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Abstract Atomic hydrogen (H) is crucial for understanding photochemistry and the energy budget in the
mesopause region. However, there is still no consensus on the H abundance in this region. This study presents a
new hydrogen data set derived from Scanning Imaging Absorption Spectrometer for Atmospheric Chartography
(SCIAMACHY) OH(9–6) band spectra, collocated with temperature and ozone profiles from other remote
sensing instruments. H number densities peak at 82–87 km and range from 1.5 × 108 to 4 × 108 cm− 3,
depending on season and latitude. Two other H data sets obtained from the Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER) are presented for comparison: those from Mlynczak et al. (2018,
https://doi.org/10.1029/2018GL077377) and Panka et al. (2021, https://doi.org/10.1029/2020GL091053) are
approximately 30% lower and 50% higher than the SCIAMACHY data at peak altitudes, respectively.
Additionally, the H number density retrieved in this study partly shows better agreement with the only direct
rocket in situ measurements than those from SABER.

Plain Language Summary Atomic hydrogen (H) plays a crucial role in photochemistry and energy
balance in the mesopause region. However, the exact number density of atomic hydrogen ([H]) remains
uncertain. With the development of the relaxation mechanism of vibrationally excited OH and a broad set of
satellite data, we present a new atomic hydrogen data set derived from Scanning Imaging Absorption
Spectrometer for Atmospheric Chartography (SCIAMACHY) OH(9–6) band spectra, collocated with
temperature and ozone profiles from other remote sensing instruments. Our results show that atomic hydrogen
peaks at altitudes of 82–87 km, with number densities ranging from 1.5 × 108 to 4 × 108 cm− 3, varying with
season and latitude. The [H] retrieved in this study lies between the values derived from Mlynczak et al. (2018,
https://doi.org/10.1029/2018GL077377) and Panka et al. (2021, https://doi.org/10.1029/2020GL091053) at
peak altitudes, with biases of 30% and 50%, respectively. Furthermore, our retrieved [H] is partly consistent with
the only direct rocket in situ observation.

1. Introduction
Atomic hydrogen (H) plays an important role in photochemistry and energy balance in the upper mesosphere and
lower thermosphere (UMLT) region (Mlynczak & Solomon, 1991, 1993), which spans altitudes of approximately
80–120 km. This trace gas is primarily produced by the photolysis of water vapor and undergoes a highly
exothermic reaction with ozone (O3), directly producing vibrationally excited hydroxyl at v = 5–9 states, and
serving as one of the largest sources of heat in the mesopause region (Mlynczak & Solomon, 1991; Mlynczak
et al., 2014). Therefore, quantifying atomic hydrogen density is crucial for clarifying the role of H‐related
chemical reactions in the energy budget. Moreover, H is involved in numerous chemical reactions, therefore
accurate atomic hydrogen abundance is indispensable for the retrieval of several constituents, such as HO2 and
OH (Kulikov et al., 2022).

Detecting H at the mesopause region is very difficult. Due to its low density, it is challenging for in situ mea-
surements to capture hydrogen in this region. The only direct in situ measurements were carried out by Sharp and
Kita (1987) using the resonance lamp technique on board a rocket. Remote sensing techniques are also difficult to
apply because hydrogen lacks a permanent dipole moment, and many transitions are forbidden by quantum
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mechanical selection rules. Therefore hydroxyl emissions from the reaction between atomic hydrogen and ozone
are commonly used as a proxy for atomic hydrogen abundance. Kaufmann et al. (2013) used the data from the OH
(9–6) vibrational band, measured by the Scanning Imaging Absorption Spectrometer for Atmospheric Char-
tography (SCIAMACHY), alongside ozone limb measurements from the Global Ozone Monitoring by Occul-
tation of Stars (GOMOS) instrument, to derive atomic hydrogen abundance. Since then, significant updates to the
OH non‐LTE model have improved our understanding, thereby reducing uncertainties related to the model co-
efficients. Additionally, total atmospheric number density was previously taken from the MSISE‐00 model
instead of measurements, which introduced further uncertainties. Given these advancements, it appears worth-
while to revisit and update this data set to enhance its accuracy and reliability.

Two other atomic hydrogen data sets published in recent years are based on measurements of the OH volume
emission rates at 2.0 μm from the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER)
instrument. These data sets were used to derive hydrogen abundance based on different OH emission mechanisms
(Kulikov et al., 2024; Mlynczak et al., 2014, 2018). Although various atomic hydrogen data sets agree on the
overall profile shape, discrepancies remain, particularly regarding the abundance at the peak.

To contribute to ongoing discussions, we present a new hydrogen data set based on SCIAMACHY OH mea-
surements. Moreover, this work focuses on comparing the different hydrogen data sets and analyzing their
differences.

2. Data
SCIAMACHY was a multi‐channel grating spectrometer onboard Envisat (Bovensmann et al., 1999) that
operated from 2002 to 2012. It included eight spectral channels covering the spectral range from 220 to 2,400 nm,
with a channel‐dependent spectral resolution ranging from 0.2 to 1.5 nm (Gottwald et al., 2006). Envisat operated
in a sun‐synchronous orbit, crossing the equator at local solar times of 10:00 a.m. and 10:00 p.m. In nighttime
limb‐viewing mode, the tangent altitudes of the line of sight for SCIAMACHY ranged between approximately 73
and 148 km, with altitude steps of 3.3 km. Mesospheric limb observations spanned latitudes from 30°S to 50°N
and from 0° to 80°N during the night side (Kaufmann et al., 2008). In this work, we focus on the OH(9–6) near‐
infrared spectra, with wavelengths between 1,377 and 1,400 nm at a resolution of 1.5 nm from channel 6, at a local
solar time of 10:00 p.m.

Because the SCIAMACHY instrument was unable to simultaneously measure ozone, temperature, and total
density in the UMLT during nighttime, we rely on SABER (V2.0) measurements for these data. The ozone data
from GOMOS is also used for comparison. To enhance the signal‐to‐noise ratio, monthly zonal median data in 5°
latitude bins were used before retrieval. Although averaging measurements prior to inversion may introduce
additional errors due to the nonlinear dependence of the expression for H on input data, our assessment shows that
the resulting bias is relatively small (5%–10%) and will be taken into account in the total uncertainty analysis. The
coincidence criteria were ±2.5° in latitude and 1 hr in local time. The N2 and O2 mixing ratio was determined
from the MSIS 2.0 (Emmert et al., 2021).

3. Retrieval of Nighttime Atomic Hydrogen
The volume emission rate (VER) of OH(9–6) ro‐vibrational lines measured by SCIAMACHY comes directly
from the reaction of H+O3. Assuming the hydroxyl state OH(v = 9) is in chemical equilibrium (Xu et al., 2012),
the number density of hydrogen ([H]) can be expressed as:

[H] =
VER ⋅ (A9 + kO,9 ⋅ [O] + kO2,9 ⋅ [O2] + kN2,9 ⋅ [N2])

f9 ⋅ k1 [O3] ⋅A96
(1)

where k1 represents the rate constant for the reaction H + O3. f9 is the branching ratio of OH(v = 9) for H + O3,
taken as 0.47 (Adler‐Golden, 1997). A9 represents the total spontaneous emission rate for OH(v = 9) and A96 is
the sum of the Einstein coefficient of the ro‐vibrational lines within the 9–6 band considered. They are both taken
from the HITRAN‐2012 database (Rothman et al., 2013). Additionally, differences compared to HITRAN‐2020
(Gordon et al., 2022), are discussed below in terms of their impact on our retrieval. The terms kO2,9 and kN2,9
denote the total quenching rates of OH(v = 9) with O2 and N2, respectively. kO,9 is the sum of chemical and
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collisional quenching rates of OH(v = 9) with O. The removal rate constants, shown in Table 1, are identical to
those used by Zhu and Kaufmann (2018). The square brackets indicate the number density of the corresponding
chemical species. The number density of atomic oxygen ([O]) can be expressed as a function related to [H]
through the ozone balance equation:

[O] =
k1 ⋅ [H] ⋅ [O3]

k2 ⋅ [O2] ⋅ [M] − k3 ⋅ [O3]
(2)

In Equation 2, k1 and k3 are the rate constants for the reactions of O3 with H and O, respectively. k2 represents the
rate constant for recombination reaction O + O2 + M. M represents the background atmosphere. The values of
these rate constants are taken from Burkholder et al. (2020).

By combining Equations 1 and 2, we derived the distribution of [H] based on SCIAMACHY OH(9–6) band
emission measurements.

4. Results and Discussions
A systematic error analysis was performed on the retrieved [H]. The main sources of uncertainty are the back-
ground atmospheric parameters, mainly temperature and O3, and the collisional parameters kO,9, kO2,9, and kN2,9.
SABER temperature uncertainties are around 2 K at 80 km and 7.5 K at 96 km, which is the primary uncertainty
factor in the retrieval of O at its peak altitude (Zhu &Kaufmann, 2018). However, it has only a minor effect on the
inversion of [H], approximately 5%, because the temperature‐induced variations in k1, k2, and k3 effectively
cancel each other out through a complex equation involving [H] (as governed by Equations 1 and 2). The dif-
ferences between the SABER and GOMOS ozone data sets are used to estimate the ozone uncertainty. Since the
SABER O3 data are 15%–25% higher than the GOMOS data, a 20% ozone uncertainty is applied, which affects
the derived [H] by approximately 20%. The uncertainties of collisional rates for OH(v = 9) in collision with O,
O2, N2 are taken as (2.3 ± 1) × 10− 10 cm3/s, (2.2 ± 0.6) × 10− 11 cm3/s, (7 ± 2) × 10− 13 cm3/s (Kalogerakis
et al., 2011; Zhu&Kaufmann, 2018). The change in kO,9 has almost no effect on [H] at 80–83 km but causes about
a 15% effect at 96 km. The influence of kO2,9 decreases with increasing altitude, from about 20% at 80 km to 10%
at 96 km. The influence of N2 is minimal (no more than 3%). In addition, applying monthly zonal median
averaging to spectra data prior to retrieval introduces an additional uncertainty of approximately 5% above 85 km
and 10% at 80–83 km. Assuming the parameters are independent, we calculate the total uncertainty by taking the
root‐sum‐square (RSS) of each individual variation. The total uncertainty is approximately 25%–32% at 80–
96 km, primarily driven by the uncertainties in O3 and kO2,9. Finally, we evaluate the impact of the O+O3 reaction
on the retrieval of [H]. We find that neglecting this reaction leads to a decrease in [H] of no more than 5% at 80–
96 km, which is minimal.

The Einstein coefficients from HITRAN‐2020 are about 17% lower than those from HITRAN‐2012 at OH(9–6)
emission band. By comparing the [H] derived from these two HITRAN data sets, we find that the [H] data set
retrieved from HITRAN‐2020 is about 17% larger than that from HITRAN‐2012. Further studies on the HITRAN
hydroxyl Einstein coefficients are needed, but it is beyond the focus of this work. In the following analysis,

Table 1
OH Emission Model Parameters in Retrieval of Nighttime Atomic Hydrogen

Parameter Value Reference

k1 1.4 × 10− 10 exp(− 470/T) cm3/ s Burkholder et al. (2020)

k2 6.1 × 10− 34(298/T)2.4 cm6/ s Burkholder et al. (2020)

k3 8 × 10− 12 exp(− 2060/T) cm3/ s Burkholder et al. (2020)

f9 0.47 Adler‐Golden (1997)

kO2,9 1.18 × 2.2 × 10− 11 cm3/ s Kalogerakis et al. (2011) and Panka et al. (2017)

kN2,9 1.4 × 7 × 10− 13 cm3/ s Kalogerakis et al. (2011) and Lacoursière et al. (2003)

kO 2.3 × 10− 10 cm3/ s Sharma et al. (2015)

Geophysical Research Letters 10.1029/2025GL116311

WU ET AL. 3 of 9

 19448007, 2025, 15, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
116311 by Forschungszentrum

 Jülich G
m

bH
 R

esearch C
enter, W

iley O
nline L

ibrary on [06/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



HITRAN‐2012 is used to retrieve [H], ensuring comparability with previous [H] data sets under relatively
consistent conditions.

Panka et al. (2021) obtained nighttime [O] and densities of different OH vibrational levels from two OH emission
channels at 2 μm and 1.6 μm measured by SABER, all of which are available on the SABER website. We use the
photochemistry equilibrium of OH(v = 9) and its number density to determine the [H] for comparison, which is
referred to as P21 in this work, with atmospheric input parameters and rate constants consistent with those of
Panka et al. (2021).

Figure 1 shows our retrieved atomic hydrogen abundance across different latitude bands for June, July, and
August 2008, with the other hydrogen data sets included for comparison. SCIA‐SABER and SCIA‐GOMOS
represent the [H] data sets obtained from SCIAMACHY OH(9–6) emission with O3 data from SABER and
GOMOS, respectively. M18 indicates the [H] data set derived from SABER OH channel at 2 μm (Mlynczak
et al., 2018), while P21 represents the [H] data derived from Panka et al. (2021). K13 represents the [H] data
obtained from Kaufmann et al. (2013). At 20°–40°S and 10°S–10°N, SCIA‐SABER and SCIA‐GOMOS differ by
about 15% above 90 km and 20%–30% below 90 km because GOMOS O3 data is 15%–30% lower than SABER
O3 data. At the peak altitude of 82–87 km,M18 is about 15%–40% lower than SCIA‐SABER. Above 90 km and at
80–82 km, M18 show higher abundance compared to the [H] derived from SCIAMACHY. Nevertheless, the two
data sets are consistent within their respective uncertainties over 82–96 km. Note that the ozone chemical
equilibrium boundary is about 82–83 km at low latitudes (Kulikov et al., 2023), which may be a source of error in
our calculations and those of M18 below about 82 km. The P21 data set is significantly higher than both SCIA‐
SABER and M18 across the entire altitude profile. Compared to SCIA‐SABER, P21 is 50%–100% higher at 82–
87 km, except at 20–40°N, where it is 35% higher at 83 km. However, SCIA‐GOMOS agrees with P21 between
83 and 96 km when considering the uncertainty of P21. Furthermore, applying the Einstein coefficients from
HITRAN‐2020 would increase SCIA‐GOMOS values by about 17%, making it closer to P21. The [H] from
Kaufmann et al. (2013) is much larger than the other data sets. At 90 km, it is approximately 90% larger than
SCIA‐GOMOS, as shown in Figure 1. Based on calculations, the systematic discrepancy between the K13 and
SCIA‐GOMOS data sets at 90 km from 2003 to 2008 is around 60%.

The spatial distribution of atomic hydrogen number density derived from SCIAMACHY OH(9–6) emission and
SABER O3 for 2005 is presented in Figure 2. The peak altitude is between 82 and 87 km, with number densities
ranging from 1.5 × 108 to 4 × 108 cm− 3, varying with latitude and season. The annual mean atomic hydrogen
number density in the equatorial region is about 2 × 108 cm− 3, peaking around 83 km.

Figure 1. The zonal mean atomic hydrogen abundance for June, July, and August 2008 for 20°–40°S (left), 10°S–10°N
(middle), and 20–40°N (right). SCIA‐SABER and SCIA‐GOMOS indicate the [H] derived from SCIAMACHY OH(9–6)
band emission in this work, using O3 data from SABER and GOMOS, respectively. At 20°–40°N (right), there are no
GOMOS O3 data. M18 is the [H] derived from the SABER 2 μm OH channel following Mlynczak et al. (2018), while P21 is the
[H] derived from Panka et al. (2021). K13 is the [H] derived from Kaufmann et al. (2013). The horizontal dotted lines represent
uncertainty estimates. For SCIA‐SABER and SCIA‐GOMOS, the uncertainties are calculated as described in the uncertainty
analysis section. For M18 and P21, the uncertainties are obtained from Mlynczak et al. (2014) and Panka et al. (2021),
respectively.
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The differences between SCIA‐SABER and M18 by latitude and month are shown in Figure 3 (top). Between 82
and 90 km, M18 is 30% lower than SCIA‐SABER on average. However, above 90 km, M18 is 10%–50% higher
than the SCIA‐SABER data. This difference increases with increasing altitude. Below 82 km, where the ozone
chemical balance does not hold, M18 values are sometimes more than 50% higher than SCIA‐SABER. In
contrast, the [H] derived from Panka et al. (2021) are generally higher than SCIA‐SABER at almost all altitudes
(Figure 3, bottom). Between 83 and 90 km, they are approximately 50% higher on average. Above 90 km, the
relative difference exceeds 50% and increases with altitude, reaching up to 100% at 96 km.

The results above show significant discrepancies between the different [H] data sets. It is essential to explore this
issue, which has never been reported by previous studies.

The lower abundance of M18 between 82 and 90 km as shown in Figure 3 is likely caused by the slower
collisional rate of OH(v = 8) + O2 used in the SABER model, which is about 16 times smaller than laboratory
measurements (Dyer et al., 1997). As a result, fewer atomic hydrogen would be needed to model the observed OH
emission due to the smaller loss of OH(v = 8). In contrast, around 96 km, M18 is much higher, which likely
arises from the systematic discrepancies between SCIAMACHY and SABER measurements. Zhu et al. (2020)
report that the unfiltered OH emissions at 2.0 μm from SABER are on average 20% higher than those simulated
with SCIAMACHY data. Moreover, relative differences can reach 70%–90% at 96 km (Zhu et al., 2020,
Figure 4).

The [H] data set derived from Panka et al. (2021) is much higher than those from SCIAMACHY, even when
accounting for the uncertainties of our results. Based on our assessment, the 80% discrepancy is primarily caused
by the significantly higher excitation of OH(v = 9) in the model of Panka et al. (2021). The remaining 20% arises
from differences between the [O] and kO2,9 that were taken from Panka et al. (2021) and those in our retrieval.
There is a fundamental systematic difference between the approach used by Panka et al. (2021) and the methods
employed in other studies that are based on ozone chemical equilibrium. Panka et al. (2021) infer the species
(nighttime atomic oxygen and OH(v = 1 − 9) volume mixing ratio) from the ratio of volume emission rates

Figure 2. Latitude‐altitude distribution of the zonal mean atomic hydrogen number density for 2005, derived from
SCIAMACHY OH(9–6) data and SABER ozone data. The numbers represent the month of the year.
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Figure 3. Difference of the zonal mean hydrogen number density data sets for 2005: SCIA‐SABER versus M18 (top) and
SCIA‐SABER versus P21 (bottom). The numbers indicate the months of the year. SCIA‐SABER, M18, and P21 are
described as in Figure 1.

Geophysical Research Letters 10.1029/2025GL116311

WU ET AL. 6 of 9

 19448007, 2025, 15, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
116311 by Forschungszentrum

 Jülich G
m

bH
 R

esearch C
enter, W

iley O
nline L

ibrary on [06/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



measured by SABER in channel 2 μm and 1.6 μm, with the dependency on
these species entering the retrieval model through relaxation rates. In contrast,
the other studies derive the number density of oxygen (and hydrogen) from
the chemical excitation of the highest OH vibrational states, where the model
is comparatively less influenced by collisional quenching rates. As a result,
Panka et al.’s results are far more sensitive to the relaxation model, as it re-
quires accounting for a significantly larger number of transitions compared to
the other approach. The two methods also differ in their sensitivity to the
radiometric calibration of OHmeasurements: Panka et al.’s approach depends
on the ratio of absolute radiances from the two SABEROH channels, whereas
the other methods rely solely on the radiometric calibration of a single OH
channel.

Although both the SCIA‐GOMOS data set used in this work and the [H] data
from Kaufmann et al. (2013) are based on SCIAMACHYOH(9–6) emissions
and GOMOS ozone measurements, they differ systematically by about 60%.
This discrepancy arises from differences in the background atmospheric data
and the model parameters applied. Kaufmann et al. (2013) used a higher
quenching rate kO2,9 (3.1 × 10− 11 cm3/ s) and a lower nascent distribution
ratio f9 (0.38), leading to increases of 15% and 32% in the retrieved [H],
respectively. The remaining 10%–15% difference between SCIA‐GOMOS
and the data of Kaufmann et al. (2013) can be explained by the use of

different O2 background data. Kaufmann et al. (2013) employed O2 concentrations derived from the MSISE‐00
model (Picone et al., 2002) and NCAR ROSE model (Marsh et al., 2001; Smith &Marsh, 2005). The comparison
reveals that, between 80 and 96 km, the total density fromMSISE‐00 is approximately 16%–24% higher than that
from SABER, while the O2 mixing ratio from the NCAR ROSE model is 2%–6% lower than that in MSIS 2.0,
which underlies our model. Consequently, the resulting O2 concentration in Kaufmann et al. (2013) is about 15%
higher, leading to an estimated additional 10% increase in the retrieved [H]. This analysis demonstrates that the
differences between the data sets of Kaufmann et al. (2013) and this study are largely understood and can be
attributed to the use of input data that are now considered outdated. In this context, the SCIA‐GOMOS data set
presented in this work can be regarded as an updated version of the data published by Kaufmann et al. (2013).

As mentioned earlier, direct (in situ) reference measurements in this altitude range are rare. Sharp and Kita (1987)
reported the [H] profile measured by a rocket observation, which is the only direct in situ measurement of [H] to
date. Figure 4 compares their rocket observation with retrievals of [H] from OH emission measurements. It shows
that the [H] retrieved in this work (black and yellow lines) agrees better with in situ measurements compared to
other retrieval results, with most in situ measurements (red dots) deviating by less than 20% from the [H] retrieved
in this work. The discrepancies might stem from the fact that the rocket measurements and the OH emission
measurements were not made during the same period. Additionally, considering the influence of solar activity, the
[H] data sets derived from OH airglow observation that displayed in Figure 4 are 10% higher than that from the
rocket observations. It is worth noting that the single rocket measurement may not be sufficient to determine the
superiority of one model over another, as the rocket and satellite observations were not conducted under exactly
the same solar and seasonal conditions. Moreover, the rocket data may be affected by gravity waves and possible
geocoronal emissions, introducing additional uncertainties.

5. Conclusions
Using SCIAMACHY OH(9–6) band data and assuming O3 chemical equilibrium, we derived a new nighttime
atomic hydrogen data set. Since OH(v = 9) is predominantly formed through the reaction H + O3, our retrieval
relies on a minimal set of kinetic and spectroscopic parameters, reducing the uncertainty in the derived [H]. The
peak altitude of atomic hydrogen is between 82 and 87 km, with peak concentrations ranging from approximately
1.5 × 108 to 4 × 108 cm− 3, varying with season and latitude. The results would increase by about 17% if we use
hydroxyl Einstein coefficients from HITRAN‐2020 instead of those from HITRAN‐2012 for retrieval.

In comparison with other [H] data sets, the data from Mlynczak et al. (2018) are about 30% lower than the [H]
derived in this work at 82–90 km, primarily due to a lower collisional quenching rate of OH(v = 8) with O2 used

Figure 4. Comparison between the rocket observation of [H] from Sharp and
Kita (1987) and the retrieval results from OH airglow observations. The
rocket‐Sharp represents the [H] data from rocket observation at about 32°N,
106°W, on 7 December 1981, at 18:00 local time. SCIA‐SABER, SCIA‐
GOMOS, M18, and P21 represent the monthly zonal mean [H] for
December 2003 at 32°N (±5°), at 22:00 (±1 hr) local time, derived from
different models as described in Figure 1.
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in Mlynczak et al. (2018). Above 90 km, the [H] from Mlynczak et al. (2018) is 10%–50% higher, mainly due to
systematic discrepancies between SCIAMACHY and SABER. The [H] data from Panka et al. (2021) are
significantly higher than both the data from Mlynczak et al. (2018) and this work, primarily due to the larger
density of OH(v = 9) reported by Panka et al. (2021). Compared to Mlynczak et al. (2018) and Panka
et al. (2021), the [H] data retrieved in this study are more consistent with rocket in situ measurements.
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