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Atmospheric temperature
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Annual Mean Temperature Change in the US
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Observed cooling in the mesosphere
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Mesopause
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Thermosphere: theoretical modeling
—

Roble and Dickinson: Trace Gases and the Upper Atmosphere
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Fig. 2. Calculated (a) neutral gas temperature difference profile from the base case for the case where
trace gases are doubled (solid lines) and halved (dashed lines), (b) density difference profiles (%) for O,
0 and N, for the case where trace gases are doubled (solid lines) and halved (dashed lines), and (c) same
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lonospheric responses
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Observed thermospheric density change
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Ti, Te, Tn

Millstone Hill: F107 =179.2, ap =5, day =286, local time =15.06
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Advantages of using ISR data

Direct measure of thermal status
Ti, Te, Tn

Ti dependency on solar activity and season is much
easy to be determined.

Large height coverage
Topside, bottomside
Height dependency

Multiple parameters
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The Open Madrigal Initiative

WIT Haystack Observatory, home of the Willstone Hill Incoherent Scatter Radar, has supported an
on-line incoherent scatter database since 1980, This early database evolved into both the CEDAR
Datahase at the MNationial Center for Atmospheric Research (MCAR) and the Iadrigal Databaze at
Ifillstone Hill. The CED AR and Iiadrigal Databases have wery different user mterfaces and capahilities,
bt usze the same hasic data format, and data files are easily exchanged between the two systems.

Madrigal iz a robust, World Wide Web based system capable of managing and serving archival and
real-titne data, i a wariety of fortnats, from a wide range of instrurents. Data can be accessed fromm the
Ivladrigal sites at Dlillstone Hill, UsA, EISCAT, Morway, SR International, USA, Cornell University,
Usa, Jicamarca, Pens, The Institute of Solar- Terrestrial Physics, Fussia, and Whuhan lonosphenic
Ohbservatory, the Chinese Acaderny of Sciences, using standard Web browsers; and directly, using APIs
which are awailable for several popular prograrmming languages.

The distributed Madrigal Database has been recognized by a Sun Microsystems Academic Excellence
Avwrard which included the Haystack Observatory serwer which hosts the Open Madrigal project.

http://lwww.openmadrigal.org/



lonospheric climatology study based on ISR observations
at Millstone Hill
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Method

Getting data

Binning

Fitting / modeling
Determining the trend
Error estimate

Derived parameters



Madrigal: global search

ingtze: /modelspace/Trends/Millstone = more globallsprintMH.py
fopt/madrigal/bin/python

"This script runs a global search through Madrigal data from a given URL.

This script is a stand-alone application, and can be run from anywhere with a connection to the internet.
It runs on either unix or windows. It requires only the MadrigalWeb python module to be installed.

Usage:
globallsprint --url=<Madrigal url> --parms=<Madrigal parms> --output=<output file> [options]
where:
--url=<=Madrigal url> - url to homepage of site to be searched
(ie, http://www.haystack.mit.edu/madrigal/)
This 1is required.
--parms=<Madrigal parms> - a comma delimited string listing the desired Madrigal parameters
in mnemonic form. (Example: gdalt,dte,te). Data will be returned
in the same order as given in this string.
--output=<output file name> - the file name to store the resulting data.
--user_fullname=<user fullname> - the Tull user name (probably in quotes unless your name is 5ting or Madonna)
--user_email=<user emall=>

--user_affiliation=<user affiliation> - user affiliation. Use guotes iT it contains spaces.

and options are:

--startDate=<MM/DD/YYY= - start date to filter experiments before. Defaults to allow all experiments.
--endDate=<MM/DD/YYY¥> - end date to filter experiments after. Defaults to allow all experiments.

--inst=<instrument list> - comma separated list of instrument codes or names. See Madrigal documentation




Data binning

yangtze: /modelspace/Trends/Millstone = m exeGetDataMHFregion

#!/bin/sh

# The madtclsh path is longer thanm 32 characters. 5o, we take advantage
# of the fTact that a backslash continues a comment Lline in tcl

exec fopt/local/bin/tclsh "S@" S{l+"s@"}

#exec Susr/bin/tclsh "s0" s{1+"s@"}

for {set hl 288} {3hl =550} {incr hl +38} {

set h2 [expr {5hl + 508}]

set num @

for {set tl1 -00.5} {$tl <1} {incr num +1} {

set tl1 [expr {5tl+1}]

set t2 [expr {$tl+1}]

for {set mth 81} {smth <13} {imcr mth +1} {exec fopt/madrigal/bin/python globall
sprintMH.py --filter=year,1966,2089 --seasonal5tartDate=2mth/81 --seasonalEndDat
e=smth/31 --filter=ut,stl,st2 --filter=gdalt,shl,sh2

Y
Y
Y

yangtze: /modelspace/Trends/Millstone = l
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Data Binning: noontime
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T =
P, + (background)
P, Year + (long-term trend)
P,f+ P, f2+ (solar flux)
P, a (magnetic acﬂy)
f=F107-F107
a=ap3-ap3



Results

e
" Ti trends at different heights
"I Confidence levels

- Derived parameters



200-250 km

I e
Millstone Hill Radar, UT=17.5-18.5, Altitude=200-250km

Constant, F10.7, ap trends removed — long—term Ti trend = —0.4K/year
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250-300 km

S e
Millstone Hill Radar, UT=17.5-18.5, Altitude=250-300km

Constant, F10.7, ap trends removed — long—term Ti trend = —2.6K/year
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300-350 km

Millstone Hill Radar, UT=17.5-18.5, Altitude=300-350km

Constant, F10.7, ap trends removed — long—term Ti trend = —4.0K/year
40{} I i N I I I I

200

0

Ti(K)

P J— T W SR o S R R e

___4 | 1 | 1 |
01%?5 1980 1985 1990 1995 2000 2005 2010
Year

I H B Massachusetts
I I Institute of
Technology




Confidence level — Bootstrap

- method

Histogram of Trend Fits to 10000 Bootstrap Samples

4001 ~ - ' = Bootstrapping is a modern,
95% confidence level computer-intensive, general
e [-1.33, -3.95] Klyr| purpose data resampling
400 approach.
250+ It is implemented by constructing
a number of resamples of the
= observed dataset (and of equal
Gt size to the observed dataset),
each of which is obtained by
100} random sampling with
replacement from the original
= dataset.
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f and a dependency
N

Constant, long—term Ti, ap trends removed — F107 trend = 3.4
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Confidence levels
-

Millstone Hill, , 250300 km , Ti 95% Parameter Confidence Levels

- Gaussian 85% confidence limits

- Boolstrap 95% confidence limits
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Height distribution
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Ti, Te, Tn

Millstone Hill: F107 =179.2, ap =5, day =286, local time =15.06
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a (Te-Ti) =b (Ti-Tn)
a="7.6x102N,N_T 32 Wm=3, the coefficient of energy transfer from electrons to ions
b =3.36x1022F N.[O] (T+T,) "> Wm-= the coefficient of energy transfer from ions to neutrals.




Millstone Hill monthly median neutral temperature
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Exospheric temperature

Constant, F10.7, ap trends removed — long—term Tx trend = -1.6K
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3-segment fit to Millstone Hill

Tx(K/year)
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Constant, F10.7, ap trends removed — long—term Tx trend = 3.7K/year

exospheric temperature

100« .

trend = 4.4%/decade

trend = —3.6%/decade

—

trend = —5.2%/decade
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|
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Find breakpoints around
1982 and 1997.

Bootstrap standard deviations
are fairly large.

1982 breakpoint is similar to
that seen in several earlier
studies including in St. Santin
ISR data (Oliver, submitted).

1997 breakpoint is well before
the solar cycle 23 extended
Minimum.
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Exospheric temperature from July 1968 — March 2010
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Extended time-series
encompasses
4 solar minima.

Blue = data
Red = fit with linear trend

Decrease in Tx at solar minimum
is very clear.

Fit does not capture full decrease
of Tx at extended minimum of
cycle 23.
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n(O) trend at 400 km, 1968-2010

Histogram of Trend Fits to 1000 Bootstrap Samples
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Why cooling in the thermosphere?

Thermospheric enegy source

Solar EUV produces ionization and electrons, from which energy can be
transported to neutral particles via the ions throught electron-ion and ion-
neutral collisions.

Energy from chemical reactions

EUV energy at Schumann-Runge continuum can be directly absorbed by
some neutral atoms

Heating from the blow; from auroal particles, Joule heating, etc
Effects of CO2 absorption of outgoing longwave radiation is wealk,
because CO, layer in the thermosphere is optically very thin.
Cooling agent
CO2 at 15 um and NO at 5.3 um; IR (infrared radiative) radiation to the space
Other possibilities

Decreasing magnetic activity

Long-term change in Earth’s magnetic field



Comparisons with modeling
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Satellite observation: density
=

DEMSITY TRENDS: SOLAR CYCLE DEPENDENCE

i 1 T T T T T T T
O o
5 of :
& 4F (a) 550 km E
T 3
i o-2f 3
=2 C b
&L o &
=ik 3
& ab 3
o :
F sk — Emmert et al. [2004] 3
Z Tk 2 New Result ]
0 BE =
= N ]
B -7E @ T ST I BT R I
60 a0 100 120 140 180 180 200 220
E 1 |+ Y 1 4 | ¥ I iy | : I - | > I - o
- I ]
S of ]
2 (b) 400 km :
[ : [ 3
M -2 s ~
£ ¥ B i ]
o 2 E
= .F + ]
o 5 ¥ Cian et al. [2006] 3
[ g + Akmaev et al. [2008] (200 km}
= =F O Marcos et al. [2005)
7 -6 F & Keating et al. [2000] S
= C O New Result ]
LIDJ ? [ ] 1 | 1 I 3 | 1 I 3 | 1 I 3 i
60 a0 100 120 140 160 180 200 220

F10.7



altitude (km)

How much will neutral density
change for a -1.5% T__decrease?

Tx changed by -1.5%, Tlb by 2%, and shape factor by-2%; F107A = 135
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Conclusion

A direct measure of upper atmospheric temperature
indicates a clear cooling trend.

The cooling trend increases with height within 200-
500km height, in agreement with the modeling.

Midday Tex trend is estimated to decrease at ~1.6%
per decade over Millstone Hill.

Tex trends can be location dependent, but overall
Tex results are compatible with density trend results.

Some breakpoints of the trend exist, some of which

may be correlated with the ozone trends.
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Future work

Dependencies

Height

Local time; Solar activity

Other ISR directly measured and derived parameters

Tex; [O]; etc

Data from other ISR sites

Table 1 A summary of datasets to be used in the proposed studies

Station Geographic location Available data Number of experiments*
Millstone Hil 47 6N, 288 5E 1976- now ~1900

St Santin 446N, 22E 1966-1987 ~ 420
Sondrestrom 6/ 0N, 3090E 1983-now ~1900
Chatanika 651N, 147 4E 1976-1982 ~ 55

Poker Flat 651N, 147 4E 2007-now ~ 600

Note: * The number of experments is based on a quick exam of the Madngal/CEDAR databases. Each experment
can last from 1 to 30 days, but mostly 2-5 days.
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