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[1] Thermospheric density simultaneously observed by the
CHAMP and GRACE satellites in both the pre‐dawn and
afternoon local time sectors undergoes significant decrease
across both hemispheres during the major stratospheric
sudden warming (SSW) in January 2009. This decrease is
largest in the equatorial region near the subsolar latitude,
reaching ∼30% at 325 km, and 45% at 475 km altitude in
the afternoon sector. This large density drop demonstrates
a substantial cooling of about 50 Kelvin in the equatorial
upper thermosphere. Furthermore, the cooling varies
clearly with longitude in terms of magnitude and the
timing of the maximum cooling. Thermosphere cooling
can have important impact on the ionosphere, as indicated
by simultaneous plasma observations. Though many
questions remain about what causes the cooling, our
results open a new perspective for investigating the global
coupling of the lower and upper atmosphere during SSWs.
Citation: Liu, H., E. Doornbos, M. Yamamoto, and S. Tulasi
Ram (2011), Strong thermospheric cooling during the 2009 major
stratosphere warming, Geophys. Res. Lett. , 38 , L12102,
doi:10.1029/2011GL047898.

1. Introduction

[2] Stratosphere sudden warming (SSW) is a meteoro-
logical event where the stratospheric temperature experi-
ences a rapid and significant rise of more than a few tens
Kelvin in the winter polar region. Its generation mechanism
mainly involves planetary wave‐mean wind interaction in
the polar region and global‐scale meridional circulation
[Matsuno, 1971]. One particularly interesting aspect of SSW
is that its effect is not confined to the polar stratosphere, but
extends in altitude and latitude. In the polar region, meso-
sphere cooling and lower thermosphere warming have been
predicted and observationally confirmed [see, e.g., Liu and
Roble, 2002; Cho et al., 2004; Shepherd et al., 2010;
Kurihara et al., 2010]. At middle latitudes, radar observa-
tions reveal alternating warming and cooling regions in the
E‐ and F‐region ionosphere [Goncharenko and Zhang,
2008]. At low and equatorial latitudes, significant cooling
during SSWs has long been reported in the stratosphere
[Fritz and Soules, 1972]. In the ionosphere at altitudes

above ∼100 km, a semi‐diurnal perturbation has been
identified during SSW events in various parameters like the
vertical plasma drift and the total electron content (TEC)
[Chau et al., 2009; Goncharenko et al., 2010].
[3] Since the daytime ion temperature closely follows that

of the neutral temperature [Schunk and Nagy, 2000], the
Millstone Hill radar observations shown by Goncharenko
and Zhang [2008] suggest corresponding cooling in the
upper thermosphere. This cooling would consequently cause
thermospheric density decrease at a fixed altitude by reducing
the scale height of the neutral atmosphere. To investigate
if this were the case, we utilize thermospheric density
observations from both CHAMP and GRACE satellites to
study the well‐reported 2009 major warming event.

2. Data

[4] Thermospheric density measurements from both the
CHAMP and GRACE satellites are employed in this study.
Both satellites were in near‐circular polar orbits, sampling
nearly simultaneously the afternoon (16–18 LT) and pre‐
dawn (04–06 LT) sector during the SSW period between
Jan. 15–30, 2009. The orbit height was about 325 km and
475 km, for CHAMP and GRACE, respectively. During this
period, the solar flux index of F10.7 was at a nearly constant
level between 69–72 units. The Kp index was mostly below
2, indicating an overall quiet geomagnetic condition with
occasional minor disturbances on Jan. 19 and Jan. 26 (see
Figure 1, bottom). For our study, all measurements are
normalized to a fixed level of F10.7 = 70 and Kp = 1, and to
a fixed height of 325 km and 475 km, for CHAMP and
GRACE, respectively, The NRLMSISE00 and the IRI model
2007 version are utilized for the normalization. With this
normalization, we minimize density variations due to solar
and geomagnetic activities, and changes in satellites’ orbit
height. The method for deriving thermospheric density from
accelerometer measurements are described by Liu et al.
[2005] and Doornbos et al. [2010]. Due to large thermo-
spheric wind in polar regions [Förster et al., 2008], density
measurements below ±60° latitude are used in this study.
[5] Stratospheric temperature at 10 hPa measured by the

COSMIC satellite is utilized to describe the development
of the 2009 major warming event. Compared to the fre-
quently used NCEP reanalysis data, direct measurements
from the COSMIC provide more accurate observations in
polar regions as shown by, e.g., Kishore et al. [2009].

3. Results

3.1. Strong Thermosphere Density Decrease

[6] Figure 1 displays the longitudinally averaged thermo-
sphere density during the SSW period between Jan. 15–30,
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2009. It is immediately obvious that the thermospheric den-
sity observed by both satellites undergoes significant
decrease, reaching a minimum on Jan. 24, which is one day
after the SSW peak. This phenomenon is observed in both the
afternoon (Figure 1, left) and pre‐dawn sectors (Figure 1,
right), demonstrating its wide local time coverage. Since most
features are similar in both sectors, due to limited space, we
focus on the afternoon sector and examine more details
below.
[7] Figure 2 shows more closely the development of the

density decrease. Both satellites show consistent major
features as the following. 1. Substantial density decrease
occurs in two different regions already on Jan. 18, with one
centering around the sub‐solar latitude of 20°S and the other
in the northern middle latitudes (40°N). 2. The density drop
after Jan. 18 shows the largest depletion around sub‐solar
latitude, reaching 45% at 475 km and 30% at 325 km alti-
tude on Jan. 24. 3. The southern hemisphere experiences a
larger relative density decrease than the northern hemi-
sphere. 4. The thermospheric density on Jan. 24 exhibits a
prominent double‐hump equatorial anomaly structure [Liu

et al., 2005] at both 325 km and 475 km altitudes. This
may be an indication for enhanced upward propagating
tides from the lower atmosphere, which contributes to the
formation of the equatorial mass density anomaly [Miyoshi
et al., 2011].

3.2. Longitude Dependence

[8] Since the equatorial region demonstrates the strongest
disturbances as shown above, we focus on the equatorial
region in the following. Figure 3 presents the average
equatorial density in three different longitude sectors as the
Peruvian, European and Indian sector. It is seen that temporal
variations of the CHAMP and GRACE density agree with
each other very well, hence lending further confidence in the
observations. An obvious longitude dependence is observed
in the density depletion in terms of magnitude and timing of
the minimum. First, the magnitude of the depletion is largest
in the Peruvian sector, where it reaches about 32%, in
comparison to 28% near 10°E and 20% near 75°E at 475 km
altitude. Second, the timing of the minimum density varies. It
occurs on Jan. 24 near 75°W, but on Jan. 23 around 10°E and

Figure 1. (top and middle top) Geographic latitude vs. day of year (DoY, 2009) distribution of the thermospheric mass
density observed by CHAMP and GRACE, (left) for the afternoon sector (16–18 LT) and (right) for the pre‐dawn sector
(04–06 LT). Solid lines indicate the local time of the satellite tracks at corresponding days. (middle bottom) Equatorial
density averaged within 30°S–30°N. Note that the GRACE measurement is multiplied by 25 for easy display. The pink
line is the stratospheric temperature at 10 hPa from COSMIC observation, averaged over 70°N–90°N, indicating the
development of the SSW. A continuous decrease of the density is observed between Jan. 18–24, 2009. (bottom) Kp
index during Jan. 15–30, 2009.
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Jan. 25 at 75°E. Finally, the relative density decrease is larger
at GRACE height (475 km) than at CHAMP height (325 km)
in all sectors. Strong longitudinal variation is also seen in the
pre‐dawn sector.

4. Discussions

[9] Both CHAMP and GRACE observations reveal pro-
nounced neutral density reduction in the upper thermosphere
during the 2009 major SSW event. The excellent agreement
between these two satellites is a strong corroboration for the
significance of this feature.
[10] Since thermospheric density is closely controlled by

thermospheric temperature via scale height, this substantial
reduction of the thermospheric density demonstrates sig-
nificant cooling in the upper thermosphere. A first order

estimation of the cooling can be obtained by combining the
CHAMP and GRACE observations as explained below.
Since neutral density decreases exponentially with altitude,

we get rG = rCe−
hG�hCð Þ

Hn , where hG = 475 km and hC =

325 km. Hn = kTn
mg is the average thermospheric scale

height, with k being the Boltzmann constant, g the gravi-
tational acceleration, and m the mean mass of neutral parti-
cles. Hereby, we have assumed that the neutral temperature
(Tn) and the mean mass between 325–475 km altitude does
not vary much, which is justified by the NRLMSISE00
model. Taking m = 16.4mp from the NRLMSISE00 model,
where mp is the proton mass, and density measurements of
rG and rC from GRACE and CHAMP satellites, a straight-
forward estimation of Tn can be obtained.
[11] The estimated Tn for the Peruvian sector is shown in

Figure 4. It shows that during the 2009 SSW, the neutral
temperature in the upper thermosphere has dropped about
50 Kelvin. Alternatively, we have run the NRLMSISE00
model to estimate the temperature drop by fitting its ther-
mospheric density output to the observed values from
CHAMP/GRACE. This yields a temperature drop about
40/60 Kelvin, hence further corroborating the analytical
estimation method used above. Since F‐region ion tem-
perature closely follows that of the neutral temperature
during day [Schunk and Nagy, 2000], the thermosphere

Figure 2. Latitudinal (geographic) profiles of the thermo-
spheric density observed by CHAMP and GRACE on four
representative days during the decreasing phase of the den-
sity in Figure 1. (a, b) The absolute density and (c, d) the
relative percentage disturbance with respect to values on
Jan. 15, 2009.

Figure 3. Disturbance (in percentage) of the thermospheric
density averaged within 30°S–30°N for the Peruvian sector
around 75°W, the European sector around 10°E, and the
Indian sector around 70°E. Pink lines are same as that
shown in Figure 1. The average values between Jan. 15–
17, 2009 is taken as the quiet reference.
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cooling would lead to similar decrease of the ion temper-
ature. Observations of F‐region ion temperature decrease of
40 Kelvin has been reported by Goncharenko and Zhang
[2008] during a different SSW event, which is similar to
the neutral temperature drop obtained here.
[12] Thermosphere cooling can affect the ionosphere in

two obvious ways. First, it reduces the scale height of the
neutrals, hence changing the neutral density and composi-
tion at a fixed altitude. This would affect the plasma density
directly via photoionization and chemical recombination
processes. Second, it leads to the ion temperature drop,
hence a reduced plasma scale height. This causes plasma
density decrease at altitudes near and above the F2 peak
region. Observations of plasma density at 325 km altitude
from CHAMP during the 2009 SSW exhibits a significant
depletion, which closely follows the thermospheric tem-
perature with a delay of 1–2 days (see Figure 4). Although
the major cause of this equatorial plasma depletion is likely
the strong downward plasma drift as pointed out by Chau
et al. [2009] and Goncharenko et al. [2010], features in
Figure 4 may indicate additional contribution from the
thermospheric cooling via effects explained above. Further-
more, the longitudinal variation with the strongest thermo-
spheric cooling in the Peruvian sector also finds good
agreement with the simulation results of Liu et al. [2010],
showing strongest ionospheric response in this sector.
[13] Considering the extremely quiet geomagnetic activity

level (Kp < 2) during Jan. 19–25, geomagnetic activity
effect can almost be confidently excluded. Thus, this ther-
mospheric cooling may be potentially related to the occur-
rence of the SSW event. The physical mechanism leading to
the cooling is an interesting question. Cooling in the tropical
stratosphere during SSW events is well known and explained
as a result of upward air motion in the tropics related to the
meridional circulation during SSWs [Fritz and Soules,
1972]. On the other hand, cooling in the ionosphere at
middle latitudes has also been observed [Goncharenko and
Zhang, 2008]. In view of these results, two routes could be
speculated for the cause of the cooling in the upper ther-

mosphere. First, the SSW perturbs the upper thermosphere
in the polar region, whose effect subsequently propagates to
middle and low latitudes within the upper regime of the
thermosphere via global circulation or atmospheric waves.
This route is in analog to the disturbance propagation during
magnetic storms, though the nature of the two phenomena
and the propagation time are completely different. The other
could be that the SSW first causes a perturbation in the
equatorial stratosphere, then propagates upward to affect
the equatorial upper atmosphere. This route is in analog to
the coupling processes related to the wave‐4 phenomena
[Liu et al., 2009]. Our observations seem to support both
routes operating simultaneously, as two separate cooling
regions are clearly identified (see Figure 1). It is highly
interesting to examine the plausibility of this speculation
with numerical models.
[14] To conclude, our analysis of observations from two

satellites reveals, for the first time, strong cooling in the
upper thermosphere during stratospheric sudden warming
events. This cooling shows clear longitudinal dependence
and can have significant effect on the plasma. Though
many questions remain about what causes the cooling, our
results open a new perspective for investigating thermo-
sphere‐ionosphere response to SSWs in particular, and for
global coupling of the lower and upper atmosphere in
general.
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