
1. Introduction
The main source of nitric oxides (NO) in the polar mesosphere and lower thermosphere (MLT) is the production 
by energetic electron precipitation (EEP; Gérard et al. [1984]). These are magnetospheric electrons that reach the 
Earth's atmosphere by spiraling along the geomagnetic field lines. Auroral electrons (1–30 keV) originate from 
the plasma sheet and can reach the thermosphere, while electrons accelerated to higher energies (30–1,000 keV) 
in the Earth's radiation belts can deposit their energy deep into the mesosphere. These energetic electrons will 
ionize the atmosphere which leads to the production of NO (called the direct EEP effect; Randall et al., 2006). 
The direct influence of particle precipitation on the MLT region has been studied since the 1970s (Barth 
et al., 2003; Cravens et al., 1985; Crutzen et al., 1975; Nicolet, 1975; Saetre et al., 2004; Swider et al., 1978; 
Weeks et al., 1972), but has only recently been included in the major reports studying change in climate (Eyring 
et al., 2016; IPCC, 2013; Matthes et al., 2017). NO has a lifetime of about 1 day under sunlit conditions, but in 

Abstract Energetic particle precipitation (EPP) causes ionization of the main constituents of the Earth's 
atmosphere which leads to the production of nitric oxide (NO) throughout the polar mesosphere and lower 
thermosphere (MLT). Due to the long lifetime of NO during winter, it can also be transported deeper into 
the atmosphere by the mesospheric residual circulation (the indirect EEP effect). This study investigates the 
mesospheric indirect NO response to EEP using Whole Atmosphere Community Climate Model (WACCM) 
version 6. In comparison to observations from the instrument Solar Occultation For Ice Experiment (SOFIE) 
on the AIM (Aeronomy of Ice in the Mesosphere) satellite, a wintertime underestimation is found in the 
modeled mesospheric NO amount. WACCM's temperature profile is found to be vertically shifted compared 
to observations by SOFIE and by The Sounding of the Atmosphere using Broadband Emission Radiometry 
instrument on the Thermosphere Ionosphere Mesosphere Energetics Dynamics satellite (SABER). The 
discrepancies in NO are therefore attributed to the model's ability to simulate the dynamics responsible for the 
indirect EEP effect. The drivers of this transport are investigated by sensitivity runs of WACCM's gravity wave 
forcing. Changing the amplitude of the non-orographic gravity waves and the Prandtl number improves the 
modeled vertical distribution of NO and temperature in the MLT region.

Plain Language Summary Nitric oxide (NO) is produced by energetic particle precipitation 
in the polar regions of the mesosphere and lower thermosphere, and its distribution rapidly increases with 
altitude. During winter the lifetime of NO is long enough for it to be transported by the downward atmospheric 
circulation in the mesosphere far from where it was produced. This makes the level of NO in the mesosphere 
dependent on both the local production and on transport processes. When comparing simulated NO in the 
model Whole Atmosphere Community Climate Model (WACCM) to observations by the satellite instrument 
Solar Occultation For Ice Experiment, too little NO is found in the mesosphere even when the mesospheric 
production is accounted for in the model. This may be related to model errors in the transport from the 
thermosphere. Comparing model temperatures to those observed by two different satellite instruments confirms 
that there are some dynamic deficiencies. The mesospheric circulation is driven by breaking gravity waves, 
so by changing where and how the wave energy and momentum are deposited in WACCM, the modeled 
circulation can be altered to improve the vertical NO distribution and the temperature profile in the polar 
mesosphere and lower thermosphere. The best correspondence between modeled and observed nitric oxide 
and temperature is found when the amplitude of the gravity waves is reduced or when the eddy diffusion is 
increased.
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the dark polar winter where no sunlight is present, NO can have an effective lifetime of months. The winter polar 
vortex constrains the NO to high latitudes where the residual atmospheric circulation is downward and transports 
it down toward the stratosphere (the indirect EEP effect; Randall et al., 2007). There, NO can catalytically destroy 
ozone (O3), which is an important species for the atmosphere's radiative balance as it absorbs short-wave solar 
radiation and emits long-wave radiation. Changes in the O3 abundance impact both temperature and dynamics. 
Perturbations of the NO content of the atmosphere can therefore have a significant impact on the O3 compo-
sition (Crutzen, 1979; Jackman et al., 2008), subsequently, affect wave propagation and potentially provides a 
mechanism by which EEP effects can propagate down to impact the surface of the Earth (Arsenovic et al., 2016; 
Maliniemi et al., 2019; Seppälä et al., 2014).

The transport processes in the MLT responsible for the indirect EEP effect are advection, molecular diffusion, 
and eddy diffusion. In the polar mesosphere during winter, the downward transport is dominated by the residual 
circulation (Smith et al., 2011), which is driven by the breaking of gravity waves (Brasseur & Solomon, 2005). 
Molecular diffusion is caused by molecular movement and gravity and is especially important above the meso-
pause due to increased path length at low densities. The impact of molecular diffusion rapidly decreases with 
decreasing heights, while the impact of advection increases with decreasing heights. Eddy diffusion is transported 
by turbulent mixing and dissipating waves, and its main source in the mesosphere and the lower thermosphere is 
the breaking of gravity waves. Both eddy and molecular diffusion can transport high concentrations of thermo-
spheric NO molecules downward across the mesopause, and when the NO reaches the mesosphere the residual 
circulation will take over and continue the downward transport. Molecular diffusion is insignificant compared to 
eddy diffusion below 100 km (Smith et al., 2011).

Where these processes dominate are determined by where the gravity waves break and how their energy and 
momentum are distributed. Gravity waves (GWs) are created in the troposphere by surface topography (orographic 
GWs) or by frontal systems and convection (non-orographic GWs). When GWs propagate upward vertically they 
encounter exponentially thinner air and due to the conservation of kinetic energy, the wave amplitude will grow 
exponentially with height (Eliassen & Palm, 1961). When the GW amplitude becomes too large to be convec-
tively stable the GW break and deposit some of its energy. The breaking altitude is determined by the wave's 
starting amplitude—a higher amplitude will make the waves unstable and deposit their energy at a lower altitude. 
Breaking waves will deposit both momentum and energy. The momentum will contribute to changing the wind 
and driving the circulation while the energy will heat the atmosphere. In GW parameterizations the relation 
between the momentum deposition and the heat transport is determined by the Prandtl number. The convergence 
of heat transport is represented by a diffusion coefficient, which is inversely proportional to the Prandtl number 
(Garcia et al., 2014).

For a model to correctly simulate mesospheric NO abundance, it needs to accurately include all these processes 
at once: the thermospheric EEP production of NO, the mesospheric production, the transport from the thermo-
sphere across the mesopause (by molecular and eddy diffusion), and the transport mechanisms within the meso-
sphere. Some of these processes have already been investigated in WACCM.

In a statistical study, Hendrickx et al. (2018) found mesospheric NO to be underestimated in WACCM 4 when 
compared to observations from SOFIE. They suggested two potential reasons for this: The thermospheric NO 
density maximum was consistently located 5 km higher in WACCM compared to SOFIE. The descent rate (at 
80–100 km altitude) was however found to be the same in model and observations, just that the source of descent 
is at 110 km in WACCM and 105 in SOFIE. They used a model version without any mesospheric direct produc-
tion and attributed some of the underestimates to this.

Smith-Johnsen et al.  (2018) investigated these two sources of uncertainty further. Including mesospheric NO 
production in WACCM improved the mesospheric direct production and brought it close to the observations by 
SOFIE, but a mesospheric underestimate was still found and attributed to the indirect effect. In the same paper, 
they also investigated the effect of shifting the thermospheric NO production in WACCM down by 5 km. This 
improved the thermospheric NO in the model during quiet geomagnetic conditions, but a thermospheric underes-
timation was still present in the model during geomagnetically active times. More importantly, the mesospheric 
indirect NO effect was not improved by this vertical shift of the thermospheric production altitude.

In the latest model version, WACCM 6, the mesospheric NO underestimate seen in the earlier model version 
is smaller but still remains. Direct mesospheric production is now accounted for with the inclusion of medium 
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energy electrons (van de Kamp et al., 2016) and D-region chemistry (Verronen et al., 2016). If the rate of the 
descent is accurate (Hendrickx et al., 2018), shifting the thermospheric production region down does not improve 
the mesospheric NO abundance (Smith-Johnsen et  al.,  2018), does that imply that the mesospheric residual 
circulation should be shifted higher up? This was also suggested by Smith et al. (2011) who found that WACCM 
3.5 underestimated NO descent compared to observations, and attribute it to either (a) the vertical extent of the 
poleward winter circulation or to (b) the eddy diffusion due to gravity waves is too weak.

To improve the vertical extent of the mesospheric residual circulation, and thereby the NO density profile in 
WACCM 6, these two sources of uncertainty are investigated in this paper. To vertically shift the mesospheric 
circulation, the GWs breaking altitude must be adjusted. The initial amplitude of the GW, combined with the 
background wind and the wavelength, determines where it breaks. As the uncertainties in the sources of non-oro-
graphic GWs are larger than those of orographic GWs (Richter et al., 2010), this study will focus on the initial 
amplitude of the non-orographic GWs (the parameter τB in WACCM 6).

To change how the force from breaking GWs is distributed between driving the circulation and eddy diffusion, 
the ratio between these two, the Prandtl number (Pr) is adjusted. The aim of this paper is to see how these two 
parameters (τB and Pr) are impacting the mesospheric NO and temperature in WACCM 6.

The paper starts with a comparison of WACCM simulations of mesospheric NO and temperature to observations 
by SOFIE in the southern hemisphere, to highlight where the model is doing well and where improvement is 
needed (Section 3.1). Section 3.2 investigates model sensitivity to changes in the non-orographic gravity wave 
amplitude (τB) and Section 3.3 to changes in the Prandtl number (Pr), to understand how these parameters impact 
the NO and temperature vertical profiles. Section 3.4 investigates the position and temperature of the mesopause 
in the different sensitivity runs compared to SOFIE observations, and Section 3.5 gives a brief view of the same 
in the northern hemisphere. Section 3.6 gives a more global view by comparing the model results to temperatures 
from SABER, which measures at all latitudes, not just the polar regions. The discussion (Section 4) interprets and 
compares these results to recent research before the Conclusion (Section 5) summarizes the findings.

2. Methods
2.1. The Solar Occultation for Ice Experiment (SOFIE)

The Solar Occultation For Ice Experiment (SOFIE) instrument on board NASA's Aeronomy of Ice in the Meso-
sphere (AIM) satellite was launched in April 2007 and is measuring properties of the mesosphere and lower 
thermosphere (J. Russell et al., 2009). SOFIE performs solar occultation measurements to retrieve temperature 
and vertical profiles of NO, among other chemical species (Gordley et al., 2009). The satellite orbit is Sun-syn-
chronous with a period of 96 min, and SOFIE makes measurements twice per orbit, during sunset and sunrise. 
The 15 measurements in the southern hemisphere are performed during local sunrise (66° S–88° S), and the 
northern hemispheric measurements are from sunset (65° N−85° N). After 2017 the hemisphere of sunrise and 
sunset were reversed. The NO measurements are retrieved up to 150 km, with sampling every 0.2 km and a verti-
cal resolution of 1 km. SOFIE has a large vertical range that covers observations from both the mesosphere and 
lower thermosphere and is ideal for this study. During northern hemispheric summer, SOFIE's measurements are 
impacted strongly by polar mesospheric clouds. This limitation is not as serious in the southern hemisphere, so 
the focus of this study will be on the southern hemisphere and the summer NO observations below 80 km have 
been given less attention. The data is used in this study is version 1.3.

2.2. The Sounding of the Atmosphere Using Broadband Emission Radiometry (SABER)

The Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument is one of four 
instruments on NASA's (Thermosphere Ionosphere Mesosphere Energetics Dynamics (TIMED) satellite. The 
satellite was launched in 2001, in a Sun synchronous orbit with a mean orbit period of 97 min. The SABER 
instrument measures the temperature with an effective vertical resolution of 2 km in the altitude range from 20 
to 110 km, and at latitudes 50° S–80°N or 80° S–50°N alternating every 60 days (J. M. I. Russell et al., 1999). 
The error in the measurements is no more than 2 K below 70 km, while in the upper mesosphere to lower ther-
mosphere region it increases to 6.7 K at 100 km and 25 K at 110 km (Remsberg et al., 2008). The temperature 
observations used in this study are from the 2.0 version of the SABER data.
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2.3. The Whole Atmosphere Community Climate Model (WACCM)

The Whole Atmosphere Community Climate Model (WACCM) is the National Center for Atmospheric Research's 
global chemistry-climate model and is part of the Community Earth System Model (Hurrell et al., 2013). The 
model version used in this study is WACCM-D 6 (Gettelman et al., 2019), which extends vertically from the 
ground to about 140 km geometric height, with 88 pressure levels and horizontal resolution of 1° latitude by 1° 
longitude. The Specified Dynamics version of WACCM is nudged with reanalysis data from NASA Global Mode-
ling and Assimilation Office's Modern-Era Retrospective Analysis for Research and Applications (Rienecker 
et al., 2011) by the method described in Kunz et al. (2011), from the surface up to 50 km, with a transition region 
from 50 to 60 km, and is free running above 60 km.

In WACCM the ionization from auroral electrons (<30 keV) is parameterized by the Kp index. The auroral energy 
spectrum has a Maxwellian energy distribution with a fixed characteristic energy of 2 keV, which implies that 
the ionization rate profile will always peak at the same altitude (around 110 km; Roble & Ridley, 1987). There is 
additionally a NO upper boundary model (NOEM) parameterized by Kp and F10.7 based on NO observations by 
the Student NO Experiment satellite (SNOE; Marsh et al. [2004]). WACCM 6 differs from older model versions 
as it also includes ionization from radiation belt electrons (referred to as Medium Energy Electrons [MEE] in the 
atmospheric community). MEE ionization is parameterized by the Ap index and is based on observations from 
the MEPED instrument (van de Kamp et al., 2016).

Extra chemistry has been implemented in the updated model (D-region chemistry) which leads to the produc-
tion of NO also in the mesosphere. The new chemical scheme is based on a simplification of the Sodankylä Ion 
Chemistry one-dimensional model (Verronen et  al.,  2016), with only the most important chemical reactions 
included based on their effects on the mesosphere (Verronen & Lehmann, 2013)). Where WACCM 4 included 
the five major ions in the thermosphere, WACCM 6 includes these five and has in addition 20 positive ions and 
21 negative which enables 307 new ion reactions in the mesosphere. This allows for NO production by EEP the 
same way as in the thermosphere and also through multiple cluster ion-ion re-combinations or by positive ion 
reactions in the mesosphere. The ion chemistry is included in WACCM over the whole altitude range, but the 
positive ion clusters and negative ions are less abundant above 90 km, and their effect becomes less important in 
the thermosphere where the standard WACCM chemistry is still dominating (Verronen et al., 2016).

The mesospheric circulation is driven by gravity waves propagating up from the troposphere. What separates 
WACCM 6 from many other models, is that it includes both an orographic GW parameterization (McFar-
lane, 1987) and a non-orographic GWs (Richter et al., 2010). A spectrum of non-orographic GWs is launched 
from 600  hPa (∼4  km) when the frontogenesis exceeds a certain threshold value (Richter et  al.,  2010). The 
amplitudes of the waves in the spectrum vary with a fixed Gaussian shape that has a peak amplitude of τB. The 
frontogenesis threshold has been updated in WACCM 6 due to the change in resolution to 0.108 K 2(100 km) −2h −1, 
and the amplitude of the non-orographic gravity waves at the source level is set to 2.5 ⋅ 10 −3 Pa (Gettelman 
et al., 2019). The Prandtl number, which determines the relation of eddy diffusion and momentum forcing from 
the GW breaking, is Pr = 2 in WACCM 6. This is an update from WACCM 4 where it was Pr = 4, meaning the 
eddy diffusion has been increased in the current model version compared to previous versions (as the turbulent 
Prandtl number is inversely proportional to the eddy diffusion).

2.4. WACCM Model Runs

To investigate the effect of GWs on the temperature and NO distribution in the MLT region, five WACCM 
runs have been performed with different specifications of the non-orographic gravity wave amplitude (τB) and 
Prandtl number (Pr). All model runs are performed with WACCM 6, with D-region chemistry, low and medium 
energy electron precipitation according to the CMIP6 recommendation, and using the specified dynamics mode 
(FWmadSD). The model data is output at the SOFIE measurement locations, 15 times each day, and has then 
been converted into daily averages. The same has been done for the SABER comparison. All data shown, from 
both WACCM, SOFIE, and SABER, are from the year 2010. An overview of the difference in the five model 
runs are shown in Table 1.
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3. Results
3.1. Mesospheric NO and Temperature in WACCM and SOFIE

NO simulated by WACCM and observed by SOFIE show many similarities 
and some differences (upper panels of Figure 1). The general features are 
the same in the model run and the observations: NO vmr is increasing expo-
nentially with altitude throughout the mesosphere and lower thermosphere, 
from about 1 ppmv at the stratopause to 10 3 ppmv at mesopause. The highest 
values are found in the thermosphere during geomagnetic activity. During 
winter, more thermospheric NO is transported down to the lower mesosphere 
leading to 10 times higher values than during summer. Some differences 
are also found (upper right panel of Figure 1). WACCM thermospheric NO 
during summer is higher than in the SOFIE observations (+50% during Janu-
ary-March and October-December in the altitude region 90–115 km). During 
winter more variation is seen in the thermospheric NO difference, but on 

average WACCM shows less than SOFIE (−35% in April-September in the altitude region 90–115  km). As 
summer observations of mesospheric NO can be contaminated by the presence of polar mesospheric clouds, they 
will not be used directly for model validation. During mesospheric winter WACCM shows significantly lower 
values of NO than what is observed by SOFIE (−75% at 55–90 km). In summary, the modeled lower thermo-
spheric summer NO is overestimated, while in winter the modeled NO is underestimated throughout the MLT.

The temperature simulated with WACCM shows similar features to what SOFIE observes, but when directly 
compared also differ from the observations (lower panels of Figure 1). The modeled thermospheric summer 
temperatures are warmer than observations (+30 K at 90–105 km). During winter the difference in temperature 
is more varying but shows more or less the same in model and observation (±10 K at 90–105 km). Summer 
mesospheric temperatures are colder in WACCM than in observations (−20 K at 55–90 km). During mesospheric 

Model run Amplitude (τB)
Prandtl number 

(Pr)
Color in 
figures

Standard WACCM 2.5 ⋅ 10 −3 2 Purple

Lower amplitude 𝐴𝐴

(

⋅

1

5

)

5.0 ⋅ 10 −4 2 Red

Higher amplitude (⋅5) 1.25 ⋅ 10 −2 2 Orange

Less eddy diffusion 𝐴𝐴

(

⋅

1

2

)

2.5 ⋅ 10 −3 4 Green

More eddy diffusion (⋅2) 2.5 ⋅ 10 −3 1 Blue

Table 1 
Overview of Setting for the Five Model Runs, the Only Differences 
Between Them Are the Value of the Non-Orographic Gravity Wave Starting 
Amplitude, and the Prandtl Number

Figure 1. Upper panels: Temperature [K] from Whole Atmosphere Community Climate Model (WACCM), and Solar Occultation For Ice Experiment (SOFIE), 
and the difference between them (WACCM-SOFIE [K]). Lower panels: Nitric oxide volume mixing ratio [log10 ppmv] from WACCM, and SOFIE, and the relative 
difference between them (WACCM-SOFIE/WACCM [%]). All figures are daily averages, from the southern hemisphere, the year 2010, and the WACCM data is 
co-located with the observations from SOFIE. Mesospheric summer observations of NO by SOFIE can be contaminated by polar mesospheric clouds, so this region is 
shaded and given less attention.



Journal of Geophysical Research: Space Physics

SMITH-JOHNSEN ET AL.

10.1029/2021JA029998

6 of 16

winter, WACCM is closer to SOFIE (±10 K at 55–90 km). Summarized, the 
modeled summer temperatures shows the largest discrepancies, while during 
winter where the NO is underestimated, only small differences are seen in 
temperature.

Comparing the mesopause altitude in WACCM to SOFIE highlights part of 
the reason for the temperature discrepancies seen (upper panel of Figure 2). 
The altitude of the mesopause in WACCM is lower in SH summer (−5 to 
15 km), and the transition from summer to winter occurs later than in SOFIE 
(mid February in SOFIE, mid March in WACCM). The largest temperature 
difference is found in early March when the mesopause in SOFIE has shifted 
to winter position while WACCM is still in summer. The time of the summer 
to winter circulation is also when the temperature difference at the meso-
pause (lower panel of Figure 2) between WACCM and SOFIE is the largest 
(+20–30 K). In the summer WACCM has a colder mesopause than SOFIE 
(−10–15 K). The winter mesopause temperature is similar in WACCM and 
SOFIE (±10K). The observed temperature at the mesopause changes more 
gradually, while the modeled mesopause temperature displays a more sudden 
jump from summer to winter temperature. The largest differences found in 
temperature are thus due to a displaced summer mesopause.

3.2. NO and Temperature Sensitivity to Non-Orographic Gravity Wave 
Amplitude

Changing the amplitude of the non-orographic gravity waves will change 
their breaking altitude which impacts both temperature and transport of nitric 
oxide. WACCM 6 has the amplitude set as τB = 2.5 ⋅ 10 −3. In two sensitivity 

runs where all else is the same, this value is reduced to a fifth of the original (τB = 5 ⋅ 10 −4, red), and increased 
to five times the original value (τB = 1.25 ⋅ 10 −2, orange) as listed in Table 1.

Compared to the standard WACCM run, both temperature and NO change due to the reduced amplitude (left 
panels of Figure 3). The summer thermosphere is cooler (−30 K at 90–100 km), and so is the winter lower 
mesosphere (−15 K at 55–65 km). The other regions are warmer (+10 K at 55–85 km in summer, +5 K in 
65–105 km in winter, and +15 K at 105–115 km in winter). Less NO is found in the summer mesosphere (−30% 
at 55–90 km) due to the reduced amplitude. The biggest increase is seen during winter at the mesopause and 
below (+30% 55–100 km), strongest during late winter in the lower mesosphere (+200% at 55–75).

Increasing the amplitude leads to the opposite response in both temperature and NO (right panels of Figure 3). 
The mesospheric NO response is increased during summer and decreases during winter. Compared to SOFIE 
more NO was needed during winter, especially in the mesosphere. Increasing the amplitude does the opposite and 
brings the model even further away from observations.

An altitude by altitude comparison of nitric oxide from these model runs to SOFIE observations is shown in 
Figure 4. Reducing the non-orographic gravity wave amplitude (τB) brings more NO down to the mesosphere 
during winter (red line in Figure 4) and 4 the model run that improves the wintertime mesospheric NO the most.

3.3. NO and Temperature Sensitivity to the Prandtl Number

The Prandtl number is set to Pr = 2 in WACCM 6. The effect of a doubling (Pr = 4, green, less eddy diffusion) and 
halving (Pr = 1, blue, more eddy diffusion) of this number is compared to standard WACCM. Decreasing eddy 
diffusion (left panels of Figure 5) warms the thermosphere, where WACCM already was too warm compared to 
SOFIE. Less NO is found in the mesosphere where WACCM already had a deficit.

Increasing eddy diffusion (right panels) cools the thermosphere significantly (−20  K from the mesopause 
and above). Below the mesopause, in SH summer there is slight warming and a wintertime cooling, though 
more fluctuating and with lower values (±10 K). More eddy diffusion leads to more NO at all altitudes. In the 
thermosphere, the enhancement is smallest, and seems seasonally independent (+20% at 90–115  km annual 

Figure 2. Upper panel: The temporal evolution of mesosopause altitude 
[km]. Lower panel: The mesopause temperature [K]. Both in the southern 
hemisphere in 2010. Whole Atmosphere Community Climate Model (purple) 
compared to SOFIE (black) shows that some of the temperature discrepancies 
are due to a vertically displaced summer mesopause and a temporal offset in 
the summer to winter reversal.
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average). Short periods of NO decrease are seen in the thermosphere during high geomagnetic activity (−10% 
at 90–115 km). In the upper mesosphere, there is a strong NO increase, and during winter this enhancement also 
reaches the lower mesosphere (+135% at 55–90 km).

A direct comparison of the NO from the eddy diffusion sensitivity runs to SOFIE is shown in Figure 6). The 
increased diffusion run (blue line) improves the modeled NO from the standard run (purple line) when compared 
to SOFIE (black line). Additional tuning is needed, as the modeled NO now overshoots a bit compared to 
observations.

3.4. The Impact on the Mesopause Altitude and Temperature

The altitude and temperature of the mesopause changes in the sensitivity runs (Figure 7). The amplitude of the 
non-orographic gravity waves in WACCM determines at what altitude these waves will deposit their energy. 
Reducing the amplitude allows the waves to propagate to higher altitudes before they break, and this shifts the 
altitude of the mesopause higher up. By reducing the amplitude to a fifth of the original (from the purple line 
in Figure 7 to the red line), the mesopause is lifted about 10 km during summer, closer to the SOFIE observed 
mesopause altitude (black line). The transition from summer to winter is postponed by 14  days compared to the 
original model run, which was already late compared to the observations. The winter mesopause altitude does not 
change considerably. Increasing the amplitude by five times (to the orange line), lowers the summer mesopause 
altitude further away from the observed altitude. The higher amplitude run does however start the transition to 
summer 14 days earlier, which is closer to observations. The winter mesopause altitude is not changed in the 
amplitude runs but was already similar to observations. The temperature of the mesopause changes when the 
gravity wave amplitude is changed (lower left in 7). A lower amplitude reduces the summer mesopause tempera-
ture and increases the winter temperature.

Figure 3. Upper panels: Change in temperature [K] by changing the gravity wave amplitudes (τB). Lower panels: Change in NO [%]. Both are relative to the standard 
Whole Atmosphere Community Climate Model run. Difference when decreasing the τB to 𝐴𝐴

1

5
 (left), and by increasing it by a factor of 5 (right). The amplitude change 

shifts the vertical temperature distribution and impacts how much NO is transported up during summer and down during winter.
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Changing the Prandtl number in WACCM does not change the altitude of the mesopause (upper right panel in 7), 
but a significant change is seen in the temperature of the mesopause (lower right panel in 7). Reducing the eddy 
diffusion to half of the original (from the purple line to the green) does not impact the summer mesopause altitude 
or temperature, but during winter this significantly increases the temperature at the mesopause. Doubling the 
eddy diffusion (blue line) decreases the winter mesopause temperature, which is further away from the observed 
temperatures by SOFIE.

3.5. Northern Hemispheric Mesopause Altitude and Temperature

The differences in NO between SOFIE and WACCM identified for the SH are also seen in the not shown (NH), 
though the satellite altitude range is more limited due to the presence of polar mesospheric clouds during northern 
summer. SOFIE temperature observations of the mesopause altitude and temperature are however trustworthy 
also in the north and can be used to validate the model runs. Figure 8 shows similar results to what was found in 
the SH in Figure 7: The summer mesopause is located at a lower altitude in WACCM (purple line) than in SOFIE 
(black line). This is improved by reducing the amplitude of the gravity waves (red line). The winter mesopause 
temperature (lower panels) is warmer in WACCM (purple line) than in SOFIE (black line), but improved by 
increasing the eddy diffusion (blue). The shape of the modeled mesopause temperature evolution fits better to 
observations in the north than what was found for the south.

3.6. Global View of Temperature Effects

The results found in the previous sections do not only apply in the small latitudinal region where SOFIE is meas-
ured. SABER observes temperatures at all latitudes and gives a similar picture to SOFIE. Looking at averages of 
the NH summer months (June 21st to September 23rd) in Figure 9 similar features are seen in WACCM (upper 
left panel) as in SABER (upper right panel).

The lower panels show the temperature difference between SABER and WACCM (WACCM - SABER) for the 
standard run (left panel in the second row). The largest differences are found toward the summer pole, where the 

Figure 4. The effect of changing the non-orographic gravity wave amplitude (τB) on the temporal evolution of mesospheric and lower thermospheric nitric oxide [ppb], 
altitude by altitude, in the southern hemisphere in 2010. Whole Atmosphere Community Climate Model (WACCM) with reduced gravity wave amplitude (red) and 
WACCM with increased amplitude (orange), contrasted by WACCM standard (purple) and observations from Solar Occultation For Ice Experiment (black).
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modeled temperature is too cold in WACCM in the mesosphere, and around the mesopause where it is too warm. 
At all latitudes, the modeled lower thermosphere is too warm.

The difference is reduced when SABER is compared to the two best sensitivity runs; the lower amplitude run 
(middle lower panel) and the increased diffusion run (right lower panel). Lowering the amplitude reduces the 
cold mesosphere and the warm mesopause. The warm bias in the lower thermosphere remains. The increased 
diffusion run, on the other hand, improves the lower thermosphere bias but does not improve the mesopause and 
mesosphere as much.

Looking at the NH winter months (December 21st to March 20th) in Figure 10, these same results hold for when 
the summer pole is in the south. The temperature biases are however stronger here than in the north, while the 
thermospheric warm bias is about the same.

The vertical shift of the summer mesopause in WACCM that was identified compared to SOFIE is also seen by 
SABER. Figure 11 upper panels show the mesopause altitude in SABER (black) compared to standard WACCM 
(purple), the decreased amplitude run (red), and the increased diffusion run (blue). While SOFIE showed this 
feature for only a limited latitude range, SABER shows that this shift occurs at both poles, starting at mid latitudes 
(5–10 km at 30–75°). The reduced amplitude run improves the location of the mesopause for both summer hemi-
spheres, while the increased diffusion does not change the altitude, as was also found using SOFIE observations.

The lower panels of Figure 11 show the temperature at the mesopause. Here the increased eddy diffusion run 
lowers the mesopause temperature at low latitudes and brings it closer to SABER observations. The modeled 
winter pole temperature bias is significantly stronger in the SH than in the NH.

Figure 5. Upper panels: Change in temperature [K] by changing the Prandtl number (Pr). Lower panels: Change in nitric oxide (NO) [%]. Both are relative to the 
standard Whole Atmosphere Community Climate Model run. The difference when decreasing the eddy diffusion by increasing the Prandtl number to Pr = 4 (left), and 
increasing eddy diffusion by setting Pr = 1 (right). The Prandtl number changes the thermospheric temperature and the amount of mesospheric NO.
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Figure 6. The effect of changing the Prandtl number (Pr) on the temporal evolution of mesospheric and lower thermospheric NO [ppb], altitude by altitude, in the 
southern hemisphere in 2010. Whole Atmosphere Community Climate Model (WACCM) with reduced eddy diffusion (green) and WACCM with increased eddy 
diffusion (blue), contrasted by WACCM standard (purple) and observations from Solar Occultation For Ice Experiment (black).

Figure 7. The temporal evolution of mesosopause altitude [km] and mesopause temperature [K], in the southern hemisphere 
in 2010. Solar Occultation For Ice Experiment (black), compared to Whole Atmosphere Community Climate Model 
(WACCM) with different gravity wave drag settings: standard WACCM (purple, τB = 2.5 ⋅ 10 −3, Pr = 2), WACCM with 
reduced gravity wave amplitude (red, τB = 5.0 ⋅ 10 −4), WACCM with increased gravity wave amplitude (yellow,  
τB = 1.25 ⋅ 10 −2), WACCM with reduced eddy diffusion (green, Pr = 4), and WACCM with increased eddy diffusion (blue, 
Pr = 1). Amplitude affects mesopause summer altitude and eddy diffusion changes mesopause winter temperature.
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4. Discussion
When the distribution of NO simulated by WACCM 6 is compared to observations from SOFIE, the modeled 
wintertime NO is found to be underestimated in the mesosphere. The same result was found by Hendrickx 
et  al.  (2018) looking at 10  years of SOFIE measurements compared to WACCM 4, and by Smith-Johnsen 
et al. (2018) which investigated one particularly strong geomagnetic storm in 2010. The summertime temperature 
in the model is too high in the thermosphere and too low in the mesosphere. This difference is partly attributed 
to vertically displaced summer mesopause in the model. Smith (2012) found a similar altitude shift in mesopause 
from WACCM 3.5 compared to SABER temperature climatologies. The discrepancy in temperature between 
model and observations indicates deficiencies in the model dynamics, and the NO underestimate in the winter 
mesosphere is hence more likely due to insufficient transport than insufficient production of NO.

A potentially improved representation of the indirect effect needs to be validated by a better modeled temperature, 
position of the mesopause, and the timing of the seasonal transition. The sensitivity model runs show that both a 
lower GW amplitude or increased eddy diffusion will increase the amount of NO reaching the winter mesosphere. 
Decreasing the amplitude lifts the summer mesopause up to the altitude where the observed mesopause is. The 
smaller amplitude GWs are able to propagate higher up before they break. Their energy and momentum will be 
deposited at a higher altitude, which will shift the vertical extent of the advection higher up. Smith et al. (2011) 
suggested that the GW breaking altitude was too low in WACCM3.5, and our finding supports their conclusion.

Although a reduction in the GW amplitude strengthens the indirect effect on NO and altitude of the summer meso-
pause, the delayed seasonal transition raises doubt if a lower amplitude alone gives a more realistic representation 
of the true dynamics of the MLT. The seasonal transition is forced from below and all the sensitivity runs are 
constrained by the same re-analysis data. A shift in the seasonal transition reflects the GWs ability to transfer 
the signal into the MLT region, a longer delay suggests that the wave forcing is too weak in the lower meso-
sphere when reducing the GW amplitude. Therefore, it is not possible to exclude that the vertical shift imposed 
by changing the GW amplitude ought to be reached by alternative ways of tuning the parameterization such as 
for example, modifying the gravity wave spectrum itself. This is also confirmed by the increased amplitude run, 

Figure 8. Northern hemispheric mesopause altitude and temperature, complementing the Southern hemispheric results from 
Figure 7. The temporal evolution of mesopause altitude [km] and mesopause temperature [K], in the northern hemisphere in 
2010. Solar Occultation For Ice Experiment (black), compared to Whole Atmosphere Community Climate Model (WACCM) 
with different gravity wave drag settings: standard WACCM (purple, τB = 2.5 ⋅ 10 −3, Pr = 2), WACCM with reduced gravity 
wave amplitude (red, τB = 5.0 ⋅ 10 −4), WACCM with increased gravity wave amplitude (yellow, τB = 1.25 ⋅ 10 −2), WACCM 
with reduced eddy diffusion (green, Pr = 4), and WACCM with increased eddy diffusion (blue, Pr = 1). Amplitude affects 
mesopause summer altitude and eddy diffusion changes mesopause winter temperature.
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which reduced the amount of NO reaching the mesosphere and shifts the mesopause altitude deeper down, but 
still, get the seasonal transition at the same time as SOFIE observations.

The increased eddy diffusion run increases the amount of NO reaching the mesosphere, by mixing in more of 
the NO-rich thermospheric air with the mesospheric air where it is captured by the residual circulation. Reduced 
eddy diffusion will distribute more of the GW breaking energy to drive the circulation and less to turbulence. 
The increased downwelling associated with the reduced eddy diffusion has however a smaller impact on the NO 
transport than the the increased mixing from the increased eddy diffusion run. Using the HAMMONIA model 
Meraner and Schmidt (2016) found little effect of eddy diffusion compared to molecular diffusion and advection. 
Their conclusion was based on a Prandtl number Pr = 3, and when reducing it to Pr = 1.5 they found an increased 
NO transport similar to what is found in this study.

The processes discussed in our study are not the only possible causes of the discrepancies seen. Validating the 
model results by only the observable effect on NO and temperature rather than by observations of the GW them-
selves is a limitation. Due to the small spatial scale of large parts of the gravity wave spectrum, constraining 
gravity wave drag from global satellite observations unfortunately still remain a challenge (Geller et al., 2013). 
Also, the satellite coverage will limit the possibility of model validation in time and space. There are other trans-
port processes not investigated here too. The effective transport of NO by molecular diffusion is important above 
the mesopause (Meraner et al., 2016; Smith et al., 2011), the effect from tides have not been looked into, and the 
effects from the orographic gravity waves have not been investigated.

The amount of NO in the mesosphere is a combination of local production and transport from other source 
regions. In this study, only transport has been considered. There are however uncertainties in production too. 
Thermospheric production in WACCM is found to be too high during quiet geomagnetic conditions, too low 
during storms, and at the wrong altitude compared to satellite observations (Hendrickx et al., 2018; Smith-Johnsen 

Figure 9. Upper panels: Temperature [K] from Whole Atmosphere Community Climate Model (WACCM), and The Sounding of the Atmosphere using Broadband 
Emission Radiometry (SABER), distributed over latitudes (rather than time as it was for Solar Occultation For Ice Experiment). Average over the NH summer months 
(June 21st to September 23rd). Lower panels: The difference between WACCM and SABER (WACCM-SABER) [K]. In the left panel SABER is compared to the 
standard WACCM run (τB = 2.5 ⋅ 10 −3, Pr = 2), the middle panel shows the comparison to the reduced amplitude run (τB = 5.0 ⋅ 10 −4), and the right panel shows 
SABER compared to the increased eddy diffusion run (Pr = 1).
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et  al.,  2018). These discrepancies will be able to propagate down to the mesosphere during winter and will 
affect the mesospheric NO level. Local mesospheric production is now included in WACCM 6 (van de Kamp 
et al., 2016; Verronen et al., 2016), but several studies indicate that the current parameterization is an underesti-
mate compared to other available data sets of mesospheric electron ionization (Nesse Tyssøy et al., 2019; Tyssøy 
et al., 2021).

5. Conclusion
The vertical distribution of NO in the MLT region is dependent on both production and transport. While produc-
tion by EEP dominates in the thermosphere, the dynamics are the most important in the mesosphere. Comparing 
WACCM simulations of NO to SOFIE observations, a modeled wintertime NO underestimate is found in the 
mesosphere. The direct NO production in the mesosphere is captured by the model, but the transported NO is not. 
The winter temperatures show reasonable agreement between model and SOFIE observations. In the summer, 
however, a larger temperature difference is seen, mostly due to a vertical displacement of the mesopause in the 
model. This is also seen when WACCM is compared to temperature observations by SABER at a larger latitude 
range. The mesospheric circulation is driven by gravity waves, and by changing where and how the wave energy 
and momentum are deposited in WACCM, the modeled circulation can be altered to improve both the summer 
temperature and the winter NO distribution in the MLT region.

When the amplitude of the non-orographic gravity waves in WACCM is reduced, the summer mesopause in 
WACCM is moved to higher altitudes which fits better with both SOFIE and SABER temperature observa-
tions. This brings modeled summer temperatures closer to observations throughout the MLT region. By allow-
ing the waves to break at higher altitudes, more of the high altitude NO rich air is transported down to the 

Figure 10. Upper panels: Temperature [K] from Whole Atmosphere Community Climate Model (WACCM), and The Sounding of the Atmosphere using Broadband 
Emission Radiometry (SABER), distributed over latitudes (rather than time as it was for Solar Occultation For Ice Experiment). Average over the NH winter months 
(December 21st to March 20th). Lower panels: The difference between WACCM and SABER (WACCM-SABER) [K]. In the left panel SABER is compared to the 
standard WACCM run (τB = 2.5 ⋅ 10 −3, Pr = 2), the middle panel shows the comparison to the reduced amplitude run (τB = 5.0 ⋅ 10 −4), and the right panel shows 
SABER compared to the increased eddy diffusion run (Pr = 1).
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mesosphere during winter improving the modeled underestimate. Increasing the amplitude does the opposite, but 
still improves the timing of the summer to winter transition.

The Prandtl number determines how much eddy diffusion is associated with the momentum forcing from the 
breaking or dissipating gravity wave. By reducing the Prandtl number, the amount of eddy diffusion is increased. 
The increased eddy diffusion cools the thermosphere and the mesopause, bringing it closer to SOFIE and SABER 
observations. More turbulence will mix in more NO-rich air from the thermosphere and transport it down to the 
mesosphere during winter. An increase in diffusion reduces the vertical gradient and therefore reduces the effec-
tiveness of NO transport by the resolved circulation.

This sensitivity study shows that both reducing the amplitude of the non-orographic GWs and increasing the eddy 
diffusion (by decreasing the Prandtl number) allows for more of the wintertime thermospheric NO to reach the 
mesosphere where the model was underestimating compared to observations. The improvement in temperature 
at the same time confirms that these parameters should be updated to improve the modeled dynamics and thus 
the indirect EEP effect on NO in the MLT region. The reduced amplitude run (red line in figures) shows best 
agreement with the altitude of the summer mesopause, while the increased diffusion run (blue in figures) gives a 
more accurate winter mesopause temperature. Both improve the modeled NO transport, though additional tuning 
is still needed for the transport to be fully captured by the model.

Data Availability Statement
The AIM-SOFIE observations can be downloaded from http://sofie.gats-inc.com/getdata, TIMED-
SABER data is accessible from http://saber.gats-inc.com/data.php, and WACCM is freely available from 
https://escomp.github.io/CESM/versions/cesm2.2/.

Figure 11. The latitudinal variation of the mesopause altitude [km] and mesopause temperature [K] for NH summer (left) 
and NH winter (right) in 2010. The Sounding of the Atmosphere using Broadband Emission Radiometry (black), compared 
to Whole Atmosphere Community Climate Model (WACCM) with different gravity wave drag settings: standard WACCM 
(purple, τB = 2.5 ⋅ 10 −3, Pr = 2), WACCM with reduced gravity wave amplitude (red, τB = 5.0 ⋅ 10 −4), and WACCM with 
increased eddy diffusion (blue, Pr = 1). The decreased amplitude improves the summer mesopause altitude and the increased 
eddy diffusion lowers mesopause temperature.

http://sofie.gats-inc.com/getdata
http://saber.gats-inc.com/data.php
https://escomp.github.io/CESM/versions/cesm2.2/
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