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[1] The solar minimum period during 2008–2009 was characterized by lower thermospheric
density than the previous solar minimum and lower than any previously measured. Recent
work used the NCAR Thermosphere-Ionosphere-Electrodynamics General Circulation
Model to show that the primary cause of density changes from 1996 to 2008 was a small
reduction in solar extreme ultraviolet (EUV) irradiance, causing a decrease in thermospheric
temperature and hence a contracted thermosphere. There are similar effects in the ionosphere,
with most measurements showing an F region ionosphere that is unusually low in density, and
in peak altitude. This paper addresses the question of whether model simulations previously
conducted, and their solar, geomagnetic, and anthropogenic inputs, produce ionospheric
changes commensurate with observations. We conducted a 15 year model run and obtained
good agreement with observations of the global mean thermospheric density at 400 km
throughout the solar cycle, with a reduction of ~30% from the 1996 solar minimum to
2008–2009. We then compared ionosonde measurements of the midday peak density of the
ionospheric F region (NmF2) to the model simulations at various locations. Reasonable
agreement was obtained between measurements and the model, supporting the validity of the
neutral density comparisons. The global average NmF2 was estimated to have declined
between the two solar minima by ~15%. In these simulations, a 10% reduction of solar EUV
plays the largest role in causing the ionospheric change, with a minor contribution from lower
geomagnetic activity and a very small additional effect from anthropogenic increase in CO2.
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1. Introduction

[2] The solar minimum period between solar cycles #23 and
#24, during the years 2007–2009, was the longest and quietest
such period since the advent of space-based measurements,
and probably the longest and quietest in a century.
Measurements of the solar magnetic field and the interplanetary
medium indicated that conditions might be significantly differ-
ent from previous solar minima [e.g., Gibson et al., 2009;
Russell et al., 2010; Lockwood, 2010; Schrijver et al., 2011],
and changes to the upper atmosphere and ionosphere have been
observed and documented, as reviewed below. Additionally, the
first half of solar cycle (SC) #24 has also been the weakest since
SC #14 and possibly the weakest since the Dalton Minimum in
the early 1800s.
[3] The first indication that conditions in the near-Earth

space environment were commensurately anomalous came
from initial measurements from the Coupled Ion Neutral
Dynamics Investigation (CINDI) instrument on the C/NOFS

satellite during the summer of 2008 [Heelis et al., 2009].
These ionospheric observations showed that ion temperatures
and the O+/H+ transition height were both lower than
expected. Measurements of global mean neutral density
derived from a long-term data set of satellite drag observations
by Emmert et al. [2010] found that thermospheric density
during 2008 was also significantly lower than during previous
solar minimum periods, and well below the expected secular
trend [cf., Bruinsma and Forbes, 2010]. These findings moti-
vated further observational and modeling studies to document
and explain the changes.
[4] Ionospheric measurement analysis following the Heelis

et al. findings began with Coley et al. [2010], who further
described the equatorial distribution of the CINDI measure-
ments, and compared them with radar data from the
Jicamarca Observatory. Lühr and Xiong [2010] confirmed
these ionospheric results using data from the CHAMP and
GRACE satellites, and Klenzing et al. [2011] analyzed the
global distribution of the contracted ionosphere, and showed
that it persisted throughout 2008 and 2009. Yue et al. [2013]
compared measurements by the Constellation Observing
System for Meteorology, Ionosphere, and Climate to the
empirical International Reference Ionosphere (IRI) model,
finding that the model underestimated the ionosphere during
2008. Turning to ground-based measurements, analyses of
ionosonde measurements [e.g., Chen et al., 2011, 2012; Liu
et al., 2011, 2012] found a significant decrease in peak iono-
spheric densities during the cycle 23/24 minimum, compared
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to previous solar minimum periods. Araujo-Pradere et al.
[2011] also found such decreases, particularly during daytime,
but with significant variability from one station to another, and
identified commensurate decreases in total electron content
(TEC) measured by dual-frequency GPS receivers. Bilitza
et al. [2012] compared ionosonde measurements to IRI,
pointing out that the model underestimates occurred when the
solar F10.7 proxy index was employed, but not when the
IG12 index is used [cf., Klenzing et al., 2011]. This index is
based on selected ionosonde measurements of the maximum
density of the F2 peak (NmF2) [Liu et al., 1983]. However,
Lean et al. [2011a, 2011b] analyzed measurements of global
average TEC obtained from the ground-based dual-frequency
GPS network and found that there was no significant change
between the 1996 and 2008 levels. They argued that this indi-
cates similar solar EUV levels during the two solar minima,
which would imply some other cause for the differences in
thermospheric neutral density.
[5] Since the neutral density changes appear to be incontro-

vertible, the ionosphere is expected to be lower in peak altitude,
as well as in peak density. Ionosondemeasurements of the peak
height of the F2 region (hmF2) are less accurate, and more dif-
ficult to calibrate between stations and between epochs, than
NmF2. Bremer et al. [2012], Mielich and Bremer [2013], and
Araujo-Pradere [2013], were able to extract long-term trends
from comprehensive hmF2 records, finding the 2007–2009 period
anomalously lower than the long-term trend. Observations
using incoherent scatter radar can accurately obtain peak
altitude, and there is some evidence of solar minimum differ-
ences based on measurements at the Jicamarca observatory
[Liu et al., 2012]. Also, the space-based measurements
referenced above can be interpreted as the result of a cooler
and contracted (as opposed to less dense) ionosphere.
[6] Our previous work on the 2008–2009 solar minimum

has attempted to explain the anomalously low thermospheric
density observed by Emmert et al. [2010] using global dynam-
ical modeling of the thermosphere-ionosphere system
[Solomon et al., 2010, 2011]. The central challenge of this
effort is in deciding how to quantify the solar EUV irradiance
input to the model. There is no consensus on how different
EUV levels were during the SC #23/#24 minimum from the
previous minimum, or from earlier minima, or even if they
were different at all. Various well-known solar activity proxy
indices and measurements give diverse results. However, the
annual average of every available index and measurement is
lower during 2008 and again during 2009 than it was during
1996. This is discussed in more detail in section 2.1, below.
In Solomon et al. [2010], an estimate of a 13% reduction in
total EUV energy flux from 1996 to 2008, derived from mea-
surements by the Solar EUV Monitor (SEM) on the Solar and
Heliospheric Observatory (SOHO), was used [cf., Woods,
2010], resulting in reasonable agreement with the change
observed in global mean thermospheric density (~30% at
400 km). In Solomon et al. [2010], an EUV change of 10%,
based on the Mg II core-to-wing ratio, was employed; by also
including the effects of reduced geomagnetic activity, good
agreement with the observations was again obtained.
[7] The role of geomagnetic activity in causing the reduced

thermospheric density was additionally evaluated by Weimer
et al. [2011] and Deng et al. [2012], using the Weimer
[2005a, 2005b] empirical model of magnetospheric potential
and currents in the ionosphere. Deng et al. estimated that

~25% of the reduction in density from 1996 to 2008 was due
to reduction in geomagnetic forcing. The year 2009 was even
more quiet geomagnetically than 2008. (The annual average
Ap was 4 in 2009, as compared to 7 in 2008 and 9 in 1996.)
Solar EUV levels were apparently unchanged between 2008
and 2009, and the density in 2009 was lower than 2008 by
only a few percent. This indicates that low geomagnetic activ-
ity was a secondary contribution to the anomalously low
thermospheric density.
[8] Superimposed on the interminimum changes is a slow,

long-term decline in thermospheric temperature and density
caused by anthropogenic increase in atmospheric CO2 [e.g.,
Roble and Dickinson, 1989; Keating et al., 2000; Emmert
et al., 2004, 2008; Marcos et al., 2005; Qian et al., 2006,
2011; Laštovička et al., 2006, 2008, 2012]. The effect is
greatest during solar minimum, in the range of 3% per
decade (modeled) to 5% per decade (observed). This
change, although small, was included in the work by
Solomon et al. [2010, 2011] and is included in the simula-
tions performed for this study. Recently, Emmert et al.
[2012] have shown evidence that CO2 is increasing in the
lower thermosphere at a higher rate than that in the tropo-
sphere, perhaps due to change in turbopause mixing rates.
If so, this could help explain why the observed rate of
thermospheric change is slightly higher than models
predict. However, for the problem of interminimum ther-
mosphere/ionosphere differences, anthropogenic global
change is a tertiary contribution.
[9] The purpose of this study is to investigate whether the

model simulations that produced good agreement with ther-
mospheric observations also correctly describe ionospheric
changes. We have, in past work, evaluated the hypothesis that
the primary cause (but not the only cause) of anomalously low
thermospheric density during the 2008–2009 solar minimum
was the reduced level of solar EUV radiation. If true, this
has implications for solar physics, the variability of the solar
cycle, and perhaps even the variability of solar output, as
discussed at the end of this paper. Therefore, our hypothesis
demands testing through comparison to diverse measure-
ments. Here we evaluate the correspondence of our model
simulations, using reduced solar EUV, to observations of the
F region ionosphere.

2. Data Sources

2.1. Solar Measurements and Indices

[10] Full-disk measurements of the solar EUV irradiance
could be used to quantify changes between solar minima.
Space-based observations include the Solar EUV Monitor
(SEM) [Judge et al., 1998] on the Solar and Heliospheric
Observatory (SOHO), the Solar EUV Experiment (SEE) on the
Thermosphere-Ionosphere-Mesosphere Energetics and Dynamics
(TIMED) satellite, [Woods et al., 2005] the EUV Variability
Experiment (EVE) on the Solar Dynamics Observatory
[Woods et al., 2011], and several suborbital rocket flights used
to calibrate these instruments. Soft X-ray measurements were
made by the Student Nitric Oxide Explorer (SNOE) [Bailey
et al., 2000; Solomon et al., 2001] by the Solar Radiation
and Climate Experiment (SORCE) [Woods and Rottman,
2005]. However, only the SEM has made measurements
throughout SC #23, including the 1996 and 2008–2009 solar
minima. SEM provides the integrated solar EUV flux in the
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26–34 nm range, which contains the 30.4 nm He II line and
several coronal lines. Didkovsky et al. [2010] found a reduc-
tion from 1996 to 2008 in solar EUV measured by SEM of
approximately 15%, with an estimated uncertainty of
6%. Although SEM has been calibrated by eight rocket
flights over SC #23, the magnitude of this reduction has
been controversial, since it is a somewhat larger change
than changes in various proxy indices, as discussed by
Solomon et al. [2011].
[11] In Figure 1, selected solar indices and measurements are

shown for the period 1996–2010. The individual dots are daily
values; the blue lines are the 81 day centered running means;
the thick black lines are annual averages; the dotted black lines
are the 2008 values extended so as to provide a baseline for
comparison. The 10.7 cm solar radio flux index F10.7 is a pop-
ular solar proxy index that correlates well with general solar
activity and with EUV and X-ray emissions. It has been used
extensively in solar and upper atmosphere empirical models,
and is available nearly continuously since 1947 from me-
asurements in Ottawa and Pendicton, Canada [Covington and
Medd, 1954]. The Zurich Sunspot Number (Rz) is a traditional

indicator of the solar activity cycle and also correlates well
with solar irradiance on intermediate time scales (1 to 10 solar
rotations). The core-to-wing ratio of the magnesium ion h and
k lines at 279.56 and 280.27 nm (MgII c/w) is also a good
indicator of solar chromospheric activity, and is a useful
proxy for solar irradiance in the UV and EUV wavelengths
[Viereck et al., 2004, 2010]. It is calculated by taking the ratio
between the highly variable chromospheric lines and the
weakly varying photospheric wings. Measurements from
the NOAA Solar Backscatter Ultraviolet (SBUV) instruments,
the Upper Atmosphere Research Satellite (UARS), the
Global Ozone Monitoring Experiment (GOME), the Scanning
Imaging Absorption Spectrometer (SCIAMACHY), and the
Solar Radiation and Climate Experiment (SORCE), were
intercalibrated and combined into a daily index by Viereck
et al. [2004, 2010]. The hydrogen Lyman-α emission at
121.6 nm is the strongest single line in the UV, and has been
measured for decades by rockets, the Atmosphere Explorer
(AE) series of satellites, the Solar Mesosphere Explorer
(SME), UARS, TIMED, and SORCE. A composite index
has been compiled by Woods et al. [2000] and continued

Figure 1. Time series of solar indices and measurements. (a) The 10.7 cm solar radio flux (F10.7). (b)
Sunspot number (Rz). (c) MgII core-to-wing ratio. (d) H Lyman-α composite index. (e) Solar EUV energy
flux in the 26–34 nm band measured by the SEM detector on the SOHO spacecraft. Daily mean values (blue
dots). The 81 day centered running means (red lines). Annual means (black solid lines). The 2008 annual
means (black dotted lines).
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subsequently, based on careful intercalibration of these mea-
surements and with gaps filled using correlation relationships
with F10.7 andMgII c/w. The F10.7 data shown in Figure 1 were
obtained from the NOAA Space Weather Prediction Center
Web site; the daily (Rz) values were taken from Solar
Influences Data Analysis Center at the Royal Observatory of
Belgium; the “NOAA Provisional”MgII c/w file was provided
by R. A. Viereck (personal communication, 2011); the Lyman-α
composite was downloaded from the LASP Interactive Solar
Irradiance Data Center at the University of Colorado; the
SOHO SEM 26–34 nm flux was copied from the University
of Southern California Space Sciences Center data service.
[12] All of these indices and measurements are lower during

2008–2009 than in 1996, but by varying amounts. (Figure 1 is
arranged in increasing order of interminimum variability.) At
solar minimum, F10.7 is typically fairly constant, while solar
EUV irradiance continues to exhibit small variations [e.g.,
Barth et al., 1990; Woods et al., 2000]. Similarly, Rz usually
becomes zero for some periods of time; during 2008–2009,
these periods were exceptionally long. Unlike these indices,
MgII c/w and Ly-α do show a significant decline from 1996
to 2008. Also, MgII c/w and Ly-α do not stop varying below
a constant plateau at solar minimum, but continue to exhibit
some variation. During 2007–2009, much of that variation
ceased, but the fairly constant values during 2008 were similar
to the lower envelope of the minimum values during 1996.
This indicates that the low EUV irradiance levels in time-
averaged quantities may have been the result of the unusually
persistent quiet conditions, rather than some unprecedented
physical regime. It is not surprising that Rz cannot fully capture
this, since it is understood that solar activity in various forms
continues to vary even when there are no solar magnetic field
regions strong enough to create a visible sunspot. Similarly,
F10.7 may be unable to accurately reflect these low-level vari-
ations, since at a value near 66 × 10�22 Wm�2Hz�1 the quiet
Sun component produced by Bremsstrahlung emission over
the entire Sun dominates the observed emission, as any
remaining active regions are no longer strong enough to
produce additional radio emissions [Tapping and DeTracy,
1990]. Thus, in addition to being unable to represent small
variations in solar EUV during solar minimum, F10.7 may
not be able to quantify interminimum differences when the
Sun becomes extremely quiet for an extended period.
[13] In order to compare these indices in a consistent way, we

calculate the difference between the annual average value of
each index in 2008 and 1996, divided by the expected solar cycle
range of the index, as estimated by the difference between the an-
nual average in the solar maximum year of 2001 and in 1996,
i.e., R= [iaa(2008) � iaa(1996)] / [iaa(2001) � iaa(1996)].
The results of this calculation are given in Table 1.
[14] As previously discussed, the F10.7 index shows the least

(but still significant) change, and hence cannot be usefully

employed in thermosphere-ionosphere models during the
2008–2009 solar minimum. Rz is somewhat better, but has
been generally abandoned in favor of indices that correlate
better with actual solar EUV levels on a day-to-day basis.
Coincidentally, the MgII c/w and Ly-α variations are similar.
Caution is indicated, because in both cases these are compos-
ites derived from different measurements on different
satellites. In the case of Ly-α, the measurements during 1996
are from the SOLSTICE instrument on UARS, and in 2008–
2009 from the SOLSTICE instrument on SORCE, and the
amount of variation is similar to the measurement uncertainty.
However, the use of stellar calibration by the SOLSTICE
instruments lends some confidence to the continuity of the
measurement. The fact that the Ly-α composite correlates very
well with the MgII c/w index supports the choice of MgII c/w
as an input to thermosphere-ionosphere models in previous
simulations. The interminimum variation measured by
SOHO/SEM is an outlier in this group; given the stated un-
certainties in time-dependent calibration, this measurement
is not completely inconsistent with the MgII c/w and Ly-α
composites, but clearly should be used with caution, since
there may be issues with secular drift. Therefore, the model
simulations described in section 3 employ the MgII c/w as a
solar EUV proxy input, using the method described by
Solomon et al. [2011].

2.2. Ionospheric Measurements

[15] Diverse observational data are available for ionospheric
analysis, but relatively few methods provide long-term conti-
nuity suitable for secular studies. Previous analyses of differ-
ent data sources relevant to the comparative solar minimum
problem are reviewed in section 1 above. Prominent among
these are ionosondes, incoherent scatter radars (ISR), and total
electron content (TEC) from dual-frequency GPS. ISR
measurements are relatively sparse in distribution and
temporal coverage, but provide the best measurements of
ionospheric heights. TEC observations have yielded varying
results [cf., Araujo-Pradere et al., 2011, 2013; Lean et al.,
2011a, 2011b]. Since ionosondes are numerous, widely dis-
tributed, and have a long history of stable operation, we chose
to use them for this study. We have utilized a group of
ionosondes with minimal overlap to the investigations
reviewed in section 1, with data obtained from the World
Data Center in Boulder.
[16] The most straightforward and best calibrated quantity

derived from ionosonde measurements is the peak density of
the F2 region ionosphere (NmF2), which is also generally the
peak of the ionospheric density altitude profile. It is derived
from the critical frequency f0F2 using the well-known relation-
ship NmF2 =12,400(f0F2)

2 (with density in cm�3 and frequency
in MHz). Since frequency is an easily calibrated quantity, and
since f0F2 is relatively simple to identify in ionosonde data by
manual or automatic procedures, this is probably the best long-
term data source for this type of investigation. The peakE region
densityNmE, similarly derived from f0E, would be an evenmore
direct indication of solar EUV irradiance [e.g., Buonsanto et al.,
1995], but it is more difficult to extract from ionosonde data than
f0F2, and is therefore sparse in the data bases.
[17] We have further focused this study onmiddaymeasure-

ments of NmF2. The rationale for this choice is that the middle
of the day is when the ionosphere responds most directly to
solar ionization. The F region ionosphere persists at night,

Table 1. Annual Averages of Various Solar Measurements

Index 1996 2001 2008 R

F10.7 72 181 69 �0.028
Rz 8.6 111 2.9 �0.056
MgII c/w 0.2645 0.2785 0.2635 �0.071
Ly-α 5.9 8.7 5.7 �0.071
SEM 0.77 1.83 0.64 �0.123
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Figure 2. Maximum F region ionospheric density (NmF2) measured by the ionosonde at Chilton, United
Kingdom. Daily median between 9:00 and 15:00 local time (blue dots). The 81 day centered running mean of
the midday medians (red line). Annual averages of the midday medians (thick black line).

Figure 3. Solar minimum NmF2 midday medians at three ionosonde stations, comparing 1996 (red) to
2008 and 2009 (blue) values. Daily median value between 9:00 and 15:00 local time (dots). The 81 day cen-
tered running mean of the midday medians (lines). (left column) 1996 compared to 2008. (right column)
1996 compared to 2009. (top row) Chilton, United Kingdom. (middle row) Rome, Italy. (bottom row)
Grahamstown, South Africa.
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but declines rapidly, and the lower ionosphere is quite short-
lived, so nighttime densities respond strongly to atmospheric
and geomagnetic variations and less so to solar forcing.
Araujo-Pradere et al. [2011, 2013] found interminimum
differences in the daytime ionosphere but no significant
change at night, which is not surprising in light of the model
simulations shown in section 3 below. Therefore, we have
chosen to concentrate on daytime measurements. Our proce-
dure was to calculate the median value of the period between
9:00 and 15:00 local solar time, generally similar to the noon
value. This eliminates anomalous spikes or dropouts in the
data. Days with obviously erroneous (or missing) data were
discarded. An example time series of data spanning SC #23,
from the station at Chilton, United Kingdom, is shown in
Figure 2. The 81 day running centered mean of the midday
medians, and the annual (calendar year) mean are also plotted.
[18] In Figure 3, we show examples of data from Chilton

and two other stations (Rome, Italy, and Grahamstown,
South Africa) during 1996, 2008, and 2009. Daily midday
medians and their 81 day running centered mean are plotted,
representative of the larger group of measurements summa-
rized below. The left column of Figure 3 compares 1996 to
2008, and the right column compares 1996 to 2009. The
seasonal dependence is prominent in these plots (as it is in
Figure 2), but 2008 and 2009 are systematically lower. The
difference is not large, but it is particularly noticeable from
mid-2008 through mid-2009, which was the most quiet period

of the SC #23/#24 minimum. We performed this analysis
using nine ionosonde stations. These stations were selected
because they hadminimal overlap with similar analyses in pre-
vious work [e.g., Chen et al., 2011, 2012; Liu et al., 2011,
2012; Araujo-Pradere et al., 2011, 2013], and because their
World Data Center records contain adequate coverage, at least
during the two solar minima. The results and their comparison
to model calculations are described in section 4, below.

3. Model Simulations

3.1. Model Description

[19] Model simulations were performed using the NCAR
Thermosphere-Ionosphere-Electrodynamics General Circulation
model (TIE-GCM) v. 1.94 [Roble et al., 1988; Richmond et al.,
1992]. The TIE-GCM is a first-principles upper atmospheric
general circulation model that solves the Eulerian continuity,
momentum, and energy equations for the coupled thermo-
sphere-ionosphere system. The vertical coordinate is pressure
levels in half-scale height intervals, extending in altitude from ap-
proximately 97 km to 600 km, depending on solar activity. Tidal
forcing at the lower boundary was specified by the Global Scale
Wave Model [Hagan et al., 2001], and semiannual and annual
density periodicities were obtained by applying seasonal varia-
tion of the eddy diffusivity coefficient at the lower boundary
[Qian et al., 2009, 2013]. The CO2 mixing ratio imposed at the
lower boundary was 364 ppmv for 1996, increasing linearly by

Figure 4. Thermospheric temperature and density modeled by the NCAR TIE-GCM for 1996 and 2008,
on day-of-year 180, using the scaled MgII c/w proxy indexM10.7 as input. (top left) Model exospheric tem-
perature for 1996. (top right) Model peak electron density of the F2 region NmF2 for 1996. (middle left)
Model exospheric temperature for 2008. (middle right) Model NmF2 for 2008. (bottom left) Exospheric
temperature difference, 2008–1996. (bottom right) NmF2 ratio at 400 km, 2008/1996.
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1.5 ppmv per year, based on measurements from theMauna Loa
Observatory [Keeling and Whorf, 2005].
[20] Magnetospheric inputs to the polar regions are specified

by an applied electric potential pattern and an auroral precipita-
tion oval. The Heelis et al. [1982] empirical specification of
magnetospheric potential in the ionosphere, which is parame-
terized by the geomagnetic Kp index, is the standard TIE-
GCM input. Auroral precipitation is applied as described by
Roble and Ridley [1987] based on the estimated hemispheric
power of precipitating electrons. The empirical estimate of this
power as it depends on Kp has been increased from the original
formulation by a factor of ~2, based on results from the Global
Ultraviolet Imager (GUVI) on the TIMED satellite [Zhang and
Paxton, 2008]. TIE-GCM v. 1.94 also has the option of apply-
ing theWeimer [2005a, 2005b] convection pattern. In this case,
hemispheric power is calculated as a function of the north-
south component of the interplanetary magnetic field Bz and
the solar wind speed [Emery et al., 2009], adjusted to match
GUVI calculations by multiplying the Emery et al. formula
by a factor of 2. The TIE-GCM calculates the low-latitude

ionospheric electrodynamo driven by conductances and neutral
dynamics, using the method of Richmond et al. [1992]. The
calculated electric potential is merged with the externally
imposed potential within each polar cap, using crossover
boundaries that vary dynamically with the size of the magneto-
spheric potential pattern. For the simulations presented here,
the Heelis et al. potential, parameterized by Kp, is employed.
See Solomon et al. [2012, section 2.3], for further detail
concerning the high-latitude inputs, and Solomon et al. [2011,
section 4], for a discussion of model uncertainties.
[21] An ad hoc method was developed for using the MgII c/w

ratio in standard solar EUV proxy models. Daily average
values of F10.7 were compared to MgII c/w during 1978–
2007, and an unweighted linear least squares fit of F10.7 to
MgII c/w performed, resulting in the relationship:

M10:7 ¼ 7984 MgII c=wð Þ � 2041 (1)

where M10.7 is the MgII c/w scaled to F10.7, in units of 10�22

Wm�2Hz�1 (see Solomon et al. [2011] for further details.)

Figure 5. (a) Comparison of modeled andmeasured global mean neutral density at 400 km. Simulations by the
NCARTIE-GCM (red).Measurement through analysis of atmospheric drag on orbiting objects (black) [Emmert,
2009]. Daily values (dots). 365 day centered runningmean (lines). (b) Comparison ofmodeled globalmeanNmF2
to the IG12 index. Simulations by the NCAR TIE-GCM (red). Daily values (red dots). 365 day centered running
mean (red line). IG12 index (black line).
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The standard solar EUV irradiance input to the NCAR TIE-
GCM is provided by the EUV for Aeronomic Calculations
(EUVAC) proxy model [Richards et al., 1994]. The model is
extended below 5 nm as described in Solomon and Qian
[2005]. Individual bands and lines of solar EUV photon flux
are calculated by EUVAC as linear functions of the input
variable P, which is defined as the average of the daily F10.7

and its running 81 day centered mean. For these simulations,
we calculated P using M10.7 and its 81 day mean, and used it
as input to EUVAC. Similarly, far ultraviolet (FUV) irradi-
ances are provided by the Woods and Rottman [2002] model,
which also employs daily F10.7 and its 81 day mean; these
values were likewise calculated by substitutingM10.7. The an-
nual mean EUV energy flux derived fromM10.7 is 10% lower
in 2008 than in 1996, as compared to only 4% lower using
F10.7. The FUV flux has much less variability, and hence is
only slightly different for the two input proxies.

3.2. Model Results

[22] The TIE-GCMwas run for 15 years, from 1996 through
2011, all of SC #23 and the rising phase of SC #24. Examples
of these simulations are shown in Figure 4. Neutral temperature
at 400 km, essentially the exospheric temperature andNmF2 are

plotted for a day near northern summer solstice in 1996 and
2008. The temperature difference and the NmF2 ratio are also
shown. The systematic reduction in both quantities is particu-
larly strong during the day, as expected; but in some locations
NmF2 actually increases during the night. The temperature
change is fairly uniform, but NmF2 exhibits considerable
structure. This exemplifies the complexity of ionospheric
analysis—although thermospheric change was systematic,
ionospheric change depends on location, time of day, season,
and geophysical conditions. Under sunlit conditions, the
decrease in ionization rate dominates the other influences, but
at night, changes in composition, temperature, and neutral
winds have diverse impacts. The global mean annual average
reduction in NmF2, comparing 1996 to 2008, was 15%, i.e., a
ratio of 0.85. The global mean annual average hmF2 decreased
by 9 km.
[23] In Figure 5a, global mean neutral density simulations

are compared to satellite drag measurements at 400 km
[Emmert, 2009]. The solar cycle, seasonal, and interminimum
variations are consistent, and even the response to major geo-
magnetic events is approximately correct (e.g., note the peaks
in October 2003 and November 2004). Figure 5b similarly
compares the global mean NmF2 to the IG12 index. This index

Figure 6. Solar minimum NmF2 at 12:00 local time, as simulated by the NCAR TIE-GCM at the locations
of the three ionosonde stations shown in Figure 3, comparing 1996 (red) to 2008 and 2009 (blue) values.
Daily values (dots). The 81 day centered running mean of the daily values (lines). (left column) 1996 com-
pared to 2008. (right column) 1996 compared to 2009. (top row) Chilton, United Kingdom. (middle row)
Rome, Italy. (bottom row) Grahamstown, South Africa.
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is derived from ionosonde measurements of NmF2, similar to
the analysis presented here, and scaled to the range of Rz

values, specifically for use in models such as IRI [Liu et al.,
1983]. As pointed out by Klenzing et al. [2011], this index
actually goes negative during the SC #23/#24 solar minimum,
which of course is impossible for Rz. The index was obtained
from the IRI web site at the NASA Goddard Space Flight
Center, as provided by the World Data Center at the
Rutherford Appleton Laboratory, Chilton, United Kingdom.
In its standard formulation, it is subjected to a 12 month
centered running mean, to eliminate the prominent seasonal
changes. Because the scaling between NmF2 and IG12 in
Figure 5b is arbitrary, not too much should be made of the
good correspondence on a 12 month smoothed basis between
model and index, other than the fact that IG12 shows a decline
from 1996 to 2008–2009 similar to the solar indices employed,
the model simulations, and observations from individual
ionosonde stations. The stations contributing to the index have
evolved over the years, so its secular stability is questionable,
similar to the situation with global mean TEC derived from
GPS measurements. Therefore, we compare solar minimum
model simulations to individual station measurements in the
following section.

4. Comparison of Simulations to Measurements

[24] Figure 6 displays the results of model simulations for
1996, 2008, and 2009 at three of the ionosonde stations used
in the analysis (Chilton, United Kingdom, Rome, Italy, and
Grahamstown, South Africa). Comparison to Figure 3 reveals
that the model still struggles to accurately capture the seasonal
climatology of the amplitude and phase of the well-known
annual and semiannual variations [Burns et al., 2012; Qian
et al., 2013]. However, since the Qian et al. [2009] lower
boundary condition is employed, these variations are at least
present. The simulations for Chilton have about the right
seasonal morphology, and those for Rome are quite reason-
able. In both cases, the model underestimates the summer
values. At Grahamstown, the model is low overall, although
the amplitude and phase of the seasonal variations are about
right. The offsets between 1996 and 2008–2009 are clear,
and agree with the data in general. The reductions were small
during early 2008, and largely nonexistent during the last gasp
of SC #23 in April 2008. The differences are largest from mid-
2008 to late-2009, and then start to recover as SC #24 picks up.
Averaged over time, the model change is very similar to the
measured change.
[25] The results for measurements and models at the loca-

tions of the nine selected ionosonde stations, at solar minimum,
are shown in Table 2. This table summarizes the annual

medians of the ratio of daily midday medians during 2008 to
the same day in 1996, for the measurements and the model.
For the measurements, days when data were missing from ei-
ther year were excluded from the analysis. The comparison is
repeated comparing 2009 to 1996. The table is organized by
decreasing magnetic latitude (i.e., from north to south). The
measurements show considerably more scatter than the model,
as would be expected, but the comparison is quite good in most
cases, and the systematic reduction in daytime NmF2 is clear.
The outliers are the measurements at Del’Ebre, Spain, which
are included even though the seasonal pattern during 2008
and 2009 is quite different from 1996, showing a spurious sum-
mertime peak not generally observed with other ionosondes.
The measurements at Juliusruh, Germany closely track those
at Chilton, which is reassuring, considering that they are only
about 800 km apart. Data from Eglin, US, were not available
during 2009. Hobart, the station highest in magnetic latitude,
has fairly small measured changes, somewhat discrepant from
the model calculation, but there are not enough samples to de-
termine whether there is a systematic magnetic latitude effect.
[26] A similar analysis by Chen et al. [2011] for six

ionosonde stations (different ones from those in Table 2)
found ratios in the range 0.67 to 0.85, slightly larger reductions
than those measured or modeled here. Liu et al. [2011] found
commensurate reductions through analysis of a larger set of
ionosonde stations, resulting in ratios averaging about 0.85,
very similar to our simulations. These results were also com-
parable to those of Araujo-Pradere et al. [2011], at least for
daytime measurements.

5. Conclusions

[27] The evidence that the thermosphere was lower in
density during 2008–2009 than during the previous solar
minimum is overwhelming, so the only controversial aspect
is the attribution of causation. The evidence that the density
of the daytime F2 ionosphere was also lower in density is
merely compelling. Due to the more complex ionospheric
morphology, and the lack of a single long-term measurement
as reliable as the satellite drag data, it is more difficult to quan-
tify, but almost every ionosonde station evaluated shows a
decline. The height of the maximum density in the ionosphere
hmF2 must also have been lower, regardless of the cause of the
low thermospheric densities, because either a reduction in tem-
perature or a reduction in atomic oxygen density will have the
same effect of lowering the ionospheric altitude, which largely
follows pressure surfaces. A dozen publications, reviewed in
section 1 above, document the ionospheric changes between
the two solar minima.

Table 2. Comparison of Median Midday NmF2 Ratios at Ionosonde Stations

Station Geo. Lat. Geo. Long. Mag. Lat. Measured 2008/1996 Modeled 2008/1996 Measured 2009/1996 Modeled 2009/1996

Juliusruh 55 13 51 0.88 0.91 0.92 0.91
Chilton 52 �1 48 0.88 0.91 0.93 0.91
Eglin 30 �87 41 0.93 0.82 - 0.72
Point Arguello 35 �121 40 1.01 0.87 0.89 0.81
Rome 42 13 36 0.84 0.89 0.80 0.82
Del’Ebre 41 0 35 1.10 0.90 1.06 0.83
Learmonth �22 114 �33 0.85 0.84 0.86 0.72
Grahamstown �33 27 �42 0.86 0.88 0.87 0.83
Hobart �43 147 �54 0.91 0.88 0.95 0.85
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[28] In this work, we have shown that the same model input
assumptions regarding solar, geomagnetic, and anthropogenic
forcing of the upper atmosphere that produce good agreement
with global mean thermospheric density change produce good
agreement with the magnitude of ionospheric changes,
although getting the ionospheric spatial and seasonal morphol-
ogy correct remains challenging. In our simulations, solar
EUV is the largest driver of these changes, and it is the change
in solar ionization rate (which drives thermospheric heating
and hence temperature and density as well as the daytime ion-
osphere) that causes most of the difference between the solar
minima. This reduction in solar EUV is not large, now esti-
mated at 10% or even less, but the effect on thermospheric
density increases with altitude, so that it is quite significant
(~30%) near 400 km, while the ionospheric reduction is more
modest, probably less than half that amount.
[29] The self-consistency of our model simulations does not

rule out other possible causes of interminimum differences. For
instance, a change in atomic-to-molecular composition can have
a similar effect on the thermosphere and ionosphere, since less
atomic oxygen means lower thermospheric density, and also re-
duces ionospheric density by increasing chemical loss rates in
the F region. However, the thermosphere appears to be following
the usual relationship with solar EUV proxies such as F10.7 dur-
ing the rising phase of SC #24, so secular decrease in atomic ox-
ygen seems unlikely. Another aspect of causation attribution is
the contribution of geomagnetic activity. Auroral precipitation
and Joule heating frommagnetospheric currents heat the thermo-
sphere, and some part of the interminimumdifferencesmay have
been due to the more quiet geomagnetic conditions. The contri-
bution has been variously estimated to be causing on the order of
a quarter of the interminimum density reduction (see section 1
above). It is unlikely to have been much more significant than
that, based partly on comparison of 2008 and 2009. The annual
average Ap index was 9 in 1996, 7 in 2008, and 4 in 2009, but
2009 was only 5% lower in density than 2008. Large auroral
storms cause significant ionospheric perturbations, but the
lower-level activity during solar minimum, caused by high-
speed streams in the solar wind, and the associated corotating
interaction regions, has a much more muted effect on global
ionospheric densities than on thermospheric densities [cf.,
Solomon et al., 2012]. Geomagnetic forcing was included in
our simulations, so it does make a minor contribution to the ion-
ospheric changes shown here. The contribution from global
change due to anthropogenic CO2 and other greenhouse gases
is even smaller, especially in the ionosphere, since NmF2 is
weakly dependent on these changes [e.g., Qian et al., 2008].
[30] The empirical IRI model also demonstrates that solar-

driven changes in the ionosphere are more significant during
the day, which is why the IG12 index is based on noon mea-
surements of NmF2. This is consistent with our analyses, and
also with common sense, since the night ionosphere undergoes
rapid decay (depending on altitude) and responds to composi-
tion, winds, and chemical rates in addition to the residual solar
ionization that caused it.
[31] The one piece of evidence contradicting these conclu-

sions is the behavior of the global average total electron
content (TEC) obtained from GPS data [Lean et al., 2011a,
2011b]. There are several reasons why TEC might not behave
in the same manner as NmF2. TEC observations using this
method include most of the plasmasphere, and it is not clear
how the plasmasphere responds to solar EUV and

geomagnetic activity, particularly at solar minimum, and par-
ticularly at night, when the plasmasphere contribution to
TEC can be as large as the ionosphere [cf., Lee et al., 2013].
The global mean TEC measurement has been shown to corre-
late well with solar proxy indices such as F10.7 in the past, but
the number of stations contributing to the measurement has in-
creased drastically since it began in 1995.
[32] In summary, we find that model simulations which

produced good agreement with global mean thermospheric
density are also consistent withmost ionospheric data.We have
extended the model runs to cover 15 years, or about 1.5 solar
cycles, and have obtained good agreement with both the
solar cycle variation and the interminimum changes in thermo-
spheric density. The variations produced in the ionosphere are
commensurate with measurements, which supports the validity
of the simulations. Ultimately, the changes in the thermosphere-
ionosphere system were mostly caused by the Sun.

6. Discussion

[33] Solar EUV radiation is produced in magnetically active
regions on the Sun, so it should not be surprising that a solar
minimum that was unusually long and unusually “quiet” with
respect to solar magnetic activity should also produce less
EUV. The questions are, what does “unusual” mean in this
context, and do these findings have any implications for other
regions of the solar spectrum? We have confined this study to
the comparison of the solar minima between SC #22 and #23,
and between SC #23 and #24, but the presumption that previous
solar minimawere fundamentally similar forms the basis for our
claim that the most recent one was anomalous. SC #24 has been
weak as well as late, and may already be in its declining phase.
This has fueled speculation that the Sun is entering something
resembling the Dalton Minimum of the early 1800s, or even a
newMaunder Minimum [Eddy, 1976]. How the solar spectrum
changes on decadal or centurion time scales is a central question
for upper atmospheric science, and perhaps for atmospheric
science in general. The difficulties and controversies surround-
ing the endeavor to compare solar and geospace parameters
between 1996 and 2008–2009 have been instructive. We now
have comprehensive, well-calibrated measurements for 2008–
2009. Will we have the vision to prepare for 2020?
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