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Abstract.

We use a continuous 30 day incoherent scatter radar experiment at Mill-
stone Hill in October 2002 to examine day-to-day thermospheric variability
in exospheric temperature Te,. Solar flux and magnetic activity influences
as the main driving factors for day-to-day variability are investigated quan-
titatively. Solar ultraviolet flux levels are based on the TIMED/SEE space
weather product, allowing for analysis of ultraviolet flux-T¢, correlation. Ty
is most sensitive to solar EUV flux with approximately a 2-day delay at wave-
lengths of 27-34 nm (including 30.4 nm). In particularly, a 20-60-hour time
delay occurs in Ty response to EUV flux at 27-34 nm band, with shorter
delays in the morning and longer delays in the afternoon and at night. The
1~2-day delayed Ty response to solar ultraviolet flux and associated ther-
mospheric solar preconditioning (“memory”) are most significant in the daily
mean for the 27-34 nm band, in the diurnal and semidiurnal amplitudes for
the soft X-ray flux at 0.1-7 nm, and in the diurnal amplitude for longer wave-
lengths. An empirical model driven only by EUV flux at 27-34 nm from two
days in advance reproduces 90% of the observed variability in the T, daily
mean. With a two-day time delay, solar X-ray flux at 0.1-7 nm is correlated
positively with T, diurnal amplitude, and negatively with T, semidiurnal
amplitude. Finally, magnetic activity control, as represented by the Dst in-
dex, is weaker during the day and stronger at night, and is important for the

semidiurnal amplitude but not important for the daily mean.
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1. Introduction

Variability in the physical state of the upper atmosphere can be significant but in gen-
eral is not well understood. Some progress has recently been achieved primarily in char-
acterizing variability in ionospheric electron density (see Rishbeth and Mendillo [2001])
and plasma temperatures (see Zhang and Holt [2008]). However, variability in thermo-
spheric parameters, and in particular their day-to-day variability, has been less pursued
due to the relatively fewer observations available. Advancing knowledge of thermospheric
variability is very important not only for understanding of the neutral atmosphere but
also of the ionosphere, since the relatively smaller plasma densities in the ionosphere are
embedded in and heavily influenced by the much larger neutral densities in the thermo-
sphere. Thus, thermosphere variability provides a major source of ionospheric variability.
The ionospheric plasma is created through photoionization of neutrals, with losses to the
neutral atmosphere and whose kinematics are directly under the influence of ion-neutral
collision. Solar irradiation and magnetic activity are the main direct external drivers of
thermospheric variability. Various thermospheric momentum and energetic processes such
as acoustic, tidal, and planetary waves, as well as meteorological processes can result in
thermospheric variability due to coupling between different atmospheric layers, imposing
significant impacts on the ionosphere (Forbes and Zhang [1997], Forbes [2000], Rishbeth
and Mendillo [2001], Altadill and Apostolov [2001], Mendillo et al. [2002], Lastovicka
[2006], Rishbeth [2006], Goncharenko et al. [2010]).

An incoherent scatter radar (ISR) is one of the very few instruments that can be used

to monitor thermospheric variations from the ground, through observations of ionospheric
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parameters combined with energy balance equations. A well-established method for de-
riving the neutral temperature profile originated in work by Bauer et al. [1970] based on
energy balance equations for ionic species, and is still being used (e.g. Nicolls et al. [2006]).
Many prior ISR observations of exospheric temperature were used as a major source of
data for climatology and detailed temporal variations used to construct the MSIS neutral
atmospheric models (Hedin [1987]; Picone et al. [2002]). Millstone Hill ISR observations
were first used by Salah and Evans [1973] to conduct thermospheric temperature studies.
Most prior studies on exospheric temperature involve climatology derived from a variety
of solar-geophysical conditions. For example, Hagan and Oliver [1985] uses ISR data to
examine thermospheric solar cycle variability. Oliver and Salah [1988] reported results of
the Global Thermospheric Mapping Study (GTMS) campaigns, which covered two 3-day
periods. Buonsanto and Pohlman [1998] examined exospheric temperature climatology
above Millstone Hill, and Oliver [1997] uses similar observations to focus on the O*-O
collision cross-section. Other techniques have also been developed to extract information
of the thermospheric temperature from ISR measurements, e.g. data assimilation ap-
proaches using electron density profiles [Zhang et al, 2001; Mikhailov and Lilensten, 2004]
along with key ionospheric parameters [Zhang et al, 2003]. These data assimilation ap-
proach techniques are applicable for electron density observations obtained by techniques
other than ISR (e.g. ionosonde). However, in this paper we focus on the energy balance
method using as input ISR measurements of plasma temperatures T; and T, in addition
to electron density N..

While ground-based observations are relatively few for thermospheric studies, long time

series of ground-based thermospheric temperature observations sufficient for day-to-day
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variability investigations are truly rare but do exist. Using an unique dataset from Oc-
tober 2002 providing a consecutive 30-day ISR exospheric temperature observation at
Millstone Hill, the present paper deals with day-to-day variability of the thermosphere
at medium to high solar activity. Ionospheric variability during this long duration ISR
experiment was discussed previously. Zhang et al. [2005] found quasi-periodic electron
density oscillations with periods >1 day. While some of those fluctuations were corre-
lated with changes in the neutral composition originating from geomagnetic activity, the
wave-like oscillations in electron density exhibited phase changes with height which per-
sists up to 600 km and prevailed until a large storm appears to impose a phase change
in an opposite direction. In a study of the E-region variability, Moore et al. [2006] noted
that photochemical modeling can reproduce the electron density variability at mid- and
low-latitudes, and the variability is dominated mostly by solar flux variations, modified
by solar declination, and least affected by neutral density changes. In an analysis of an-
other 30-day ISR experiment at Millstone Hill (September 2005), Zhang and Holt [2008]
indicated that with increasing solar flux, electron density decreases between 170 km and
the F2 peak and increases elsewhere, being essentially unchanged near the F2 peak. A
time lag of ionospheric responses to changes in the 10.7 cm solar flux was also found: in
the E region, the lag is almost zero; above the F2 peak, the lag for either electron density
or ion temperature is ~2 days.

Here, we characterize thermospheric day-to-day variability during geomagnetic quiet
conditions, where solar flux is a dominant day-to-day variability driver. In addition to the
traditional 10.7 cm solar flux proxy, we focus on different effects of EUV/FUV flux at var-

ious wavelength bands, including the time delay of thermospheric responses to solar flux
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and issues related to thermospheric solar preconditioning or so-called “memory” [Rish-
beth, 2007]. We also study thermospheric temperature changes in response to frequent
weak to moderate magnetic activity, and quantitatively gauge relative contributions of

solar flux and magnetic activity conditions to the observed temperature variability.

2. Solar geophysical conditions and ISR measurements of plasma parameters

From October 4 to November 4, 2002, a consecutive 30-day incoherent scatter radar
(ISR) campaign was conducted at Millstone Hill (42.6°N, 288.5°E, Invariant Lat. 53.4°),
using a high power large aperture UHF radar system at MIT Haystack Observatory. The
radar’s 68-m diameter zenith antenna was used to measure at 4 minute cadence vertical
profiles of electron density Ne, electron temperature T, , ion temperature T; , and line-of-
sight velocity Vo. A set of interleaved single pulses and alternating-coded pulses provided
E and F region ionospheric observations with an altitude resolution ranging from 4.5 km
(E region) to >40 km (F region).

During this period, the 10.7 cm solar flux proxy F107 varied between 155 to 185 units
(1 unit = 10* W m~2 Hz™') from October 4 to November 4, 2002 (day number = 277 to
308) whereas its 81-day average was around 169 units, peaked at 174 units on day 283,
and decreased in general toward the end of the period reaching a minimum of 164 units
on day 306. The F107 proxy, which was larger near the middle of the month, also showed
a gradual change with a 27-day periodicity due to solar synodical rotation. Magnetic
disturbances were noticeable only on three occasions. On October 7 (day 280), the hourly
Dst index [Sugiura , 1964] dropped to -100 n'T where it stayed for about 1 full day before
it recovered. On October 14 (day 287), a sharp and brief drop in Dst to a minimum of

-100 nT occurred. On October 24 (day 297), a major storm was launched with a Dst
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minimum of -90 nT, main phase of 12 hours and recovery phase of several days, causing
severe ionospheric storms. Detailed information about the daily solar 10.7 cm radio flux
index F107, hourly Dst index, and 3-hourly ap index are shown in Figure 1 of Zhang et al.
[2005]. In this current paper, our primary interest is day-to-day variability not apparently
associated with strong magnetic activity (already investigated extensively by numerous
researchers). Therefore, we select data with hourly Dst >-75 nT at any given time, and
furthermore where, immediately prior to the current time, 6-hourly and 3-hourly average
Dst values > -60 nT. These -60/-75 nT bounds were determined based on examining the
histogram of Dst data for the entire period, so that enough data points are available for
robust statistics while observations with medium to high magnetic activity are effectively
eliminated. These bounds are slightly smaller but close to the typical -50 n'T threshold for
classification of moderate to intense storms (cf. Wanliss and Showalter [2006] for results
from a very large dataset from 1963 to 2002).

The method for deriving T,,(z) (and neutral oxygen density) is based on the ion energy
balance equation. Bauer et al. [1970], Salah and Evans [1973], Alcaydé et al. [1982], and
most recently Nicolls et al. [2006] describe methods in some detail which are valid for the
F2 region. The Oliver [1979] method is an extension of these techniques down to the
lower F region and the E-region, and determines additional quantities as well as providing
modest improvements in the profile shape of the neutral temperature. The present paper
will adopt this latter method since our alternating code measurements at 4.5 km minimum
altitude resolution provide excellent E and lower-F region data during this campaign.
The Oliver [1979] method assumes that the ions are heated by Coulomb collisions with

electrons and cooled by elastic collisions with neutrals. The energy transfer coefficients are
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proportional to number densities of the involved particles, including in particular, oxygen
ion density [O"] and oxygen density [O]. However, T,(z) is calculated from this energy
equation through a profile fit to a Bates function-type height variation. In this function,
T, (z) is determined by three parameters: the thermo-base temperature T, for 120 km, the
exospheric temperature T, and the shape factor s determining how fast T,, approaches
Tex from Ty, i.e., T, (2)=Tex-(Tex-Ts)expl-sz,(z)], with z,(z) being geopotential height. In
fact, 1/s, the inverse of the shape factor, is equivalent to scale height with units of km.
Atomic oxygen is assumed to be in diffusive equilibrium, so [O] is determined by neutral
temperature and the oxygen density at a reference height, normally set at 400 km. Neutral
quantities needed for the energy equation calculations are obtained using the NRL-MSIS
model [Picone et al., 2002]. The 4 parameters [Tey, Tp, s and [O]sokm] are inserted into
the energy equation (through T, and [O]) and then T; is calculated. The best set of the
4 parameters is chosen in a least squares sense, such that the calculated T, profile best
fits the measured T; profile. In practice, we set [O] to MSIS values, as our fit results
along with previous work on this algorithm [Litvin et al., 2000] indicate that the resulting
Tex is hardly affected by values of [O]. Similarly, O"-O collision cross-section is not an
important parameter for the T, study reported here, although it can be important for
determining the absolute value of [O] as the temperature-density product defines energy
transfer coefficients from OT to atomic oxygen [Oliver and Glotfelty, 1996].
Determination of T}, and s is sensitive in particular to measurements in the E region. In
practice, midlatitude E region electron density is low at night leading to weak detected ISR
signals and high measurement uncertainty in the resulting plasma parameters. Therefore,

nighttime T, and s data may be considered as first order quantities while corresponding
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T.. is zeroth order quantity. Additionally, nighttime conditions have a lack of significant
photoionization, and therefore strong heat coupling among plasma and neutrals leads to
approximately equal T;, T, and T,, values, increasing the difficulty of determining neutral
temperature from the detected plasma temperature.

There are two main assumptions involved in the somewhat simplified energy equation
method used in this study. First, frictional heating is ignored. In cases where frictional
heating is large enough, Litvin et al. [2000] shows that neutral temperature may be under-
estimated. Since we have selected data for relatively quiet magnetic activity as mentioned
earlier, we do not expect our results to be significantly affected by frictional heating. Sec-
ond, thermal conduction is ignored, and it is known that thermal conduction may become
significant in the upper F region. However, this assumption would not affect our T,
results significantly, because they are essentially determined by data below 300 km where
the ions and neutrals are in close thermal contact and thermal conduction is not impor-
tant. Therefore the accuracy of T, depends strongly on the quality of the observed Tj;,
with a typical measurement uncertainty of 10-30 K (varying with geophysical conditions
and observational facility systems). At this uncertainty level, Nicolls et al. [2006], using
a least squares fit matching the energy transfer rate between electrons to the ions with
the rate between the ions to the neutrals, provided a detailed error analysis for Arecibo
incoherent scatter radar observations. The resulting fractional error in Ty, was found

typically within 0.01, equivalent to 10-20 K for the geophysical conditions in this study.

3. Day-to-day thermospheric variability
Diurnal variations and their variability for the set of three derived thermospheric pa-

rameters [Tex, Ty, 1/s] over the 30-day October 2002 run period are plotted in Figure 1,

DRAFT April 13, 2015, 5:49pm DRAFT



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203
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showing the monthly average and standard deviation for each hourly bin along with cor-
responding NRL-MSIS model averages. The percentage variability, defined as standard
deviation over the monthly average, is shown at the bottom of each panel.

Tex maximizes in the afternoon between 1500-1600 LT, delayed by 3-4 hours from
local noon (maximum solar zenith angle), and minimizes at 0600 LT before local sunrise.
The observed T, monthly average agrees exceptionally well with MSIS during daytime
hours (with deviation typically well less than 10K or 1%), while the NRL-MSIS model
underestimates the observation by up to 50 K at night. The day-to-day variability is at
the 5% level or 50-60 K, and changes little with local time, although T, itself changes
substantially over 24 hours. The thermo-base temperature T, is stable during the day,
remaining at 340-350 K. However MSIS is close to or slightly more than one standard
deviation away from the observed values in the afternoon. Overnight values are widely
scattered, differing from MSIS predictions by up to 20%. However, this difference is within
the day-to-day variability in the data. The inverse of the shape factor 1/s is on the order
of 50 km during the day, and differences between the observation and MSIS model are
particularly large at night (over 25 km). Variability in the observed 1/s is within 15-25%,
and is small during the day. The large observational scatter at night for both T, and
1/s is most likely due to weak ISR signals in the E-region as described earlier. However,
further analysis of T, and 1/s is beyond the scope of this paper which has a focus on Tey.

We will first address variations at individual local times in Section 3, then in Section 4,

we will discuss tidal components derived from the same dataset shown in Figure 1.

DRAFT April 13, 2015, 5:49pm DRAFT



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

ZHANG ET AL: THERMOSPHERIC VARIABILITY AND MEMORY X-11

3.1. Solar irradiation effects

Solar geophysical conditions are known to be major sources of T, variability. To
quantify these effects on thermospheric temperature, we take a straightforward approach
by calculating the correlation coefficient between T, and geophysical indices. Figure 2
presents these correlation results as a function of local time, with shaded areas indicating
areas where the null hypothesis of no correlation cannot be rejected (i.e.,no significant
correlation exists). The shaded areas are estimated based on p-values >0.05.

In this section, we discuss the correlation between T., and the solar flux. F107 is a
daily index for the solar radio flux at a wavelength of 10.7 cm and is widely used as a
representation of overall solar activity level. In particular, it is a common solar EUV
flux proxy for aeronomy studies. F107 is measured at local noon (2000UT) at Penticton,
Canada, corresponding to 1500LT at Millstone Hill. Overall, there is a clear positive
correlation between To, and F107. However, Figure 2 indicates that at 2000-2100 UT
the correlation between Ter and F107 maximizes, and after this time period (i.e. in the
afternoon) the correlation is higher than before (in the morning). This morning-afternoon
asymmetry can be associated partially with the 2000 UT observation time of F107, since
Tey for earlier times is therefore not directly related. The lowest correlation is at 0800UT
(around 0300LT), 12 hours prior to the F107 data time. This also appears to be the time
when T,y is stable and correlated least significantly to magnetic activity index Dst (see
Section 3.2).

To move beyond F107 proxy values, direct ultraviolet flux data are available from
TIMED/SEE in situ measurements. The SEE instrument observes the Sun for about

3 minutes out of every orbit (97 minutes), producing 14-15 measurements per day. For
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this study, we use SEE Space Weather data (http://lasp.colorado.edu/see/). These data
contain 8 solar irradiance bands that are averaged over each 3-min solar observation with
corrections applied for instrument degradation, 1-AU distance, and atmospheric absorp-
tion. The available SEE bands are coronal proxies [0.1-7 nm band, Fe XVI 33.5 nm line,
and Mg IX 36.8 nm line|, transition region proxies [27-34 nm band, He II 30.4 nm line,
and H I 121.6 nm line], and chromospheric proxies [C 1T 133.5 nm line and the 145-165
nm band|. The FUV flux at the 121.6nm and 133.5nm lines and within 145-165nm band
are also considered in this study, as their energy is deposited in the low thermosphere
and thus may affect indirectly the upper thermosphere. Our correlation analysis indicates
that Tey is correlated insignificantly (falling well into the shaded area) to 0.1-7 nm band
flux, so this band is excluded from further study in this section; influences of this band,
including those from the variability of the emission, on tidal components will be discussed
in Section 4.

In our correlation analysis, we use hourly T, data, with solar flux data matched to the
nearest UT observation time from SEE. Initially, we examine EUV in the 27-34 nm band
since, as discussed later this section, this flux tends to show maximum correlation with
thermospheric temperature changes. Figure 2 indicates that correlation between 27-34
nm band EUV flux and T,y is highest at 2000-2100 UT, when the diurnal variation of
Tex reaches maximum. During daylight hours, the correlation coefficient remains around
0.5 or up to 0.75. We also note that daytime correlation between T, and F107 is less
robust than between T., and EUV at 27-34 nm. In fact, this is true also for 30.4 nm
He II (transition region proxy), and 36.8 nm Mg IX (coronal proxy) bands, but definitely

not true for the 0.1-7 nm band. Furthermore, better EUV data time resolution helps to
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reduce the morning-afternoon correlation asymmetry seen with the F107 index. Some of
these results for the high correlation between F107 and EUV agree with prior results, e.g.,
for EUV in the 27-34 nm band and Hell [Hedin, 1984].

We can further compare correlations for T., vs F107 and for Te, vs EUV at 27-34 nm
using T residuals calculated for the entire period. The residuals are T, values after
subtraction of dependencies on local time, season, and magnetic activity, and therefore
should be dominated by solar flux variations. Dependencies are represented by a combi-
nation of diurnal, semidiurnal and terdiurnal harmonics (local time dependence), along
with linear functions of the day number and Dst. Figure 3 shows these residuals (dots) as
a function of either EUV (top panel) and F107 (bottom panel). Both EUV and F107 are
shifted and normalized to be within -1 and 1 for easy comparison . The results show that
Tex residuals are more tightly clustered and have better linearity with EUV variations as
compared to F107. The T, increase with F107 becomes saturated for high F107 values
(~ 180).

3.1.1. Exospheric temperature relation as a function of solar flux band

Ty response to solar flux depends on specific irradiation wavelength bands and emission
lines. We sort all T, data for different days and local times into 24 hourly local time
(converting to UT) bins. For each hourly bin, we calculate the correlation coefficient
between T, and each band of EUV flux observations obtained at the nearest UT time.
Then for each band we determine p,,, the maximum correlation among these 24 possible
hourly correction coefficients (circles in the upper panel of Figure 4). We also determine
Pa, the average correlation over the 10 highest correlation coefficients in the 24-hour period

(dots in the upper panel of Figure 4). The results show that large correlations for both p,,
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and p, appear consistently in the 27-34, 30.4 and 36.8 nm bands, and low or no correlation
occurs consistently at 133.5 nm. p,, at 121.5 nm is larger compared to p,, at other bands,
but p, at 121.5 nm is around the median value p, of all other bands.

For each hourly UT time, the wavelength band f,,, with maximum correlation coefficient
among all bands is shown by circles in the bottom panel of Figure 4. The band f,,, with
minimum correlation is shown by dots in the same panel. We find that during 1200-2100
UT (0700-1600 LT, i.e., daytime hours), the highest T, - flux correlation appears in
the 30.4 nm band, while at other times, the highest correlation appears at 27-34 nm.
However, the lowest correlation between temperature and solar flux measured during the
day is in the 145-165 nm band, while at other times the lowest correlation is at 133.5
nm. We conclude that among those solar flux bands that TIMED/SEE observes, the
wavelength bands at 27-34 mm and 30.4 nm, proxies for the solar transition region, are
most closely associated with T.,. However, 133.5 nm and 145-165 nm bands, proxies for
the chromosphere, are not strongly associated with T,,. In particular, during the daytime,
the correlation between the 145-165 nm band in the Schumann-Runge continuum and Ty
is the smallest among all bands concerned. This agrees with the general understanding
that ultraviolet heating for wavelength region below Lyman 3 (102.6 nm) down to 8 nm
is more important for the upper thermosphere, while the Schumann-Runge continuum
heating may be more important for lower altitudes (e.g., around 120 km; see Banks and
Kockarts [1973]).

Atmospheric absorption of solar irradiation energy by the neutrals is affected by the
intensity of incoming solar flux and the photo-absorption cross-sections of neutral par-

ticles, both of which are wavelength dependent. The absorption is also dependent on
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number density of specific neutral particles which are distributed as a function of height
based on diffusive equilibrium in the thermosphere. Deposition of solar ultraviolet energy
appears to reach a maximum at a specific altitude, where the product of the arriving
solar flux intensity and neutral density maximizes. The height of this maximum depends
on wavelength, because the photo-absorption cross-sections of different neutral species
are wavelength dependent. As a result, EUV energy is generally absorbed the most in
the upper thermosphere, soft X-ray energy is absorbed at ~ 110 km, and FUV energy is
absorbed in the lower thermosphere.

In the 8 bands/lines of solar emission observed by TIMED /SEE, the 27-34 nm, 30.4 nm,
33.5 nm and 36.8 nm bands correspond to the wavelengths at which photo-absorption, and
photo-ionization cross-sections are high for O, Ny and O,, and therefore we expect these
bands’ solar flux effects on the ion density and neutral temperature to be effective. The
absolute value of 27-34 nm flux is the highest, and we accordingly expect high correlation
between T, and solar flux in this band. Of course, variability in the T, mean can be
better correlated with other bands that have greater variability; this will be addressed
in Section 4.5. The absolute value of 30.4 nm flux is the second highest, contributing
25-50% to the flux at 27-34 nm, and our results accordingly show a correlation between
27-34 nm and 30.4nm fluxes of 0.98 (compared to correlation coefficients of 0.94 for 27-34
nm vs 33.5 nm, and 0.93 for 27-34 nm vs 36.8 nm). We therefore expect equally high
correlation between T, and 30.4 nm flux. Relative to the flux at 27-34 nm, the flux at
33.5 nm is ~10%, and at 36.8 nm ~4%. We note that even though the FUV fluxes at
121.5 nm and 133.5 nm are larger by a factor of several than flux at 27-34 nm, these FUV

bands’ effects on T, are much smaller, because at these wavelengths the primary neutral
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species (e.g., O) in the thermosphere have generally small absorption cross-sections, while
other neutral species (e.g., Oy) that absorb the FUV energy efficiently are abundant only
at low thermospheric altitudes.
3.1.2. Time delay of T, responses to EUV flux variations

Earlier studies found that neutral density and T, are related to solar 10.7 cm flux for
the previous day more than for the present day (see Roemer [1967] and Buonsanto and
Pohlman [1998]). In fact, in the MSIS model, F107 for the previous day, rather than
for the present day, is used to drive the model’s variation with solar flux. It is unclear
whether this delay is mostly due to the fact that F107 is measured at 2000 UT, i.e., at a
later point in the UT day. However, Eastes et al. [2004] found that solar soft X-ray flux
variations lead variations in neutral density by ~1.5 days. The TIMED/SEE EUV data
used here and ground-based thermospheric data have much better time resolutions than
the daily F107 data, allowing us to examine more precisely (on the order of hours) the
delay in T¢y compared to EUV dynamic variations. We show results in this section for the
27-34 nm band, with results comparable in other bands with high correlation coefficients.

We calculate correlation between T, at any given UT of the day and 27-34 nm flux
observed at an earlier time, UT + t, where the lag time ¢ (negative) is a variable. At a
given lag time ¢, we compute the maximum correlation coefficient in each of 24 UT hourly
bins, p,(t), and the average of the 10 highest correlation coefficients among these 24
hourly ones, p,(t). In Figure 5, we plot in the upper panel p,,(t) (circles) and p,(t) (dots)
as a function of lag time ¢, ranging between -110 ~ 0 hours. We see that the maximum

correlation p,,(t) increases from 0.72 at ¢ ~ 0 to 0.85 at t ~ - 32-66 hours, then decreases
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at longer time delays. This same trend can be found for p,(t), with highest correlation at
a delay time of 1.33-2.75 days (32-66 hours).

The lag time of Ty response to EUV flux is local time-dependent. p,,(t) and p,(t)
described in the previous paragraph are the correlation maxima and an approximation of
the average correlation across the entire UT day. For further information, in Figure 5 (top
panel), we also show the correlation curve for 2100 UT using cross symbols. The 2100 UT
correlation turns out to be close to the curve of p,,(t), and maximum correlation occurs
at t = ~ -54 hours of lag time. We estimate this maximum correlation lag time through
a least-squared fit of the correlation (the crosses) to a parabolic curve (the dashed line).
For each UT time bin, the lag time with maximum correlation can be determined using
a similar least-squares fit approach, and the lag time for each UT hour is then shown
in the bottom panel of Figure 5. We see that temperature EUV response delay time
becomes increasingly longer as time progresses from morning hours (delay = 20-40 hours)
to afternoon hours (delay = 40-60 hours).

The fact that Tex responds to the 27-34 nm flux more slowly in the afternoon than
in the morning may imply that thermospheric temperature solar flux preconditioning or
“memory” is shorter in the morning than in the afternoon. The morning-afternoon dif-
ference is very common in the upper atmosphere. During its diurnal course as shown in
Figure 1, Tex has a minimum around 06-07LT near local sunrise, and increases gradually
from morning through noon into afternoon, till 16LT when it reaches the daily maximum.
Owing to different morning-afternoon atmospheric absorptions of solar UV energy arising
from different morning-afternoon neutral densities, it is reasonable to expect that Ty

responses to solar flux variability in the afternoon can be quite different from those in
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the morning. In fact, this scenario of local-time dependent thermospheric delay follows
logically since in the morning hours, solar EUV heating rapidly builds up from a cool tem-
perature background. Therefore, it dominates the thermal budget and provides a strong
control on the temporal variation of thermospheric temperature. In the afternoon for a
similar solar zenith angle and EUV intensity, neutral density and temperature are all close
to the highest of the day [Mayr et al., 1973], then the time derivative 9T,, /0t ~ 0 implying
the thermospheric temperature responds only slowly to external heating. Apparently the
local time dependency in the lag time mirrors a simple fact of the varying state of the
non-stationary thermosphere throughout the day.

Zhang and Holt [2008] found the time delay of similar magnitude in ionospheric re-
sponses during another 30-day experiment at Millstone Hill in September 2005. The solar
activity was at medium to low solar activity. The delay was found to be strongly height
dependent: it occurred in the F2-region electron density and ion temperature, and mostly
vanished in the E-region. It is likely that these ionospheric F2-region delays may be orig-
inated from that in neutral temperature (as demonstrated in this study), which affects
the F-region ionospheric processes locally through neutral composition, ion-neutral en-
ergy exchange, plasma scale heights, and chemical reaction rates. A 0.8-1.3 day delay in
equatorial TEC to soft X-ray irradiances was also noted by Wang et al. [2006] in a study

using two-year long datasets between 1998-2000.

3.2. Other effects: magnetic activity and seasonal correlation
As stated earlier in Section 2, we have removed data with large negative Dst values
before correlation analysis, and therefore this analysis excludes the significant effects of

major magnetic activity on thermospheric circulation, composition and temperature. Al-
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though not producing severe thermospheric/ionospheric variations, magnetic activity at
weak to medium level exists much more often than these episodic but dramatic magnetic
events, and therefore it provides an important source of upper atmospheric variability,
with effects visible in our analysis. In general, T, tends to increase as ap increases or
Dst drops, as shown in Figure 2. However, correlation between T, and ap is for the most
part lower than that between Ty, and Dst. T and Dst correlation is slightly lower dur-
ing the day (1100-2400 UT) and slightly higher at night. The highest correlation values
for Tex-Dst occur around pre-midnight at 0300-0500 UT (2200-2400LT), and the lowest
occur around near 0800UT (0300LT). Figure 6 plots correlation between Tox and Dst at
1530 LT and 0600 LT, where T, is calculated as the residual of removing EUV effects,
defined as T—b—d x D —c¢; x F'—cy x F?, where T is the original exospheric temperature
data for the 30-day time period, D day number, F' the corresponding SEE EUV data at
27-34 nm band as a solar flux proxy, and b, ¢; and ¢y are obtained from a least squared
fit based on this 30-day dataset. After removing EUV effects, Tq, and Dst correlation can
be as high as -0.56 at 0600 hour LT, and negative correlation is also clear at 1530 hour
LT when the diurnal thermosphere temperature maximum is reached. This pronounced
correlation occurs consistently throughout the entire range of Dst values, including Dst
values associated with low magnetic activity (more positive values). We conclude from
this Tex dependence on Dst that low magnetic activity also contributes to day-to-day
variability in T¢, over Millstone Hill.

Similar to solar flux effects, the upper atmosphere responds to magnetic activity with
a time delay, depending on the type of disturbances and atmospheric conditions. At

Millstone Hill | T; responses were found [Zhang and Holt, 2008]to be delayed by 6-9 h
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from the 3-hourly ap index, and Ne responses are delayed by 0-3 h below the F2 peak,
and 9-12 h above the peak. Therefore we might expect a time delay of a few hours in
the thermospheric temperature, and this delay is much shorter than that associated with
solar UV flux. In general, thermospheric variability driven by magnetic activity is another
complicated subject and is beyond the primary scope of this study.

Seasonal dependence within the 30-day period is very significant, and produces con-
sistently high correlations for each hour of the day. Since the Millstone Hill experiment
took place in October 2002 toward winter solstice from the fall equinox, solar zenith angle
increases for the same local time each day, and Te, decreases with the day number (also
seen in Figure 2). This implies that seasonal trends in the daily Tey maximum at 1600

LT (2100UT) are the strongest seen over a full UT day.

4. Variability in T, tidal components

The analysis above has discussed variability at given local times. In this section, we
investigate day-to-day variability in the tidal components of thermospheric temperature,
and quantitatively examine effects of EUV and magnetic activity. For this study, we use

a tidal decomposition into daily mean, diurnal and semidiurnal components.

4.1. EUV effects on T, tidal components

In analysis of EUV effects on Te, tidal components, we use daily averaged EUV flux
measured by TIMED/SEE in the same bands as above. The correlation coefficients be-
tween each of the three tidal components of thermospheric temperature (daily mean,
diurnal, semidiurnal) and solar EUV flux at each band are shown in Figure 7 where the

coefficients with and without a 2-day time lag in responses to EUV flux are also given.
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The correlation between the T, daily mean and all the EUV bands examined (except
for the X-ray proxy at 0.1-7 nm) is very strong, with correlation coefficients generally
above 0.6. Furthermore, the two-day delay values show a large increase in correlation for
short wavelength bands (27-34, 30.4, 33.5, and 36.6 nm, except for 0.1-7 nm), but not
for long wavelength bands.

The Ty diurnal amplitude (day-night difference) is weakly correlated, or not correlated
at all, to EUV flux. This implies that the day-night difference in T, responses to EUV
is not significant, even though the solar EUV flux disappears at night. This is another
example of the thermospheric solar preconditioning or “memory” effect. We also find
that the 2-day time delay effect is much stronger at long wavelengths with positive and
significant correlation (121.5, 133.5, and 145-165 nm) as compared to short wavelengths
(27-34, 30.4, 33.5, and 36.6 nm). This may indicate that the delayed response of exo-
spheric temperature, in particular its diurnal amplitude, is related to heating in the low
thermosphere. Also interestingly, the delay effect is particularly significant at 0.1-7 nm
where the correlation is merely 0.2 (and not statistically significant) if the delay is not
considered, but is 0.6 if the delay is considered.

The Ty semidiurnal amplitude is also weakly correlated to the EUV flux. The 2-day
time delay effect can be seen clearly in a resulting larger negative correlation (or smaller
positive correlation) value. Once again, the 0.1-7 nm band contains unusual correlation
to Te that is very different from other bands. For this band, the time delay effect is so
significant that the correlation is improved from -0.2 (when the delay is not included) to

-0.6 (when it is included).
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The direct impact of the soft X-ray flux (from the same day) on Te, diurnal and semid-
iurnal amplitudes is in general weak, and the correlation with the solar X-ray from 2
days earlier is high. Very strong soft X-ray events have the potential to impact deep
into the lower atmosphere, and then the deposited energy may propagate to the upper
thermosphere with a lag time. However, for the data we are examining, the intensity and
frequency of such X-ray events do not appear to be substantial, as the percentage vari-
ability (standard deviation/mean) is only ~ 10%, and therefore their role in producing
delayed thermospheric variations should not be overestimated. On the other hand, these
observations of delayed thermospheric response may be associated with some processes
accompanying solar X-ray changes, such as high energy particle flows taking more than 1
day to reach Earth’s upper atmosphere with the effect of different responses of T, dur-
ing different times. We conclude that time-shifted solar X-ray (0.1-7 nm) data may be
used as another proxy to account for some thermospheric temperature variations caused
by solar-geophysical disturbances. (In fact, results in subsequent sections do show some
similarity between solar flux effects and Dst effects.)

Discussions on time delay so far have addressed effects of individual prior times (days),
and in particular, the question about which prior time is most strongly correlated to Tey.
However, if solar flux history is important, solar flux effects can be accumulated over time
with different weighting on different days. We further examine this possibility by using a
composite solar flux proxy E,, to consider integrated influences on T, daily means. We
define £, = coFg+c_1E_1+c_oF_o+c_3E_3, where Ey, E_1, E_5 and E_3 are solar UV
flux (at a given wavelength or band) for the current day, one, two and three days prior to

the current day when a particular T, daily mean is taken. Coefficients ¢y, c_1, c_o and
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c_s are determined by varying E,, (through varying these coefficients) and searching for
the largest correlation between daily F,, and daily mean T,. These different coefficients
obtained with the 30-day datasets, listed in Table 1, may represent relative importance
of the solar flux on individual days to overall solar irradiation conditions that correlate
to daily mean T... Results show that the significance of the 2-day delay becomes less
important compared to that of the 3-day delay with increasing solar irradiation wavelength
(from EUV to FUV), and the current day flux remains a significant factor for soft X-ray
and FUV bands. As a result of using the weighted contributions from different days, the
correlation between FE,, and daily mean Ty (squares in Figure 7) is normally higher than

using the solar flux from an individual day.

4.2. T daily mean

The observed T, daily mean peaks at day 288 then drops to a minimum 8 days later
(cf. solid line the upper panel of Figure 8). This variation is mostly due to solar EUV
changes. In fact, a simple EUV-based empirical model containing a linear EUV term and
a quadratic EUV term in the form fy+ fi X F + fo x F’2 can reproduce the observed daily
mean rather well (triangles in the top panel). In the model, the EUV flux F is the daily
average flux at 27-34 nm with a 2-day time delay considered (cf. previous section) and
fo, f1 and fo are obtained through a least squared fit. However, the daily mean is not
very sensitive to Dst. A similar polynomial model using Dst instead as an independent
variable does not generally reproduce absolute values of the daily mean well. However, the
relative fluctuations in daily mean between days 300-305 are in fact well represented by a
Dst only empirical model, while they are not well represented by the EUV only empirical

model. We therefore find that an empirical model which combines these EUV and Dst
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terms and further includes a seasonal variation term can almost perfectly reproduce Ty
observations (cf. line and dots).

To quantify relative contributions of these various factors on variability in the Ty daily
mean, we derive the percentage variability in both the observational data and in the model
regression data. This percentage variability is defined as the standard deviation from the
average divided by the average, computed over the entire 30 day observational period.
We can estimate relative contributions by calculating the standard deviation above the
average in the model regression data over the standard deviation in the observational
data. The results are shown in Figure 9, with observed T.; percentage variability of
4-5% (upper panel). EUV flux variability alone (i.e., variability generated by the above-
mentioned EUV only empirical model) can account for 90% of the observed variability,
while variability in Dst alone (i.e., variability generated by the above-mentioned Dst only
empirical model) produces 45% of the observed variability. We find that the combined
effects of EUV, Dst and seasonal changes (as given by an empirical model with EUV and

Dst terms) can explain nearly all of the observed variability (bottom panel).

4.3. T diurnal amplitude

We apply the same analysis technique as in the previous section for the T, daily mean
to the Tex diurnal and semidiurnal amplitudes. The diurnal amplitude (the middle panel
in Figure 8) is in the range between 100-140 K, approximately 10% of the daily mean,
and fluctuates more than the daily mean. The large and rapid fluctuations between days
295 and 305 appear to be highly correlated with EUV flux at 0.1-7 nm band from two
days in advance, and accordingly the EUV-based empirical model of T, based on such

flux values captures these fluctuations well. The Dst-based empirical model does generate
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some fluctuations with a major drop from day 296 to 299, similar to observations, but
their phases do not always agree with observations. Overall, the T, diurnal amplitude
in the empirical model combining all the three factors (EUV flux, Dst and season) again
reproduces those main fluctuations in the data.

The observed variability in Tex diurnal amplitude is 12% (Figure 9). The EUV-based
empirical model generated variability is 9% and the Dst generated variability is 6%. Fi-
nally, the T, empirical model including EUV, Dst and seasonal changes generates 10%
variability, or 80% of the total observed variability in the diurnal amplitude. We can
therefore quantify the remaining 20% of variability seen in diurnal amplitude observa-
tions as due to other controlling factors beyond those considered here. These may include
various wave activities due to vertical coupling processes from the lower atmosphere into
thermosphere, residual magnetic activity effects, additional ionospheric energy inputs to

the thermosphere, and possibly measurement uncertainty.

4.4. T,y semidiurnal amplitude

The T semidiurnal amplitude (bottom panel of Figure 8) is about 1/3 of the T
diurnal amplitude (See Figure 8), and fluctuates between 20-50 K, with a day-to-day
variability of 31%. Both EUV-based (based on the EUV flux at 0.1-7 nm band for 2
days in advance) and Dst-based empirical models can capture some of the fluctuations,
and the combined T, empirical model for the semidiurnal component generates 78% of
the total observed variability (Figure 9), once again with the remaining 22% of variability
due to other factors besides EUV, Dst, and seasonal effects. For semidiurnal variations,
Dst control is now as significant as in the EUV flux. We note with interest that both in

Tex diurnal and semidiurnal amplitudes, there are some obvious 3-5 day fluctuations that
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seem to be associated with Dst changes, while for the T, daily mean, Dst effects are less

important and EUV flux effects are dominant.

4.5. Day-to-day fluctuations

Our correlation analysis has addressed the direct relationship between T, and EUV
flux, both of which experience strong day-to-day variability. A further question is how the
day-to-day fluctuation in T,y is correlated to that in EUV. Here, fluctuations are defined
as deviation of daily values from means or expected values. Hedin [1984] indicated that
fluctuations of EUV and neutral density, obtained with deviation of daily values from
the slow-varying 81-day running averages, show correlation that varies with wavelength
of the solar irradiation flux, being high with EUV bands of significantly low total energy.
To examine this type of day-to-day variability using our 30-day observations, we consider
daily fluctuations relative to the 3-day running means. Figure 10 is similar to Figure
7 (top) but here we use solar flux fluctuations (residuals of daily means from its 3-day
running means), as well as the Ty daily fluctuations defined in the same way as solar flux
fluctuations. Results show that the there still exists very strong correlation between the
main EUV bands and the time-delayed T.,. For instance, correlation with the 36.8 nm
flux is among the strongest; the correlation appears low at FUV bands/lines and the soft
X-ray band. The delay time is 2 days for the EUV flux, and 3 days for the FUV flux.

These results confirm that during this 30-day experiment, short-term variability in the
EUV flux is very likely the primary driver for T, short-term variability. They are also
consistent with Hedin [1984] indicating that EUV fluxes at wavelengths slightly longer
than 30.4 nm are more important to the short-term variability in the exospheric temper-

ature than the 30.4 nm emission, and that the fluxes at wavelengths shorter than 30.4
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nm are also more important in producing the short term variability. Although the 30.4
nm emission contains significantly more energy, it varies less and therefore produces less
thermospheric variations.

Eastes et al. [2004] indicated that variability (relative to the 81-day means) in the soft
X-ray flux has much better correlation with that in neutral density than does the F107
variability. However, we show very low correlation between variabilities (relative to the
3-day mean) in the 0.1-7 nm emission and in the Te diurnal mean. It appears that the
short-term (3 days) and long-term (81 days) variability in this 0.1-7 nm emissions has
different influences on the corresponding thermospheric variability. The most significant
influence of the 0.1-7 nm emission that was found in this work (see the last two sections)

is on the amplitudes in diurnal and semidiurnal tides with a 2-day lag.

5. Summary and conclusion

We have quantified thermospheric temperature variability in response to solar and ge-
omagnetic effects using a 30-day ISR observation at Millstone Hill during October 2002.
We analyzed exospheric temperature Ty, derived from the radar observation, to examine
day-to-day variability at fixed local times and also in the temperature daily mean and
the two tidal components (diurnal and semidiurnal amplitudes). The driving factors con-
sidered responsible for the observed variability include solar EUV flux, magnetic activity,
and season, and these relationships have been explored quantitatively. The solar EUV
flux used is from the TIMED /SEE space weather product, allowing for detailed studies of
the correlation between EUV variability and T, variability, EUV band dependence, and
time delay of thermospheric solar preconditioning response (thermospheric “memory”).

Our main findings can be summarized as follows:
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(1) During the day, correlation between Tox and EUV flux (except for at the 0.1-7 nm
band) is much higher than that between T, and F107. We conclude that EUV data,
as compared to daily F107, is essential to a quantitative understanding of thermospheric
temperature T, day-to-day variability.

(2) There is a ~20-60 hour delay in T,y response to solar EUV flux. The delay time is
shorter in the morning when solar heating changes most rapidly in the upper atmosphere,
and longer in the afternoon and at night.

(3) Tex is most sensitive to the EUV flux at wavelengths of 27-34 nm and 30.4 nm.
The short-term variability in Ty, however, is better correlated with that in wavelengths
of 27-34 nm than at wavelength 30.4 nm, consistent with Hedin [1984]. T is relatively
less sensitive to the flux at 133.5 nm and 145-165 nm.

(4) Magnetic activity control of Te, tends to be weaker during the day and stronger
at night. We attribute this to the nighttime absence of solar ultraviolet irradiation,
constituting the majority of upper atmospheric heat input.

(5) The daily mean of T,y strongly depends on EUV flux. An empirical model driven
only by the EUV flux at 27-34 nm with a 2-day time delay can generate 90% of the
observed variability in the daily mean. The two-day delay effect is less significant for
EUV fluxes at longer wavelengths (121.5, 133.5, and 145-165 nm).

(6) The diurnal T amplitude is not sensitive to solar EUV flux unless a 2-day time delay
is applied for long wavelengths, implying similar daytime and nighttime T, responses,
even though significant solar irradiance is absent at night. Additionally, the 0.1-7 nm

band EUV flux is clearly positively correlated to diurnal T, amplitude with a two-day
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time delay, implying oppose daytime and nighttime responses. Effects of the time delay
for other than 2 days are weaker.

(7) Semidiurnal Te, amplitude variability is negatively correlated only with the 0.1-7
nm band with a 2-day time delay. With a delay time other than 2 days the correlations
are much weaker.

(8) Magnetic activity as represented by the Dst index is, across Te daily mean, diurnal
and semidiurnal components, most important for the semidiurnal amplitude and least
important for the the daily mean. This behavior is similar to T, soft X-ray response
at 0.1-7 nm band with a 2-day delay, implying that there might be a direct connection
between magnetic activity and time-shifted solar data.

This study provides a detailed and quantified insight into EUV flux effects on thermo-
spheric temperature variability at midlatitudes (or sub-auroral latitudes during distur-
bances). However, some of those findings listed above need to be fully explained with the
help of theoretical models, in particular, the delayed T, response to EUV flux and the
associated thermospheric solar preconditioning or “memory”. These delayed responses
appear to be wavelength band dependent, being significant in the daily mean for the
27-34 nm band, in the diurnal and semidiurnal amplitudes for soft X-ray flux at 0.1-7
nm, and in the diurnal amplitude for longer wavelengths. Further studies focusing on
different levels of solar activity and different seasons, and combining theoretical modeling
with observational data analysis, are needed to better understand day-to-day variability

in the thermosphere.
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Table 1. Composed EUV index Fw with weighted contribution from prior days.
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nm | co(0d) c_1(-1d) c_o(-2d) c_3(-3d)

0.1-7
27-34
30.4
33.9
36.8
121.5
133.5
145-165

0.77
0.05
0.05
0.03
0.32
0.53
0.53
0.56

0.13
0.05
0.05
0.03
0.04
0.03
0.03
0.04

0.05
0.85
0.77
0.47
0.11
0.03
0.03
0.04

0.05
0.00
0.13
0.47
0.53
0.41
0.41
0.36

Fw=cFEy+c 1E1+coFE o+c3E 3
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Figure 1. Diurnal variations of thermospheric temperature parameters: exosphere
temperature T., base temperature T}, and the inverse of shape factor 1/s (see text), as
well as their day-to-day variability. The gray dots are data points, the blue line is the
hourly average of the month with error bar representing the standard deviation, and the
dashed line shows MSIS model averages. The dark thin line near the bottom of each panel

shows the percentage variability; a vertical thick line on the dark thin line provides the

scale for the corresponding percentage variability marked above the vertical line.
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Figure 2. Diurnal variations of exospheric temperature correlation with solar-
geophysical parameters. These parameters include solar irradiation indices of daily F107
and EUV flux at 27-34 nm observed with TIMED/SEE, along with magnetic activity
indices of 3-hourly ap (converted to negative values, -ap, to place the correlation curve
on the negative side for easy comparison with the Dst curve) and hourly Dst. Seasonal
dependency of T,y is expressed as its correlation to the day number. The shaded area
represents regions where p-values> 0.05 (typically 66 data samples for an hourly win-

dow of 30 individual days that pass the Dst filters) indicating a failure to reject the null

hypothesis of no correlation. UT - SLT = 4.76 hr at Millstone Hill.
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Figure 3.  Correlations between Ty residuals and F107 (bottom), and between Ty

residuals and EUV flux at 27-34 nm (top). The residuals are T, data after subtraction
of dependencies on local time, season, and magnetic activity, and therefore should be
dominated by solar flux variations. Dependencies are represented by a combination of
diurnal, semidiurnal and terdiurnal harmonics (local time dependence), along with linear
functions of the day number and Dst, and are determined through least squares fitting.
The T, data are subtracted by regression data representing those dependencies, yielding
T residuals. Both EUV and F107 are shifted and normalized to be within -1 and 1 for

easy comparison. Blue curves are fitting results with parabolic functions.
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Figure 4. Correlation between T, and EUV flux at different wavelengths. Top panel:

highest correlation (circles) and the average of the first 10 highest correlation (dots) for

the 24 hourly time bins as a function of wavelength. The vertical bars indicate 95%

confidence intervals. Bottom panel: the wavelength for each UT hour when highest

correlation (circles) and lowest correlation (dots) occur.
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Figure 5. Time delay of T, response to EUV flux at different wavelengths. The plots
show correlation between Te, and the EUV at a given band (27-34 nm) with a variable
delay from 0 (now) to 110 hours before (i.e., delay time) with 2-hour resolution. Top
panel: highest correlation (red circles) of the day and the average of the first 10 highest
correlation (blue dots) in the 24 hourly time bins as a function of delay hours; also shown
is the correlation for 2100 UT (black crosses) and a parabolic fit (dashed line). Bottom
panel: delay values in hours for each UT hour at which maximum correlation is obtained.
The largest correlation is determined from a least-squared fit of the correlation curve to
a parabolic curve at a given UT time, as indicated by the crosses and the dash line in
the upper panel. The horizontal bars provide standard deviation estimation based on

least-squares fitting residuals and the parabolic model function.
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Figure 6.

computed as the residual T, after removing EUV effects.
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Dst > -60

15.5LT + 1.5hr

1 1 1 1
T

6LT + 1.5hr

-75 -50 -25 0
Dst (nT)
Correlation between T¢, and Dst at 1530 LT and 0600 LT, where T, is

The residual is defined as

T—b—dxD—c xF —cyx F? where T is original exospheric temperature data, D

day number, F' the solar EUV at 27-34 nm band, and b, ¢, co are obtained from a least

squared fit. Blue lines are linear fitting to the red data points
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Figure 7. T, tidal component dependence on solar EUV flux. TIMED/SEE daily
average flux at 8 bands is used to evaluate correlations between specific tidal components
(mean, top panel; diurnal amplitude, middle panel; semidiurnal amplitude, bottom panel)
and EUV flux. Results with a two day time delay (circles) without the delay (dots) are
given. Correlation between a composite solar flux proxy E,, at various wavelengths and
daily mean T is also shown (squares), where E,, contains weighted contributions not
only from the current day but also from prior days (see text and Table 1). Shaded areas
represent weak correlation, with p-values >0.05 for failure to reject the null hypothesis of

no correlation with a sample size of ~ 20.
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Figure 8. Solar flux, magnetic activity and seasonal effects on Tey daily mean (upper
panel), diurnal (middle panel) and semidiurnal (bottom panel) amplitudes. Model func-
tions for the tidal components shown are: f: EUV terms; fy+ f1 X F + fo x F? where F is
EUV flux from 2-days in advance at 27-34 nm for T, daily mean modeling, at 0.1-7 nm
band for T, diurnal and semidiurnal amplitude modeling; d: Dst terms, dy + d; x Dst +
dy X Dst?; s: seasonal variation terms, sin[27(D + Dy)/365] + sin[r(D + Dyg)/365] where
D is day number of the year. In these terms, coefficients fy, fi1, fo, do, d1, ds, Do, Do are

determined through least-squares fitting.
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Solar—Geophysical effects
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Figure 9. Relative contributions of various factors to day-to-day variability in T
daily mean, diurnal and semidiurnal amplitudes. Model functions are: f, EUV flux; d,
Dst index, and s, season. In the upper panel, a percentage variability of T,y is defined as
the standard deviation from the average over the average value. In the bottom panel, the
percentage contribution is defined as the standard deviation from the average of empirical
model data over the standard deviation from the average of the observational data. The
solid line is for observation, and other curves are for results of the modeled variability.

The model functions used are the same terms as in Figure 8 (see text).
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Figure 10. Correlation coefficients between fluctuations in the daily mean T, and in

the solar flux at various wavelengths. Fluctuations are residuals of daily means from the

3-day running means. The solar flux fluctuations are calculated for the same day (dots)

as, one day prior (circles) to, and two days prior to (squares) the day of the calculated

T, fluctuation.
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