, unphysical, negative anomalies were intentionally, though incompletely, 252 

removed during the QA process, the keel-over profiles were intentionally left in the data set. This 253 

was so these events could be evaluated by the users to determine if the data below the keel were 254 

usable. Keel-over events are easily identifiable by large statistical outliers in the upper 255 

stratosphere in Figure 2b and are responsible for the divergence above ~35 km between the 256 

standard deviation (blue line in Figure 2b) and the scaled median absolute deviation (red line in 257 

Figure 2b), which is an outlier resistant measure of the dispersion in data (Leys et al., 2013). For 258 

a normal distribution, the MAD is directly related to the standard deviation by a scale factor of 259 

1.48, so in Figure 2 we plot the scaled MAD (i.e., MAD* = 1.48*MAD) for comparison with the 260 

standard deviation. For a normal distribution with outliers, the standard deviations are larger than 261 

the scaled MADs and is a poor measure of the dispersion in the data. The fact that the two 262 

diagnostics are in good agreement in the lower-to-middle stratosphere suggests that the data 263 

below the keel of keel-over events may still be of good quality. A method of diagnosing these 264 

events and filtering out the keel-over portion is discussed in Section 4.2. 265 

Apart from the known anomalies discussed above, there are other statistical outliers in the 266 

upper troposphere (below ~15 km), again evidenced by the dispersion between the standard 267 

deviations and the scaled MADs. While some of this is attributable to increasing geophysical 268 

variability with decreasing altitude in this region, negative values of water vapor are not 269 

expected in the troposphere. Instead, these outliers are likely to occur due to contamination of the 270 

transmission profiles by clouds. Solar occultation retrievals assume spherical homogeneity of the 271 

atmosphere (i.e., a concentration of a species is constant for a given altitude). While this 272 

assumption generally breaks down further in the troposphere, it is particularly incorrect in the 273 

presence of clouds. This causes the data obtained when viewing a cloud to corrupt the data 274 

obtained below it during the inversion process, producing statistical outliers that are both positive 275 

and negative. As such, simply removing negative values would be insufficient which is why it 276 

has always been recommended to ignore data below the top of a cloud obtained from occultation 277 

instruments. A technique for filtering this data is discussed in Section 4.3.  278 

While negative values are not expected in the troposphere, where water vapor values are 279 

typically large, they can be present as a result of noise in the weak signal regime (i.e., in the 280 

upper stratosphere). This is clearly shown by the increasing reported uncertainties (green line in 281 

Fig. 2b) and increasing spread of the scaled MADs (red line in Fig. 2b) in the upper stratosphere 282 
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that encompasses negative values. The oscillatory pattern in the MADs is a result of the retrieval 283 

being performed on a 1 km grid and interpolated to the 0.5 km grid, thus making the outer 284 

envelope of the MADs indicative of the spread in the retrieved data while the inner envelope is a 285 

result of the interpolation that acts like a form of smoothing in the presence of oscillatory noise 286 

patterns from onion peeling. It is generally recommended to not attempt to filter out negative 287 

values (or values with large uncertainties) in the presence of noise (such as in the upper 288 

stratosphere), as doing so has the potential to bias spatially averaged data (e.g., zonal means) 289 

high. 290 

After applying the filtering described in the next two sections, the SAGE III/ISS data set 291 

is much more well behaved, as illustrated in Figure 2c. For example, both the 3 and MAD* 292 

estimates are in agreement in the upper stratosphere, indicating successful removal of the outlier 293 

values in this region. Also, outliers in the upper troposphere (both negative values and large 294 

positive outliers) are removed.  295 

4.2 Filtering keel-over profiles 296 

As mentioned in Section 4.1, keel-over profiles in the SAGE III/ISS WV data manifest as 297 

a systematic increase in WV value upwards along the profile, as illustrated in the example shown 298 

in Figure 3. In these profiles, there is a strong vertical gradient in water vapor that leads to a 299 

large positive peak in the profiles, often followed by an oscillation and large negative peak above 300 

that (see example in Figure 3a).  301 

 302 

303 
Figure 3. a) An example keel-over profile from event #608620 taken on 2017-06-11 at 11:10:14 304 

UTC (46.3° N, 128.9° E). The thick red line is retained, and the dashed line is removed using the 305 

keel-over filtering described in Sect. 4.2. b) A plot of all 573 keel-over profiles identified in the 306 

SAGE III/ISS data through 2019 (black lines). Also highlighted in red is the event from a), as 307 

well as the mean percent differences from MLS for the keel-over profiles (blue). In both plots, 308 

the horizontal dotted line indicates the level at which the vertical derivative of water vapor 309 

reaches 1 ppmv km
-1

.  310 

 311 
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The general strategy for identifying keel-over profiles is to find the presence of a large 312 

positive vertical gradient in water vapor (dWV/dz), and then remove the part of the profile above 313 

the point where this occurs. Because of noise in the profiles, particularly in the mid and upper 314 

stratosphere where keel-overs occur, we smooth the profiles before computing the vertical 315 

derivatives. Through experimenting with different averaging and vertical derivative thresholds, 316 

we found that a 5 km boxcar average and derivative of 1 ppmv km
-1

 adequately identifies keel-317 

over profiles without creating too many false positives. To be conservative in the filtering, we 318 

remove the portion of the profile above the level 2.5 km below the point at which the smoothed 319 

derivative is 1 ppmv km
-1

 (see dashed red lines in Fig. 3 showing the removed portion of the 320 

profile).  321 

In this filtering, we are assuming that the bottom part of the keel-over profile is of 322 

reasonable quality, which is a reasonable assumption since the retrieval iterates from the top of 323 

atmosphere downwards and the retrieval instability occurs in the tops of these profiles. However, 324 

to test this we compared the 573 keel-over profiles to their closest matched MLS profiles to 325 

verify that the SAGE III/ISS data problems occur above the 1 ppmv km
-1

 point. Indeed, the mean 326 

percent differences from MLS (blue line, Figure 3b) only appears to show extreme deviations 327 

near and above the 1 ppmv km
-1

 level, not in the lower part of the profile.  328 

4.3 Filtering of data affected by clouds 329 

In general, SAGE III/ISS water vapor data become unusable in the presence of clouds. 330 

This is both within the cloud, where the LOS optical depth becomes so large that the water vapor 331 

signal is comparatively too weak to retrieve, and below the cloud, where the assumption of 332 

atmospheric spherical homogeneity corrupts data during the inversion process. For previous 333 

SAGE data, these points were identified through the use of the visible (525 nm) and/or near-334 

infrared (1020 nm) aerosol extinction values, and techniques could be simpler (e.g., Kent et al., 335 

1993) or more complicated (e.g., Thomason & Vernier, 2013). Recommendations for ozone have 336 

traditionally relied on the extinction “color ratio” (1022 / 520); values of color ratio ~0.2 – 0.4 337 

are typical for stratospheric aerosols, and values greater than ~ 0.5 are indicative of large (> 1 338 

m) cloud particles. For this study, we do not attempt to create a robust analysis to differentiate 339 

between aerosol and cloud; instead we simply wish to implement a set of filtering criteria that 340 

aggressively attempts to filter out cloud-like influences that would detrimentally impact retrieved 341 

water vapor. 342 

For SAGE III/ISS data, we consider both color ratio and extinction for filtering bad WV 343 

data in the troposphere, since the combination more clearly isolates the cloud-affected portion of 344 

the data. This separation is illustrated in Figure 4, which shows the distributions of 1022 nm 345 

extinction and color ratio as a function of altitude, and their joint distribution for data below 20 346 

km. Filtering solely based on extinction is not straightforward, because at a given altitude the 347 

distribution is unimodal with a long tail (see Figure 4a); this makes identification of a threshold 348 

extinction value difficult. However, for color ratio (Figure 4b), the distribution is bi-modal, with 349 

one mode around 0.3 and another mode near 1.0. Similarly, for the joint distribution of 1022 nm 350 

extinction and color ratio, there is a separate mode containing large values of both extinction and 351 

color ratio that is likely due to clouds (upper right, Figure 4c).  352 

 353 
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 354 

Figure 4. a) The frequency of occurrence histogram of extinction and b) color ratio in SAGE 355 

III/ISS data, normalized at each vertical level. c) The joint distribution of 1020 nm extinction and 356 

color ratio. The dashed line illustrates the threshold chosen for screening SAGE III/ISS WV data 357 

based on extinction and color ratio, as described in the text. 358 

 359 

Next, we test how removing the presumed cloud-affected data affects the large number of 360 

negative SAGE III/ISS WV values in the troposphere and the comparison with MLS in this 361 

region. To filter out the affected data, for each profile we discard WV values below the point 1 362 

km above the highest level at which both the color ratio is greater than 0.5 and the 1022 nm 363 

extinction is greater than 2 x 10
-4

 km
-1

. These thresholds are illustrated as dashed lines in the 364 

joint distribution in Figure 4c. Discarding data 1 km above the level of this exceedance is done 365 

because of the smoothing applied to the measured transmission profile during the water vapor 366 

retrieval. In addition to the extinction/color ratio filtering, we also discard WV values below the 367 

point 1 km above the highest level at which an invalid/fill value occurs in extinction from either  368 

the 520 or 1022 nm channel, for levels at and below 19 km. These fill values typically occur 369 

when the line-of-sight optical depth becomes large enough to cause the retrieval to terminate in a 370 

channel, and are typically indicative of clouds along the line of sight. It is perhaps obvious but 371 

worth noting that this additional filtering is necessary because it is not possible to apply the 372 

aforementioned color ratio and extinction filtering when one or both of the channels contains a 373 

fill value. 374 

Overall, the cloud filtering removes 35% of the SAGE III/ISS WV data below 19 km, 375 

including almost all of the negative WV values in this region (e.g., Figure 1). Figure 5 illustrates 376 

the impact of this filtering on comparison of SAGE WV data with matched MLS profiles. As can 377 

be seen in this figure, the largest differences occur at higher values of color ratio, and these 378 

outliers are successfully removed by the filtering (red points in Fig. 5). It is worth noting that 379 

these filtering criteria are inherently conservative in that they are likely removing some valid 380 

SAGE III/ISS WV values, as evidenced by the large number of data points that are removed yet 381 

in reasonable agreement with MLS. While the overall agreement with MLS is improved by this 382 

aggressive filtering, we do not further evaluate the accuracy of the tropospheric SAGE III/ISS 383 

WV data due to large uncertainties in the MLS data and high intrinsic variability of WV in this 384 
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region. Furthermore, SAGE III/ISS WV profiles often “turn over” and decrease with decreasing 385 

altitude for a few kilometers below their maximum value at the bottom of the retrieved profile, 386 

without any other obvious indications of a problematic retrieval. We do not attempt to remove 387 

these artifacts, and caution users in general regarding using SAGE III/ISS WV data in the 388 

troposphere. Finally, while the filtering described in this section removes almost all negative WV 389 

values from the SAGE III/ISS data, a few values (~ 10 for the dataset considered here) remain 390 

below 19 km. We therefore recommend that users also manually remove data below the point 1 391 

km above the occurrence of any negative WV value occurring below 19 km. 392 

 393 

 394 

Figure 5. Percent difference of SAGE III/ISS from MLS at select levels in the upper troposphere 395 

as a function of color ratio. Black dots show all data, and red dots show data removed by the 396 

extinction and color ratio filtering described in the text.  397 

 398 

5 Comparisons between SAGE III/ISS and correlative data sets 399 

5.1 Satellite data: basic comparisons 400 

In this section, we present comparisons of SAGE III/ISS WV data with correlative 401 

satellite data from Aura MLS and ACE-FTS. These comparisons are done after the quality 402 

control screening from Sect. 4 has been applied to the SAGE III/ISS data.  403 

Of the 21,879 solar occultation profiles collected by SAGE III/ISS by the end of 2019, 404 

over 20,000 of these profiles have a matched MLS profile meeting the coincidence criteria 405 

described in Sect. 3.3. As illustrated in Fig. 6., SAGE III/ISS water vapor values are consistently 406 
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drier than MLS in the lower to mid stratosphere, where the SAGE III/ISS uncertainty is smallest 407 

(see black dash-dot line in Fig. 6b). In the median, SAGE III/ISS water vapor values are 0.5 408 

ppmv (10 %) drier than MLS over the 15 – 35 km altitude range. Above ~35 km, the SAGE 409 

III/ISS uncertainties increase with increasing altitude (black dash-dot line in Fig. 6b), with the 410 

same being true for MLS above ~48 km (purple dash-dot line in Fig. 6b). As a result, the median 411 

difference between SAGE III/ISS and MLS changes with altitude above ~45 km.  412 

 413 

 414 

Figure 6. a) The median absolute difference between matched pairs of SAGE III/ISS and Aura 415 

MLS (black) or ACE-FTS (red). b) The median percent difference between SAGE III/ISS and 416 

these other satellites (defined as [SAGE-other]/other*100, black and red lines), the standard 417 

deviation of these differences (green line), and the median uncertainties for SAGE III/ISS (black) 418 

and Aura MLS (purple).  419 

 420 

In comparison with ACE-FTS, SAGE III/ISS data are consistently drier below 30 km. In 421 

the 20 – 30 km range, SAGE III/ISS is 0.1 - 0.3 ppmv drier than both versions of ACE-FTS. 422 

Below ~15 km, SAGE III/ISS becomes significantly drier than ACE-FTS, but wetter than MLS. 423 

However, there are many caveats in these comparisons, including increased geophysical 424 

variability in this region, larger vertical gradients in water vapor which can exacerbate 425 

differences due to differing spatial resolution among the instruments, and the known “turn over” 426 

in SAGE III/ISS WV values discussed in Sect 4.3. Above 30 km, the behavior of the two 427 

versions of ACE-FTS is quite different. Version 4.1 transitions to having a positive bias with 428 

increasing altitude, whereas v3.6 is more consistent with altitude. The behavior of v4.1 has not 429 

been fully explored at this time, so for the remainder of the paper we use the more extensively 430 

validated v3.6. 431 

Interestingly, the standard deviation of the percent difference between SAGE and MLS, 432 

which is a combination of the precision of each instrument and the geophysical variability 433 

between their coincident locations, tracks quite closely with the SAGE uncertainty above ~25 434 

km. This suggests that random atmospheric variability between the SAGE/MLS measurement 435 

pairs is not a major contributor to the observed differences at these levels, and that the reported 436 
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SAGE III/ISS uncertainties are reasonable. In contrast, below 18 km the standard deviation of 437 

the SAGE/MLS difference grows rapidly with decreasing altitude, due to increased atmospheric 438 

variability in the upper troposphere lower stratosphere (UTLS) region. 439 

Another important consideration in how SAGE III/ISS compares to other data sets is 440 

whether or not there are noticeable geographic variations in the comparison. Figure 7 shows the 441 

comparison between SAGE III/ISS and MLS as a function of both height and latitude, along with 442 

the thermal tropopause computed from the Modern-Era Retrospective analysis for Research and 443 

Applications, Version 2 (MERRA-2) reanalysis (Gelaro et al., 2017). This figure indicates that 444 

the SAGE III/ISS dry bias (relative to MLS) is consistent with latitude throughout most of the 445 

overworld stratosphere above ~ 15 km. There are several geographical regions with less 446 

consistency that are worth pointing out. First, in the high latitude lower stratosphere, there are 447 

regions where SAGE III/ISS is significantly drier than MLS. This region may be influenced by 448 

aerosol contamination from volcanoes and fires, as will be discussed in the next section. These 449 

pockets of strong dry bias are also likely related to problems with the MLS water vapor in these 450 

regions at the 147 and 121 hPa levels, as discussed in Davis et al. (2016). Similarly, the 451 

transition to positive biases in the UTLS region is consistent with the known Aura MLS dry bias 452 

in this region (Davis et al., 2016; Vomel et al., 2007). At latitudes poleward of ~45° in each 453 

hemisphere, this transition occurs above the tropopause, as can be seen in the green banding in 454 

Fig. 7 above the tropopause (dashed and solid lines) in each hemisphere. It is worth stressing that 455 

the transition to positive bias in the UTLS is also large in percent difference (Fig. 7 b), and is not 456 

merely the result of moving into a region where the water vapor values are larger (i.e., where a 1 457 

ppmv bias would be relatively small). Finally, it is worth noting that above 45 km the loss of 458 

precision in MLS but especially SAGE III/ISS (see, e.g., Fig. 6b) leads to increased noise in the 459 

comparison shown in Fig. 7.  460 

 461 
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 462 

Figure 7. a) The median difference of SAGE III/ISS minus Aura MLS and b) median percent 463 

difference as a function of altitude and latitude. The corresponding plots for ACE-FTS v3.6 are 464 

shown in the bottom row (panels c and d, respectively). The mean (solid) and maximum (dashed) 465 

thermal tropopause height over the SAGE III/ISS time period (2017-06 through 2019-12) from 466 

the MERRA-2 reanalysis is shown in all panels.  467 

 468 

The comparison with ACE-FTS v3.6 in Figure 7 reinforces the behavior apparent in Fig. 469 

6. Through most of the stratosphere SAGE III/ISS is dry-biased relative to ACE-FTS, with a 470 

decrease in this bias at higher altitudes. Interestingly, there is a suggestion of a latitude-471 

dependence of this bias, with SAGE III/ISS showing relatively wetter values at low latitudes and 472 

drier values at high latitudes, in comparison to ACE-FTS. However, it should be stressed that 473 

given the predominant high latitude sampling from ACE-FTS, the number of matched profiles in 474 

the tropics (N=74, 30°S – 30°N) for these comparisons is significantly lower than at high 475 

latitudes (N=658 for |lat| > 30°). 476 
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5.2 Satellite comparisons: sensitivity to aerosol 477 

In the lower stratosphere, near or above the hygropause, water vapor is not the primary 478 

contributor to the overall extinction in the spectral region surrounding 945 nm. Instead, it can 479 

vary considerably with aerosol loading levels and ranges from ~10% at “background” conditions 480 

down to ~1% after a major volcanic eruption (Thomason et al., 2004). Studies of previous SAGE 481 

instruments looked at the sensitivity of the water vapor product and noticed biases with other 482 

measurement systems, recommending filtering criteria based on overall aerosol loading levels. 483 

As an example, for SAGE II water vapor data, Taha et al. (2004) recommended removing data in 484 

profiles below the highest altitude at which 1022 (1022 nm extinction) was greater than 2 x 10
-4

 485 

km
-1

. Herein we investigate the sensitivity of SAGE III/ISS water vapor to aerosol loading in the 486 

lower stratosphere using coincident Aura MLS data surrounding five stratospheric aerosol 487 

injections since the start of the SAGE III/ISS mission. 488 

Over its first three years, SAGE III/ISS has observed several small volcanic eruptions 489 

(i.e., Ambae in 2018 and Ulawun and Raikoke in 2019) and the two largest pyrocumulonimbus 490 

(PyroCb) clouds ever recorded (i.e., Canadian wildfires in 2017 (Yu et al., 2019) and Australian 491 

bushfires in 2019/2020 (Kablick et al., 2020)). Unlike during SAGE III/M3M, which observed a 492 

relatively clean stratosphere that did not appear to impact water vapor (Thomason et al., 2010), 493 

these events present an opportunity to assess the impact that moderately elevated aerosol loading 494 

has on the retrieved water vapor. Figure 8 looks at the difference between SAGE III/ISS and 495 

MLS water vapor between 14 and 24 km as a function of integrated aerosol optical depth near 1 496 

µm in the months after three volcanic eruptions (Ambae, Ulawun, and Raikoke) and the two 497 

major PyroCbs. These data show a systematic negative bias in the SAGE III/ISS data that 498 

worsens with increasing aerosol loading. At these altitudes and elevated loading levels, the 499 

contribution of aerosol to the overall extinction near the peak of water vapor absorption in the 500 

SAGE channel can be 50 times larger than that of water vapor itself.  501 

Furthermore, it appears that the systematic change in the bias is more pronounced with 502 

smaller particles (e.g., volcanic events) than with larger particles (e.g., the fires). This may be 503 

because the SAGE retrieval attempts to solve for water vapor, ozone, and aerosol all at once. 504 

Sulfate aerosol (from volcanic eruptions) exhibits a larger dependency of extinction with 505 

wavelength than smoke aerosol. This enhanced slope can potentially alias into the other terms of 506 

the retrieval such as the wings of the ozone cross-sections in the spectral region used by SAGE 507 

or into the overall slope of absorption from water vapor. The SAGE team is currently 508 

investigating this effect in an effort to correct it in a future version. 509 

 510 
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 511 

Figure 8. Difference between SAGE III/ISS and MLS WV as a function of SAGE 1 µm aerosol 512 

optical depth (AOD) for different stratospheric aerosol injection events. Events, dates, and 513 

latitude ranges are labeled for each plot. The Ambae and Ulawun eruptions were combined 514 

because of their similar behavior. Points include all data between 14 and 24 km and actively 515 

exclude data both below the hygropause and below the peak 1 µm aerosol extinction in each 516 

profile to illustrate the impact of elevated aerosol loading on trace amounts of water vapor. Red 517 

circles are placed around values where the uncertainty in SAGE water vapor data is ≥100%. 518 

 519 

While a negative bias of SAGE III/ISS water vapor with increased aerosol loading exists, 520 

there is no distinct transition at which this occurs. The effect is gradual, making any clear method 521 

of filtering the data difficult. Additionally, filtering the data in the same way as is done for 522 

clouds (i.e., removing all data at altitudes below some criteria) should not be necessary, as the 523 

contribution of water vapor to the overall signal increases significantly below the hygropause 524 

even with elevated aerosol loading, and any negative bias in stratospheric water vapor would 525 

have a negligible impact on the retrieval of tropospheric water vapor. That having been said, we 526 

investigate the overall change in bias with aerosol loading. Figure 9 shows both a 2D histogram 527 

of all of the differences between coincident SAGE III/ISS and MLS events as a function of 1 µm 528 

aerosol extinction and a running median of these data. It appears that at low aerosol loading 529 

levels (≤10
-4

 km
-1

), there is a roughly 10% offset between the two instruments, consistent with 530 

the results shown in the previous section. A -5% aerosol-induced bias (15% total offset) occurs 531 
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around 2.5×10
-4

 km
-1

 and a -10% bias occurs around 5.0×10
-4

 km
-1

 (20% total offset). It is worth 532 

noting that although the reported SAGE III/ISS uncertainties cannot themselves be used as a 533 

definitive filtering criterion, the relative uncertainties also tend to increase with increased aerosol 534 

loading (not shown), with uncertainties increasing rapidly once the 1 µm aerosol extinction 535 

exceeds 10
-3

 km
-1

. That means the uncertainties can be used for other analyses (e.g., computing 536 

weighted versus unweighted means) to help mitigate the impact of the sensitivity of SAGE 537 

III/ISS water vapor to aerosol loading levels. 538 

 539 

 540 

Figure 9. 2D histogram of the percent differences between SAGE III/ISS and MLS as a function 541 

of 1 µm aerosol extinction. The data is for all altitudes between 14 and 30 km and for all 542 

coincident events between June 2017 and May 2020 and the color scale shows the fractional 543 

percentage of data points in each bin. The gray line is a running median of the data showing how 544 

the overall negative bias increases with increasing aerosol loading. 545 

 546 

5.2 Frost point hygrometer soundings 547 

Balloon-borne frost point hygrometer data offer the opportunity to compare SAGE 548 

III/ISS water vapor data to independent measurements that have been extensively used for 549 

comparisons to other satellite data sets, including both Aura MLS and previous SAGE 550 

instruments (e.g., Davis et al., 2016; Read et al., 2007; Vomel et al., 2007). Since frost point 551 

measurements are made at much higher vertical resolution than SAGE, we apply a vertical 552 

smoothing to the frost point data. The smoothing used here consists of a triangular averaging 553 

window with 2 km full width at half maximum (FWHM). Although the vertical resolution of 554 

each satellite instrument is slightly different, they are all in the 2-3 km range in terms of vertical 555 

resolution. 556 

 557 
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 558 

Figure 10. a) The median differences and b) median percent differences between various 559 

satellites and coincident frost point (FP) measurements. The shading on each instrument shows 560 

2 standard error estimates. In (a) the axis range is restricted and data are shown for levels at 561 

which the mean WV is less than 10 ppmv in order to highlight differences in the stratosphere. 562 

 563 

In line with previous validation and intercomparison studies, Figure 10 shows that in the 564 

median the satellite data agree with the frost point measurements to within 0.5 ppmv in the 565 

stratosphere. The relative dry bias in SAGE III/ISS seen earlier in the comparisons to MLS and 566 

ACE-FTS is further borne out in this comparison. SAGE III/ISS is 0.1 – 0.3 ppmv drier than the 567 

frost points in the stratosphere, with ACE-FTS v3.6 agreeing very closely with the frost points 568 

and MLS 0.1 – 0.2 ppmv wetter, as shown by Hurst et al. (2016). In the upper troposphere, all 569 

satellite instruments are dry-biased relative to the frost points, but the usual caveats regarding 570 

comparisons in this region apply. In addition to questionable data quality and large WV 571 

gradients, the large geophysical variability coupled with relaxed matching criteria used here (see 572 

Sect 3.3) could be particularly problematic for the reliability of comparisons in this region.  573 

6. Summary 574 

SAGE III/ISS continues the heritage of satellite stratospheric water vapor vertical profile 575 

measurements spanning back to the 1980’s, and this data set is one of only a handful of satellite 576 

limb sensors currently in operation. This paper has assessed the first publicly released beta 577 

version 5.1 in comparison to existing balloon and satellite water vapor measurement, in order to 578 

provide guidance and recommendations. Based on this analysis, we have devised a set of 579 

suggested criteria for data users in order to filter out outliers and data impacted by interference 580 

from clouds. Our recommendations are as follows: 581 

1. Remove profiles that are obvious anomalies (events in Table 1) 582 
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2. Remove data in “keel over” profiles above the point 2.5 km below the level at which 583 

the (5 km) smoothed vertical derivative is 1 ppmv km
-1

. 584 

3. Remove data below the point 1 km above the level at which either criteria occur: 585 

a. Color ratio (1022 / 520) > 0.5 & 1022 > 2 x 10
-4

 km
-1

 586 

b. Fill value for either 1022 or 520 below 19 km 587 

c. Negative WV value below 19 km 588 

Additionally, users of SAGE III/ISS WV data should be aware that there may be an 589 

extinction-dependent dry bias in the data that occurs in the presence of clouds or high 590 

stratospheric aerosol loading. The source of this bias is likely algorithmic and this issue may be 591 

fixed in future versions of the data product. Also, SAGE III/ISS WV data quality in the 592 

troposphere is not fully evaluated here and should be treated with great caution. Among other 593 

potential issues, the profiles have a tendency to “turn over” and decrease with decreasing altitude 594 

for a few kilometers below their maximum water vapor value at the bottom of the retrieved 595 

profile, without any other obvious indications of a problematic retrieval.  596 

After applying the quality control screening described herein, we find that SAGE III/ISS 597 

WV is in good agreement with independent satellite and balloon-based measurements. From 20 – 598 

40 km, SAGE III/ISS WV v5.1 exhibit a bias of 0.0 to -0.5 ppmv (~10%) relative to ACE-FTS 599 

v3.6 and MLS 4.2 data, depending on the instrument and altitude. In comparison to frost point 600 

data from 15 – 25 km, SAGE III/ISS has a mean dry bias of 0.3 ppmv. In comparison to the 601 

other satellite instruments and the frost point balloon measurements, the SAGE III/ISS WV dry 602 

bias is very stable with altitude. It is likely that future versions of the data product with updated 603 

line parameters will improve agreement further. Despite its status as a beta version, the level of 604 

SAGE III/ISS WV agreement with independent data is similar to previous SAGE instruments, 605 

and therefore the data are suitable for extending stratospheric water vapor data records and in 606 

scientific studies of stratospheric water vapor. 607 
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