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Mo4va4on:	  

1)  Although	  the	  ver4cal	  winds	  are	  typically	  small,	  significantly	  smaller	  than	  
typical	  zonal	  and	  meridional	  winds,	  they	  can	  be	  non-‐zero	  under	  certain	  
condi4ons.	  

2)  Influence	  of	  the	  ver4cal	  neutral	  wind	  on	  the	  thermosphere	  can	  be	  
substan4al	  due	  to	  the	  large	  gradient	  of	  neutral	  density	  in	  the	  ver4cal	  
direc4ons.	  	  
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(a) Vertical wind from Poker Flat

(b) Vertical wind from DE-2 satellite along orbit 7164

(c) Vertical wind from DE-2 satellite along orbit 7175

Figure 1: (a) Vertical velocities measured at Poker Flat on the night of Jan. 10-11, 2010 [Larsen
and Meriwether, 2012]. (b) and (c) Vertical velocities measured by the WATS instrument on the
DE-2 satellite along two different orbits [Innis and Conde, 2002b].

physics Roadmap: 1. What governs the coupling of the neutral and ionized species? 2. How do
coupled middle and upper atmosphere respond to external drivers and to each other? 3. How do
the magnetosphere and the ionosphere-thermosphere system interact with each other?

The overall goal of this project is to substantially improve the description of the dynamics in the
upper atmosphere associated with vertical winds and advance our understanding of the coupling
between ionosphere and thermosphere. We would intend to interact with space physicists in the
team to work on problems of overlapping interest that may be identified. The results of this project
will greatly advance our understanding of the physical processes in the thermosphere/ionosphere
system and significantly improve our capability to simulate the whole geospace environment.

2. Background

The neutral vertical circulation in the thermosphere plays an important role in redistributing
heat and momentum and strongly affects the neutral composition, as well as plasma and electro-
dynamic processes [Larsen and Meriwether, 2012]. Vertical winds are generally smaller than the
horizontal winds, but even small vertical winds have a significant effect on the atmospheric compo-
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Bi-‐sta4c	  FPI	  experiment	  in	  Brazil:	  

3	  

1)  FPIs	  are	  located	  at	  Cajazerias	  
(6.871S,	  38.561W)	  and	  Cariri	  
(7.381S,	  36.521W),	  which	  are	  
separated	  by	  230	  km.	  	  

2)  Each	  FPI	  consists	  of	  a	  42-‐mm	  
diameter	  etalon	  with	  fixed	  1.5-‐cm	  
plate	  spacing.	  

3)  The	  FPIs	  observe	  the	  Doppler	  shiZ	  
and	  broadening	  of	  the	  nigh[me	  
630.0-‐nm	  emission	  origina4ng	  at	  
al4tudes	  of	  	  ~240	  km.	  	  

4)  For	  this	  study,	  FPI	  data	  during	  
2010-‐2014.	  

5)  Cardinal	  mode	  and	  common	  
volume	  mode.	  	  

6)  Parameters:	  neutral	  temperature,	  
meridional,	  zonal	  and	  ver4cal	  
winds.	  

The	  leZ	  figure	  shows	  the	  FPIs	  opera4ng	  in	  a	  
cardinal	  direc4on	  mode.	  	  
The	  right	  panel	  shows	  the	  FPIs	  opera4ng	  in	  the	  
common	  volume	  viewing	  geometry.	  	  

Makela	  et	  al.,	  2013	  



Tn	  and	  Horizontal	  winds:	  
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the zero-reference provided by observing the HeNe laser at each
FPI station through the night.

3. Data presentation

The data considered here were collected from the FPIs
described in the previous section beginning on 19 September,
2009. The presented observations end on 30 June, 2012. This
period covers the end of the extended deep solar minimum at the
transition between solar cycle 23 and solar cycle 24, as well as the
initial increase of solar cycle 24. The daily solar flux values (F10.7)
obtained from NOAA’s National Geophysical Data Center is pre-
sented in Fig. 3 and show that the observations obtained before
January 2011 can be considered from the deep solar minimum
period, with the solar flux increasing thereafter.

Table 1 details the number of nights of data obtained from the
experiment in each month considered for this study. A night is
counted if it has at least one good measurement of the neutral
wind or temperature. Separate counts are made for temperature
and wind measurements since, depending on the observing mode,
it is possible for reasonable temperatures to be estimated even if
the horizontal vector winds cannot be (e.g., in the case of
operation in the CV mode with one site clouded over). We further
constrain the results to come from the zenith, south and east
directions (for cardinal mode operation) or the zenith and
common volume south and inline directions (for CV mode
operation). The look directions to the north and west are not
utilized as they correspond to lower magnetic latitudes. As the
solar flux increases and the PRE becomes stronger, pushing the
equatorial F layer to higher altitudes early in the evening, the
results from these look directions exhibited large uncertainties.

As seen in this table, the dataset represents robust, nearly
continuous nighttime observations of the low-latitude thermosphere
during the study period. Each night has, on average, 17 useable zonal
and meridional wind estimates, each, and 55 useable temperature

estimates. Other than September 2009 (when the system had first
light) and a few months in early 2010, each month has at least 10
nights with useable observations (that is, not contaminated by the
moon or cloudy conditions). A careful comparison of Table 1 with
Table 1 of Meriwether et al. (2011) shows an increase in the number
of nights considered in the present study during the period of October
2009–September 2010. This is a result of including data from the
Cariri site, which was only intermittently operational during this time
period. For simplicity, these data were not included in the initial
results presented in the Meriwether et al. (2011) study. For com-
pleteness, we include them in the present study.

We present the results of the thermospheric neutral tempera-
tures obtained during this time period in Fig. 4. To create this plot,
we have stacked each night’s observations as a function of local
time on the y-axis. The date of the observation is given by the
x-axis. All of the non-equatorial pointing data (east, south,
common volume south, inline, and zenith look directions) avail-
able from each FPI is selected and then binned into 30-min
weighted averages, where the weights are the inverse of the
statistical uncertainties returned by the analysis method, as
described in Makela et al. (2011). Individual measurements were
discarded from the analysis if they had a statistical uncertainty
larger than 75 K or had physically implausible temperatures
(outside the range of 500–1400 K). In this representation, we
again see the near-continual nature of this dataset. In general, the
temperature decreases through the night. However, the signature
of the MTM is clearly seen in the local summer months (October–
February). We also see the expected increase in neutral tempera-
tures associated with the increase in F10.7 indicated in Fig. 3.

The thermospheric neutral winds are plotted in a similar fashion
in Fig. 5, with the zonal winds (positive eastward) shown in the top
panel and the meridional winds (positive northward) below that. For
winds, only data obtained from the cardinal east observations and the
zonal component of common volume south observations were
considered for the zonal wind estimates while the cardinal south
observations and the meridional component of common volume
south observations were considered for the meridional wind esti-
mates. Similar to selecting the temperatures, winds were discarded if
their statistical uncertainty was greater than 50 m/s or had values
outside a reasonable range (!200 to 200 m/s). To insure uniformity,
if a temperature measurement was discarded, its corresponding wind
estimate would be as well, and vice versa. Note that, when compared
to the amount of data shown for the thermospheric neutral tem-
peratures in Fig. 4, there are fewer observations of neutral winds. This
is primarily due to nights in which the CV observing scheme was
employed at the two sites, but it was determined during the data
analysis that one site was clouded over or did not provide useable
information due to a maintenance issue. Under these conditions, the
zonal and meridional winds cannot be determined, as data from both
sites are required to do this. However, data on thermospheric neutral
temperatures were still acquired by the operational FPI station.
Despite the slightly reduced amount of observations, general trends
for the thermospheric neutral winds can be seen in Fig. 5. As is
expected for the zonal winds, they tend to be eastward throughout
the night, subsiding as the night goes on. The meridional winds
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Fig. 3. Solar flux values for the period considered in this study.

Table 1
Summary of data used in the present study. Each entry gives the number of
observation nights considered for temperatures and winds, respectively, in the
specified month. The number in parenthesis gives the month’s average F10.7 value.

Month 2009 2010 2011 2012

January – 9,9 (78.5) 26,5 (80.3) 28,28 (128.9)
February – 9,9 (82.6) 23,20 (91.9) 27,27 (104.3)
March – 0,0 (82.5) 23,23 (114.3) 31,27 (113.9)
April – 22,22 (76.5) 30,10 (113.0) 24,24 (114.0)
May – 20,17 (75.4) 23,16 (97.5) 26,26 (124.3)
June – 11,1 (74.8) 14,14 (98.4) 22,22 (124.7)
July – 13,13 (82.4) 30,18 (96.7) –
August – 26,26 (81.5) 28,22 (103.9) –
September 9,6 (71.2) 30,30 (91.9) 29,24 (135.4) –
October 23,23 (71.8) 24,11 (81.2) 27,13 (135.9) –
November 14,14 (72.0) 30,26 (80.7) 24,24 (149.4) –
December 18,18 (74.4) 31,18 (81.6) 31,31 (136.5) –
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Fig. 4. Summary of thermospheric neutral temperatures considered in this study.
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during the evening tend to blow from the summer to the winter
hemisphere, as is expected. A more detailed analysis of the neutral
temperatures and winds is given below.

4. Analysis and discussion

To analyze the data in more detail, we create monthly climatol-
ogies of the three parameters. To accomplish this, the thermospheric
neutral temperature and winds from both Cajazeiras and Cariri were
combined to use in a binned average. All of the non-equatorial
pointing temperature measurements for the entire month were
grouped together in 30-min bins and a weighted average was taken.
For the neutral winds, each month’s east and the zonal component
of common volume south observations were combined into 30-min
bins while each month’s south while the meridional component of
common volume south observations were combined into 30-min
bins. The weights used in the averaging were the inverse of the
uncertainties for the individual estimates. Individual measurements
were used in this weighting if their temperature was between 500
and 1400 K with a statistical error less than 75 K and their wind
estimate was between !200 to 200 m/s with an uncertainty less
than 50 m/s. Similar climatologies were created for the first year of
observations from this project in Meriwether et al. (2011) and the
analysis presented here extends those results for two additional
years, allowing for studying the effect of the transition from the
solar minimum to increased levels of solar forcing.

4.1. Neutral temperatures

The monthly climatologies of the thermospheric neutral tem-
peratures are presented in Fig. 6. Data from each year are
presented in this plot as a separate line (2009: red; 2010: green;
2011: blue; 2012: purple), and the increase in the temperatures
associated with the increase in solar flux is clearly seen in
the progression of the temperatures from 2009 through 2012.
For example, the average early evening (19 LT) temperatures
observed in September increase from "730 K in 2009
F10:7 ¼ 71:2
! "

to "950 K in 2011 F10:7 ¼ 135:4
! "

. This trend is
more clearly seen in the presentation of the temperature data
shown in Fig. 7 in which the estimated neutral temperature is
plotted against the solar flux for several local times.

A similar study of the relationship of the nighttime thermo-
spheric neutral temperature as it relates to solar flux was

performed by Hernandez (1982) utilizing optical observations of
the 630.0-nm emission from a midlatitude site (Fritz Peak
Observatory; geographic: 39.891N, 105.51W), although they pre-
sented their analysis on a nightly-mean temperature, rather than
breaking out by local time as we have done here. Additionally, the
data presented in the Hernandez (1982) study were obtained at
mid-latitudes. However, as a straightforward way to compare our
results with that dataset, we have fitted a power law relationship
between the solar flux and the measured neutral temperatures:

TðKÞ ¼ aFb
10:7

where F10.7 is the solar flux measured and a and b coefficients are
fit parameters. The best-fit parameters and the linear coefficient
of determination (R2) are given in Table 2, along with those given
by Hernandez (1982). The best fit line is shown in Fig. 7. As seen
in the table, much of the variability in the temperature can be
explained using this simple model (high R2). Very similar results
for the slope and intercept are obtained for each two-hour period
obtained in this study, except that immediately after sunset.
There is also a clear difference from the mid-latitude results
presented by Hernandez (1982), as is expected. A more robust
analysis of the data, taking into account effects of, for example,
geomagnetic activity will be performed in the future. However,
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Fig. 5. Thermospheric neutral winds considered in this study. The top panel
shows zonal neutral winds while the bottom panel shows the meridional
component of the neutral wind. Positive values indicate eastward and northward
flow for the zonal and meridional components, respectively.
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Fig. 6. Monthly climatologies of the thermospheric neutral temperatures. Red
lines represent data collected in 2009, green circles 2010, blue squares 2011, and
purple crosses 2012. The error bars give the standard deviation of the data
included in each 30-min bin and, thus, give the geophysical variability of the data.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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  The period of September 
2009 through June 2012  

  The temperatures indicate 
a strong dependence on 
solar flux conditions. 

  Zonal winds show an 
initial increase in 
eastward flow after sunset 
followed by a reduction in 
the midnight and early 
morning hours.  

  Meridional winds show 
the expected signature of 
trans-equatorial flow from 
the summer to winter 
hemisphere.  

Makela	  et	  al.,	  2013	  



Ver4cal	  Wind:	  Seasonal	  Dependence	  
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  Bin the vertical wind data in four different seasons, 2010  
  Dependence on season at [19,21] LT and [4,6] LT   Compare the Fall vertical wind data in three years 

  Vertical winds shift upwards from 2010 to 2011 or 
2012 at [19,21] LT 
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  Cardinal mode zenith look 
direction data vs. Common 
Volume mode  

  Bin vertical wind data 
according to LT with 30-min bin 
size 

  Variation is large compared 
to the average 

  Vertical winds are 
statistically non-zero at certain 
local time.  

  Clear dependence on the 
local time and month. 

 Cardinal mode and CV mode 
are consistent in general. 

2010	  
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  Strong seasonal variation in [19-21] LT  

  Dependence on year or solar activity 



Ver4cal	  wind	   varia4on	  
during	  storm	  periods:	  
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Sept. 17th, 2011 storm 
  Variations of neutral 
temperature and vertical 
wind have been shown 
during two storm periods.  

  The neutral temperature 
increased significantly (100 - 
200 K) at  [18, 21] LT on the 
Storm day when compared 
with the quiet time.  

  The vertical winds also 
increased clearly on the 
storm day. On average, 
vertical winds shift upwards 
by ~5 m/s during storm time. 



Ver4cal	  wind	   varia4on	  
during	  storm	  periods:	  

Sept. 26th, 2011 storm 
  Variations of neutral 
temperature and vertical 
wind have been shown 
during two storm periods.  

  The neutral temperature 
increased significantly (100 - 
200 K) at  [18, 21] LT on the 
Storm day when compared 
with the quiet time.  

  The vertical winds also 
increased clearly on the 
storm day. On average, 
vertical winds shift upwards 
by ~5 m/s during storm time. 
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Conclusion:	  
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 	  While	  the	  ver4cal	  wind	  data	  are	  quite	  variable,	  the	  
ver4cal	  winds	  are	  sta4s4cally	  non-‐zero	  at	  certain	  local	  4me.	  	  
	  
 	  Clear	  seasonal	  and	  solar	  ac4vity	  dependence	  can	  be	  
iden4fied	  at	  [19,21]	  LT	  and	  [4,6]	  LT.	  

 	  The	  cardinal	  mode	  and	  CV	  mode	  are	  generally	  consistent.	  	  

 	  During	  storm	  4me,	  neutral	  temperature	  increases	  ~	  100	  –	  
200	  K	  at	  [18,	  21]	  LT	  and	  the	  ver4cal	  wind	  shiZs	  upwards	  by	  
~5	  m/s.	  



Future	  works:	  
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 	  More	  data	  will	  be	  included	  in	  the	  analysis,	  including	  
observa4ons	  in	  2013	  and	  2014.	  

 	  Sta4s4c	  study,	  such	  as	  epoch	  analysis,	  of	  the	  ver4cal	  
wind	  varia4on	  during	  storm	  4me	  will	  be	  done	  as	  well.	  	  


