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Abstract. Thermospheric wind data obtained from the 
Atmosphere Explorer E and Dynamics Explorer 2 satellites 
have been combined with wind data for the lower and upper 
thermosphere from ground-based incoherent scatter radar and 
Fabry-Perot optical interferometers to generate a revision 
(HWM90) of the HWM87 empirical model and extend its 
applicability to 100 km. Comparison of the various data sets 
with the aid of the model shows in general remarkable 
agreement, particularly at mid and low latitudes. The ground- 
based data allow modeling of seasonal/diurnal variations, 
which are most distinct at mid latitudes. While solar activity 
variations are now included, they are found to be small and not 
always very clearly delineated by the current data. They are 
most obvious at the higher latitudes. The model describes the 
transition from predominately diurnal variations in the upper 
thermosphere to semidiurnal variations in the lower 
thermosphere and a transition from summer to winter flow 
above 140 km to winter to summer flow below. Significant 
altitude gradients in the wind are found to extend to 300 km at 
some local times and pose complications for interpretation of 
Fabry-Perot observations. 

1. Introduction 

The HWM87 empirical model (horizontal wind model) 
[Hedin et al., 1988] of upper thermosphere winds based on 
satellite data from DE 2 and AE-E provided a unified 
description of the meridional and zonal winds in a manner 
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similar to the MSIS-86 model of temperature, density, and 
composition [Hedin, 1987]. Data were available for only a 
limited range of solar activities and altitudes, but it was shown 
that predictions for low and mid latitudes were similar to 
published ground-based measurements. Miller et al. [ 1990] 
have shown that winds inferred from ionosonde data are also in 

remarkably good agreement with HWM87. 
This paper presents a revised model (designated HWM90) 

that incorporates ground-based data from several incoherent 
scatter radar and Fabry-Perot optical interferometers extending 
the data coverage in both solar activity and altitude. Extensive 
comparisons are made of the data with both the new and the 
older model. The basic harmonic expansions used in HWM87 
have been extended to accommodate the new data. The lower- 

altitude limit of the model has been reduced from 220 km to 

100 km. 

2. Data Selection 

The primary data incorporated in this study were gathered by 
satellite, ground-based incoherent scatter radar, and ground- 
based Fabry-Perot optical instrumentation, supplemented at the 
lower boundary by summaries of MF/meteor radar and older 
rocket data. Most of the data were obtained from original data 
bases but were in some cases derived from published figures, 
models, or summary tables. 

The satellite data consist of zonal winds from the wind and 

temperature spectrometer (WATS) [Spencer et al., 1981] and 
meridional winds from the Fabry-Perot interferometer (FPI) 
[Hays et al., 1981] on the polar-orbiting DE 2 satellite during 
late 1981 to early 1983, and a mix of meridional and zonal 
winds from the neutral atmosphere temperature experiment 
(NATE) [Spencer et al., 1973] on the near-equatorial AE-E 
satellite during 1975 to 1978. These data were the same as 
those used in generating HWM87 (except lower-altitude AE-E 
data are now used) and discussed in the previous paper. The 
WATS and FPI data from DE 2 range in altitude from 220 to 
600 km at high solar activity. The NATE data from AE-E 
range in altitude from 135 to 400 km at low to moderate solar 
activities. 

The incoherent scatter and Fabry-Perot data sets are 
summarized in Table 1. Generally, Fabry-Perot measurements 
are taken only during local night and assume the vertical wind 
is zero. Incoherent scatter F region data are available for all 
local times, but nighttime data are expected to be less accurate 
than daytime data because of corrections for ambipolar 
diffusion, based partly on quantities estimated from models, 
which are more important at night. Except at high latitudes, 
incoherent scatter E region data are generally only reliable 
during daytime because of low signal levels at night. For 
Sondrestrom, Millstone Hill, and Arecibo, meridional winds 
along the magnetic meridian were derived in a uniform fashion 
[Wickwar, 1989] from the 1983 to 1987 incoherent scatter 

radar ionospheric data (the "MERWIND" tape) assuming an 
atomic oxygen ion-neutral collision frequency of 1.7 [Burnside 
et al., 1987] times the values given by Schunk and Walker 
[1973]. 

Local time average meridional and zonal winds obtained by 
MF/meteor radar between 90 and 111 lcm for Adelaide, Afianta, 
Christchurch, Kyoto, Saskatoon, and Townsville, over varying 
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parts of the 1976 to 1984 time period, were used from 
tabulations by Manson et al. [1985]. Local time average 
meridional and zonal winds summarizing older rocket and 
meteor radar data in the 100- to 130-krn altitude range were 
used from tabulations by Groves [ 1969]. 

3. Model Formulation 

The HWM90 model is an extension of the HWM87 model, 

which is described in considerable detail by Hedin et al. 
[1988]. Here only the main points will be summarized, and the 
principal new features described. The HWM90 model requires 
the user to input the day of year, time of day (UT), altitude, 
geographic latitude and longitude, local solar time, 3-month 
average and previous day value of the 10.7-cm solar flux 
index, and either the daily Ap magnetic index or prescibed 
history of 3-hour ap indices. 

The HWM87 model represented spatial (latitude and 
longitude or local time) variations in the thermosphefic 
horizontal wind vector by an expansion in vector spherical 
harmonics [Morse and Feshbach, 1953] with each expansion 
coefficient represented by a Fourier series in universal time 
and/or day of year as appropriate. There were no altitude or 
solar activity variations. The expansion involves two 
orthogonal vector fields, the divergence B field and the 
rotational C field. 

In HWM90, two functional forms are used for the altitude 
variation. Above 200 km where viscosity is expected to limit 
altitude gradients, the altitude variations of the zonal and 
mefidional wind components are each represented by a 
extension of the Bates formula [Bates, 1959] as used for 
thermospheric temperature profiles, which uncouples the lower 
bound gradient from the rate of convergence to a high-altitude 
asymptote: 

U = Uinf + [(Ulb - Uinf) + (Ulb - Uinf + U'lb)(Zlb-z)/Hw] 

*exp((zlb-z)/Hw) (1) 

where u is the meridional (or zonal) wind, z is altitude in 
kilometers, Zlb is the altitude of a lower bound (200 km), Hw is 
a wind scale height, U'lb is the wind gradient and Ul• the wind 
value at Zl•, and Uinf the asymptotic value in the high 
thermosphere (the exospheric value in analogy to the 
exospheric temperature). This formula allows specification, in 
general, of a wind magnitude and altitude gradient at a lower 
bound, an asymptotic or exospheric value, and the rate of 
convergence to the asymptote through a wind scale height. It is 
assumed that the wind varies with height on a scale similar to 
the atmospheric scale height in the upper thermosphere 
[Rishbeth, 1972], and for the present model this scale height 
was taken as 62.5 km, the approximate average pressure scale 
height in the thermosphere from MSIS-86. 

Below 200 km the wind profiles are represented by a cubic 
spline, defined by cubic polynomials between specified nodes 
with first and second derivatives continuous across interior 

nodes. The nodes were chosen to be at 200, 150, 130, 115, 
and 100 km. The wind magnitude and altitude gradient are 
matched at 200 km with the upper thermosphere values, and in 
addition the altitude gradient is specified at 100 km. The nodes 
were not chosen equally spaced because there is relatively litfie 
data available between 130 and 250 km to support a higher- 
resolution description at present. Some example profiles from 
the model are shown in Figure 1. In general, wind magnitudes 
are smaller at lower altitudes and have sharper altitude 
gradients. Other details will be discussed later in this paper. 
Note, however, that the altitude profiles between 130 and 220 
km may be less valid than for other altitude regions, given the 
paucity of data in this region, particularly for the zonal 
component, for which there is only the equatorial AE-E data. 
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Fig. 1. Annual and longitudinal average HWM90 model (solid 
lines) northward mefidional and eastward zonal winds versus 
altitude for two local times at 45øN latitude. Results from 

HWM87 are also shown (dash-dot). 

The spatial and temporal variation of the wind is described 
by expanding the exospheric wind, the wind at each of the 
cubic spline nodes, and the altitude gradients at 200 km and 
100 km in terms of a spherical harmonic expansion similar to 
that used for the HWM87 model. Because of the sparsity of 
data between 130 and 220 km and concern with providing 
reasonable continuity through this region, a simplification was 
introduced for the winds at 150 and 200 km and the gradient at 
200 km. These values were assumed to be basically 
proportional to the exospheric wind values augmented with 
additional semidiurnal terms. The proportionality was found to 
be 0.62 at 200 km and 0.5 at 150 km. 

The harmonic expansion formulation is modified from 
HWM87 by inclusion of higher-order terms, more annual/daily 
variation cross terms (seasonal variations), and multipliers for 
solar activity variations. The terms used in this model are 
summarized and compared to HWM87 in Table 2. The 
classification into symmetrical and asymmetrical is with respect 
to reflection about the equator with symmetrical meaning the 
vector spherical harmonic term provides zonal winds which 
have the same direction across the equator while the mefidional 
wind changes direction. The column value "m" refers to the 
longitudinal (or local time) harmonic content (0 means no 
longitudinal variation, 1 the first harmonic, etc.). The "n" 
value is the latitude harmonic order and is always equal to or 
larger than "m". If the n-m value is even, then the B field term 
is symmetric and the C field term is asymmetric. The higher 
the order "n" the greater the latitude variability that can be 
represented. Terms of order higher than those in the table were 
not found to be significant in fitting the present data set. In 
Table 2 a dash means this term is not included for this node 

while the quote symbol is a reminder that this node was linked 
to the exospheric wind values via an overall multiplier for this 
node. 

Only the simplest solar activity dependence was considered 
in this model in the form of linearly scaling various groups of 
terms by a sum of the 81-day mean 10.7-cm solar flux index 
and fraction of the daily minus mean index. This procedure is 
analogous to that used in modeling neutral temperature; the 
current data coverage is inadequate to support a more detailed 
description. The daily solar flux variations were marginally 
found to be only 10% as effective as the mean flux variations in 
describing wind variations. In contrast, the daily flux 
variations are about 30 to 50% as effective as the mean flux 

variations in describing total density and temperature variations 



7660 Hedin et al.' Revised Global Wind Model, HWM 90 

TABLE 2a. Maximum B Field Spherical Harmonic Order (n) 

Term 

B Field Parameter (Node Altitude, km) 

m HWM87 Exosphere 200 150 130 115 100 

Gradient 

200 100 

Symmetrical 
Time independent 
Time independent-F10.7 

multiplier 
Diumal 

Diumal-semiannual 

Diumal-Ap 
Semidiurnal 

Semidiurnal-Annual 

Semidiumal-Ap 
Semidiurnal-F10.7 

multiplier 
Terdiurnal 

Longitude 
Ap 

Asymmetrical 
Annual 

Diumal 

Diurnal-annual 

Semidiurnal 

Semidiurnal-annual 

Semidiurnal-F10.7 

multiplier 
Longitude 
Longitude-Ap 
UT 

UT-Ap 

0 4 4 .... 2 2 4 
0 - 0 .... - - - 

1 3 3 .... 3 5 3 
1 - 3 .... - - - 

1 .... 3 5 - 
2 2 6 6 2 4 4 2 
2 - 2 .... - - - 

2 - 2 .... - - - 

0 - 0 .... - - - 

3 3 7 .... - - - 

2 - 6 .... - - - 

0 4 6 .... - 2 - 

0 1 1 .... 

1 - 2 .... 

1 - 4 .... 

2 - 7 .... 

2 - 3 3 3 
0 - 0 .... 

1 2 2 .... 

1 - 6 .... 

0 - 5 .... 

0 3 3 .... 

See text discussion. 

in MSIS-86, although the effect on the pressure gradient force 
is more complex and not readily generalized. 

The determination of the harmonic coefficients for the 

various nodes of the wind profile is accomplished by a least 
squares fit to selected subsets of the data. As in HWM87, 
magnetic activity terms were determined for the daily Ap and 
3- hour ap indices independently. For the 200- to 350-kin 
altitude region where there is the most overlap of various data 
sets, the average departures and standard deviations of the more 
complete data sets from the model, subdivided by broad latitude 
regions, are given in Table 3 for days with Ap<20. Data 
extracted from publications have considerably less spread in 
their data to model differences than data from original data 
bases. The data to model spread is also higher at high latitudes 
where both the systematic and random variations are larger. 
Figures 2 and 3 illustrate the differences between data and 
model as a function of local time for the various data sources. 

The data spread indicated by the error bars is a combination of 
modeling errors and experimental errors. In these and other 
plots for this altitude region the radar data (except for St. 
Santin) were limited to 200 to 300 km to provide the most 
consistent comparison. The model wind corresponding to a 
given data point is always calculated by combining meridional 
and zonal winds if necessary when the measurement is not in 
the geographic northward or eastward direction. Although the 

longitude and UT terms included in the model do allow for 
systematic differences between observing sites, some 
systematic differences remain, particularly at high latitudes. 
Winds in the lower thermosphere are also highly variable due, 
in part, to day to day changes in apparent tidal amplitudes 
which are not included in the model. 

4. Model Examples and Comparisons 

4.1. Daily Variations at High Altitude 

For altitudes between 200 and 350 km, where there are 
overlapping ground-based and satellite meridional wind 
measurements, it is interesting to bin the data in local time and 
compare with the average model winds calculated for the 
conditions of the data. This displays the actual measured daily 
variation for the various data sets and in a general way how the 
model varies with local time. However, the intercomparison 
between individual data sets in this type of presentation can be 
somewhat misleading because some data are reported in 
geographic coordinates and some in magnetic, although in most 
cases this is not a major difference. Also, the data coverage for 
various local times is not uniform in season and other 

parameters, and thus the model curve does not necessarily 
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TABLE 2b. Maximum C Field Spherical Harmonic Order (n) 

C Field Parameter (Node Altitude, km) 

Gradient 

m HWM87 Exosphere 200 150 130 115 100 200 100 

Symmetrical 
Time independent 0 5 
Time independent-F10.7 0 - 
multiplier 

Semiannual 0 - 

Diurnal 1 8 

Diurnal-F10.7 multiplier 0 - 
Diumal-Ap 1 - 
Diumal-Ap multiplier 0 0 
Semidiurnal 2 - 

Semidiumal-Ap 2 - 
Terdiumal 3 - 

Longitude 2 - 
Longitude-asymmetric 0 - 
multiplier 

Longitude-F10.7 multiplier 0 - 
Ap 0 3 

Asymmetrical 
Time independent 0 12 
Time independent-F10.7 0 - 
multiplier 

Annual 0 2 

Annual-F10.7 multiplier 0 - 
Diurnal 1 9 

Diurnal-annual 1 1 

Diurnal-F10.7 multiplier 0 - 
Diurnal-annual-F10.7 0 - 

multiplier 
Semidiurnal 2 8 
Semidiurnal-annual 2 2 
Terdiurnal-annual 3 - 

Longitude 1 9 
Longitude-asymmetric 0 - 
multiplier 

Longitude-F10.7 multiplier 0 - 
Longitude-Ap multiplier 0 - 
UT 0 10 

UT-longitude 2 10 
UT-F10.7 multiplier 0 - 
UT-Ap multiplier 0 - 

2 tt tt 

tt tt 

tt tt 

tt tt 

tt tt 

tt tt 

tt tt 

tt tt 

tt tt 

4 2 2 

tt tt 

tt tt 

tt tt 

tt tt 

tt tt 

tt tt 

tt tt 

2 4 2 
_ - 

_ - 

_ - 

_ - 

_ - 

show local time variations for average or fixed conditions. 
Data overlap in altitude for zonal winds is poorer than for 
meridional, since the DE 2 mass spectrometer data are 
predominanfiy above 300 km. 

High-latitude meridional wind data for three seasons 
(summer refers to the June solstice for northern hemisphere 
data and December solstice for southern hemisphere data) are 
compared in Figure 4 with model winds calculated for the 
conditions of the data. In the northern hemisphere there is a 
fair degree of overlap between the radar (Sondrestrom), 
ground-based optical (Sondrestrom, Svalbard, and College), 
and satellite (DE 2) data. The revised model generally fits the 

total data better than HWM87, particularly where satellite data 
are lacking at midday. The DE satellite data do have a slightly 
larger diurnal variation than the ground-based data, and thus are 
more like HWM87. The College Fabry-Perot data are least 
well represented by the model, being more northward on 
average than the model and with a smaller diurnal variation. 
The summer evening model winds are not as southward as 
observed by the Sondrestrom radar. There does not appear to 
be a similar difference in the southern summer or northern 

winter. Note, however, that the nighttime radar winds are 
systematically more southward than the Fabry-Perot 
observations for the same site in other seasons. Part of the 
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TABLE 3a. Meridional Wind Differences From HWM90 Between 200 and 350 km 

For the Northern Hemisphere 

Data Set 

Latitude Latitude Latitude 

60øN to 90øN 30øN to 60øN 0 ø to 30øN 

avg sd pts avg sd pts avg sd pts 

DE 2 FP -6 99 3466 

Sondrestrom FP 32 127 1635 

Sondrestrom IS -27 147 7683 

Svalbard FP 11 110 2949 

College FP 52 114 588 

DE 2 FP -9 43 1425 

Millstone Hill IS -4 72 11917 

St. Santin IS 0 18 768 

Fritz Peak FP -3 28 289 

DE 2 FP 0 39 539 

Arecibo IS -9 50 7235 

Arecibo FP 1 47 2077 

AE-E MS 2 54 9637 

Here avg is average, sd is standard deviation, and pts is points. FP is Fabry-Perot, IS is incoherent scatter 
radar, and MS is mass spectrometer. 

TABLE 3b. Meridional Wind Differences From HWM90 Between 200 and 350 km 

For the Southern Hemisphere 

Latitude Latitude Latitude 

60'S to 90'S 30'S to 60'S 0* to 30'S 

Data Set avg sd pts avg sd pts avg sd pts 

DE 2 FP 4 97 2563 

Mawson FP -28 61 26 

DE 2 FP -5 51 1651 

Mt. Torrens 4 41 34 

DE 2 FP 1 49 594 

Arequipa FP 0 71 1189 
AE-E MS 14 57 11121 

difference between radar and Fabry-Perot could be due to the 
uncertainty in the knowledge of the neutral-ion collision 
frequency. In the southern hemisphere, the Mawson optical 
data are more southward in the evening than the satellite data. 
In general, data coverage is very sparse in the southern 
hemisphere and totally lacking in winter. 

Because there are greater differences in observing conditions 
for the high northern latitude data than for lower latitudes, 
Figure 5 shows data for all seasons from the different sources 
each compared separately with the wind models. This figure 
shows that the model does adjust in part for the different 
observation conditions at each site. 

Mid-latitude meridional wind data for three seasons are 

compared in Figure 6. In the northern hemisphere, agreement 
between the radar (Millstone Hill and St. Sanfin), ground-based 
optical (Fritz Peak), and satellite (DE 2) data sets is rather 
good. There is a systematic seasonal change, most evident in 
the early evening hours, that is well represented by the 
HWM90 model. The satellite data did not have sufficient 

coverage to detect this variation, and it is not present in 
HWM87. Although southern hemisphere data are again sparse, 
there is fairly good agreement between the Mt. Torrens optical 
and DE 2 satellite data and with both HWM90 and HWM87. 

Low-latitude meridional wind data for three seasons are 
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TABLE 3c. Zonal Wind Differences From HWM90 Between 200 and 350 km 

For the Northern Hemisphere 

Data Set 

Latitude Latitude Latitude 

60'N to 90'N 30'N to 60'N 0' to 30'N 

avg sd pts avg sd pts avg sd pts 

DE 2 MS 

Sondrestrom FP 

Svalbard FP 

College FP 

DE 2 MS 

Fritz Peak FP 

DE 2 MS 

Arecibo FP 

- 18 154 1899 

-4 131 1652 

-5 149 2789 

-4 126 597 

-6 48 

-2 24 

1336 

301 

4 46 916 

4 57 2764 

TABLE 3d. Zonal Wind Differences From HWM90 Between 200 and 350 km 

For the Southern Hemisphere 

Data Set 

Latitude Latitude Latitude 

60'S to 90'S 30'S to 60'S 0' to 30'S 

avg sd pts avg sd pts avg sd pts 

DE 2 MS -13 135 1390 

Mawson FP -28 113 26 

DE 2 MS 

Mt. Torrens 

DE 2 MS 

Arequipa FP 

-1 50 1388 

5 36 32 

-10 40 807 

10 67 1244 

compared in Figure 7. In the northern hemisphere, although 
agreement between the ground-based radar and optical 
measurements at Arecibo and the DE 2 and AE-E satellites is 

generally good, the radar measurements are systematically more 
northward in the summer early evening. In the southern 
hemisphere, the ground based optical data from Arequipa and 
the DE 2 and AE-E satellite data are in fairly good agreement 
except in the early equinox evening where Arequipa winds are 
more southward. The HWM90 is Significantly better in fitting 
the southern winter data. 

High-latitude zonal wind data for three seasons are shown in 
Figure 8. At high latitudes the lack of radar data means the 
local time coverage is generally poorer than for the meridional 
component, although data are present for all seasons. In the 
northern hemisphere, the ground-based optical data 
(Sondrestrom, Svalbard, and College) are in fair agreement 
with the DE 2 mass spectrometer data but appear to have a 
systematically smaller diurnal variation than the satellite data. 
This difference is reflected in a somewhat smaller diurnal 

variation in the HWM90 than in the HWM87. In the southern 

hemisphere there is an indication of the same type of difference 
between the Mawson optical data and the satellite data. The 
high northern latitude data for all seasons from different 
sources are compared separately with the wind models in 
Figure 9. 

Mid-latitude zonal wind data for three seasons are shown in 

Figure 10. In the northern hemisphere, the Fritz Peak optical 
and DE 2 satellite mass spectrometer data are in good agree- 
ment, and similarly in the south between the Mt. Torrens 
optical and DE 2 satellite data. The HWM90 diurnal amplitude 
is slightly smaller than the HWM87 and in better overall 
agreement with the data. Coverage is inadequate to clearly 
delineate seasonal differences. 

Low-latitude zonal wind data for three seasons are shown in 

Figure 11. In the northern hemisphere, the Arecibo optical and 
DE 2 data are in fairly good agreement, as are the Arequipa 
optical and DE 2 data in the southern hemisphere, although the 
Arequipa data appear somewhat more eastward in the early 
evening than the satellite data. In northern summer the older 
model appears somewhat better than the newer. 
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Fig. 2. Difference between measured and HWM90 model meridional winds (positive northward) versus local 
time for six latitude groupings. Data taken between 200 and 350 km for Ap<20 were averaged in 2-hour local 
time bins separated by some. The bars indicate the standard deviation of the data within each altitude bin 
(when larger than the symbol). The plot symbols indicate data source as follows: C - Mt. Torrens FP; D - 
Mawson FP; I - AE-E MS; J - DE 2 MS; P - Sondrestrom FP; V - Svalbard FP; W - Fritz Peak FP; X - 
Arecibo FP; Z - Sondrestrom IS; 3 - Millstone Hill IS; 4 - DE 2 FP; 5 - St. Santin IS; 6 - Arecibo IS; 8 - 
Arequipa FP; and 9 - College FP. (FP is Fabry-Perot interferometer, MS is mass spectrometer, and iS is 
incoherent scatter radar.) The data points are offset in local time from the center of the bin for clarity. 
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Fig. 3. Same as Figure 2 for zonal winds (positive eastward) between 200 and 350 km. 
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Fig. 4. Measured meridional wind versus local time for three seasons at high latitudes. Data taken between 
200 and 350 km for Ap<20 were averaged in 2-hour local time bins separated by source. The HWM90 (solid 
line) and HWM87 (dashed line) winds calculated for each data point and averaged in 2-hour bins are shown 
for comparison. The plot symbols indicate data source as in Figure 2. 
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Fig. 5. Measured meridional wind versus local time for high-latitude sites. Data taken between 200 and 350 
km for Ap<20 were averaged in 2-hour local time bins separated by source. The HWM90 (solid line) and 
HWM87 (dashed line) winds calculated for each data point and averaged in 2-hour bins are shown for 
comparison. The plot symbols indicate logarithm base 2 of the number of data points in each bin. 
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4.2. Daily Voyiations at Low Altitude 

Only the incoherent scatter radar and the AE-E satellite mass 
spectrometer results cover an extended altitude range including 
the 130- to 220-km region. Figure 12 shows local time versus 
altitude contour maps of binned meridional wind data from the 
MERWIND tape and the corresponding model predictions. At 
low latitudes there is insufficient ionization to obtain nighttime 
data below about 200 km. Nevertheless, the transition to a 

predominantly semidiurnal variation is seen and fairly well 
captured by the model. The semidiurnal variation becomes 
obvious only at the lowest altitudes. At both mid and high 
latitudes in the evening hours there is a marked altitude gradient 
below 300 km, while the altitude variations are rather small 

near noon. This evidence for a significant altitude gradient as 
high as 300 km complicates the interpretation of ground-based 
Fabry-Perot measurements, since the point by point altitudes 
can only be estimated and for simplicity are frequently assumed 
constant (as in this study). Systematic variations in the altitude 
of the peak airglow emission have been estimated for Arecibo 
[Burnside and Tepley, 1989] and College [Sica et al., 1986b], 
and it would be desirable to include such estimates as a murine 

part of the resulting wind data bases. 
Only the AE-E satellite data near the equator provide any 

constraint for zonal winds in the 130- to 220-km region. For 
most of the globe, the winds in this altitude range are thus 
simply extrapolations. 

The calculation of meridional winds along the magnetic 
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Fig. 12. Contour plots in altitude versus local time of meridional winds (along the magnetic meridian) are 
shown on the left for (a) Sondrestrom, (b) Millstone Hill, and (c) Arecibo. Corresponding HWM90 model 
winds are shown on the right (d,e,f). 
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meridian from ion drifts at Arecibo and St. Santin obtained for 

lower thermosphere studies provides another somewhat 
extended look at the transition between the upper and lower 
thermosphere as seen in Figure 13. The scale height for phase 
variations in the semidiurnal wind is shorter at Arecibo than at 

St. Santin and suggests the need for even more altitude 
resolution to represent the low-latitude phase variations. 

Meridional and zonal winds in the 90- to 130-km region 
have been determined at EISCAT, Chatanika, and Millstone 

Hill by combining E region ion drift measurements with electric 
field measurements in the F region. These are compared in 
Figures 14 and 15 with HWM90. At high latitudes, rapid 
phase changes are not a problem, but the observed amplitude, 
particularly of the zonal variation, is underestimated by the 
model and apparently requires a higher harmonic order in 
latitude to describe fully. However, there are essentially only 
data at three latitudes, which are not sufficient to uniquely 
determine more harmonics. The amplitude of the meridional 
variation at St. Santin (Figure 13) tends to be a minimum near 
120 km, but a maximum at Millstone (Figure 14). Whether this 
is a systematic longitude difference, sampling problem, or data 
reduction problem is not clear with the present data sets. 

4.3. Annual Variations at High Altitude 

The annual variation of meridional wind data between 200 

and 350 km for six latitude groups is shown in Figure 16, 
where the HWM90 model with no annual variation terms has 

been subtracted from the data in order to emphasize the 
relatively small diurnally averaged annual variations and then 

compared to the annual variation terms of the model calculated 
at the data points. As expected from HWM87, there is little 
annual variation at high latitudes, but at mid and low latitudes 
the annual variation in the meridional wind is well defined and 

in rather good agreement between the various optical and 
satellite data sets. The most obvious discrepancy is a more 
southward wind than average in the late fall at both the Arecibo 
and Millstone Hill radars. The annual variation from the 

Arecibo Fabry-Perot is slightly smaller than the model but quite 
different from the radar in the late fall. 

The annual variation of zonal wind data between 200 and 

350 km for six latitude groups is shown in Figure 17, where 
the HWM90 model with no annual variation terms has been 

subtracted from the data in order to emphasize diurnally 
averaged annual variations and then compared to the annual 
variation terms of the model calculated at the data points. An 
annual variation is present in all latitude groups, and there is a 
fair agreement among the ground-based optical and satellite 
mass spectrometer data. The Arecibo optical data at a low 
northern latitude show a significantly smaller amplitude than 
modeled. Although not yet available for the whole year, the 
Arequipa data at a low southern latitude appear to be consistent 
with or have an even larger annual variation than the model. 

4.4. Annual Variations at Low Altitude 

The lower thermosphere Arecibo and St. Santin magnetic 
meridian data show the transition of the annual variation 

between the upper and lower thermosphere as seen in Figure 
18. There is evidently a reversal from winds flowing away 
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Fig. 14. Same as Figure 13 for EISCAT, Chatanika, and Millstone Hill with corresponding model winds. 

from the summer hemisphere to winds flowing toward the 
summer hemisphere near 140 km, with the model reversal 
being lower in altitude than indicated by these data• This 
reverse cell appears to weaken approaching 100 km. 

At 100 km there is an overlap of incoherent scatter data near 
the lower limit of their altitude range of availability and 
MF/meteor r_a_rl__a• data near the upper limit of their altitude range 
of availability. The annual variation of these data and a Groves 
[ 1969] model of older data are compared to the HWM90 model 
in Figures 19 and 20 for the altitude range 98 to 107 km. The 
MF radar and Groves model tend to show flow away from the 
summer hemisphere at low latitudes, while the incoherent 
scatter data tend to show flow toward the summer hemisphere. 
This result may be a consequence of being near a transition 
altitude as suggested above (Figure 18). The zonal winds are 
more in harmony with each other and show a trend for 

eastward flow in the summer hemisphere and westward in the 
winter. The zonal winds also show a small semiannual 

variation which is not obvious in the upper thermosphere data 
despite the general prevalence of semiannual variations in 
temperature and density. 

The rather small annual average prevailing meridional wind 
is away from the equator in the HWM90 model and generally 
toward the equator in the Groves model near 100 km (Figure 
21). The HWM90 result is more in harmony with the 
incoherent scatter data, but also in reasonable agreement with 
the lVIF radar data. The annual average prevailing zonal wind is 
eastward at mid latitudes and slightly westward near the 
equator. This is in general agreement with all the data although 
the EISCAT and Chatanika data suggest an even stronger zonal 
flow at high latitudes. 
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4.5. Loneitude Variations 

One of the reasons for discrepancies between data sets in 
Figures 4-10 is longitude/UT variations, which are most 
prominent at high latitudes. Figure 22 shows data from high 
northern latitudes which have the HWM90 model subtracted 

with longitude/UT terms set to zero and then compared to the 
longitude/UT terms of the model. Satellite data taken in the 
local evening show a systematic variation around a latitude 
circle which is fairly consistent with the ground stations and 
shows that College should have more northward winds than 
average. The model captures most, but not all, of this 
variation. The example for zonal winds in the morning hours 
shows a smaller difference between ground stations than 
shown by the satellite data and model. 

Small systematic longitude variations can be seen in the 
zonal wind even near the equator. Figure 23 shows longitude 
variations in the zonal wind at Arecibo and Arequipa. 
According to model and satellite data, Arecibo should have a 
more westward wind than average and Arequipa a more 
eastward wind than average, and this is consistent with the 
ground-based data. 

4.6. Solar Activity Variations 
_ 

One of the goals of this study was the detection and 
modeling of solar activity effects. Figures 24 and 25 show 
model predictions of the 250-km mefidional and zonal winds 
versus local time for three solar activity levels and the latitudes 

for which ground data are available. Compared to the diurnal 
variation itself, solar activity variations are relatively small and 
depend on local time and season as well. While the coefficients 
retained in the model describing the solar activity variations 
were statistically significant, independent confn'rnation by 
obvious trends in individual data sets which cover a wide range 
of solar activity is either marginal or not possible with the 
current data. Trends are largely the result of differences 
between different data sets taken at different parts of the solar 
cycle. If desired, the solar activity effect in the model can be 
ignored by maintaining the 10.7-cm solar flux index at a 
nominal value of 150. 

The variation of meridional wind as a function of solar 

activity (10.7-cm flux) is shown in Figure 26 for northern mid 
and high latitudes for two local time divisions. The data have 
been normalized by the HWM90 model with the solar activity 
terms set to zero and then compared to the model predictions 
for the actual data points. During the daytime at high latitudes, 
there is positive (northward) trend in both the Sondrestrom 
radar and optical data with increasing solar activity, but nothing 
obvious in the Svalbard or satellite data except for the highest 
solar flux point. At night there is no overall trend, but Svalbard 
winds may be decreasing (becoming more southward). At mid 
latitudes, the Millstone Hill radar shows a positive trend in the 
daytime larger than the average trend, but overall the correlation 
depends on a few extreme points. A long-term study at Fritz 
Peak [Hernandez and Roble, 1984] showed that solar cycle 
effects depended on local time, season, and look direction. 

At low latitudes (Figure 27), a small solar activity 
dependence of the semidiurnal meridional variation is 
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Fig. 20. Same as Figure 19 for zonal winds (positive eastward). 

suggested. Here the Arecibo optical data do cover a whole 
solar cycle and help support the trends, but the magnitude is 
small. Burnside and Tepley [ 1989] concluded that the wind 
field at Arecibo is remarkably unaffected by changes in the 
solar cycle, and the present analysis is in general agreement 
with this conclusion. 

The variation of zonal wind as a function of solar activity is 
shown in Figure 28 for the northern hemisphere for two local 
time divisions. There is fairly clear negative (westward) trend 
with increasing solar activity at the higher latitudes and positive 
(eastward) at the lower latitudes. The lack of smoothness in the 
model curves is a result of rather erratic coverage in terms of 
altitude, season, etc., at the various solar fluxes. 

Complicating the analysis of solar activity variations are 
systematic correlations in the data. Through accidents of 
launch date and operations, both the AE-E and DE 2 satellite 
data have a general correlation between increasing altitude and 
increasing solar flux. Also, Burnside and Tepley [1989] 

suggest that the reference altitude for Fabry-Perot observations 
may change systematically with the solar cycle. 

In contrast to the dominance of solar activity variations in 
thermospheric neutral temperature, density, and pressure, the 
best that can so far be said for solar activity effects in neutral 
winds is that they are more likely present at high latitudes than 
low, but are in any case relatively small compared to other 
types of variations and probably have a complex dependence on 
local time, season, altitude, and longitude. The results suggest 
that changes in coupling of the polar vortex with the neutral 
atmosphere over the solar cycle (because of changes in electron 
density), and perhaps seasonally, are more effective in 
changing the neutral wind than direct changes in solar heating. 
Changes in the pressure gradient forces over a solar cycle are 
not simply proportional to the overall temperature and density 
changes, because of changes in scale height, and when coupled 
with changes in ion drag apparently lead to only modest 
changes in wind magnitudes. 
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5. Summary 

Thermospheric wind data obtained from the Atmosphere 
Explorer E and Dynamics Explorer 2 satellites have been 
combined with wind data for the lower and upper thermosphere 
from ground-based incoherent scatter radar and Fabry-Perot 
optical interferometers to generate a revision, called HWM90, 
of the HWM87 empirical model. This revision extends the 
range of altitude applicability of the model to 100 km. 
Comparison of the various data sets with the aid of the model 
shows in general remarkable agreement, particularly at mid and 
low latitudes, although there appear to be some systematic 
differences between radar and optical measurements. The 
ground-based data allow modeling of seasonal/diurnal 
variations, which are most distinct at mid latitudes. However, 
the satellite data aid in comparing the ground-based data in the 

context of their individual longitudes, latitudes, and altitudes. 
While solar activity variations are now included, they are 

found to be small and not always very clearly delineated by the 
current data. They are most obvious at the higher latitudes, but 
appear to have a complex dependence on other variables. The 
importance of having a long series of data from a given 
insu'ument can hardly be overemphasized in the analysis of 
solar activity variations, but the support of various types of 
measurements is needed to sort out the complex picture. 

The model describes the transition from predominately 
diurnal variations in the upper thermosphere to semidiurnal 
variations in the lower thermosphere and a transition from 
summer to winter flow above 140 km to winter to summer 

flow below. Significant altitude gradients in the wind are 
found to extend to 300 km at some local times and pose 
complications for interpretation of Fabry-Perot observations. 
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Agreement with MF/meteor radar at the lower boundary of the 
present model is encouraging for further modeling efforts in the 
lower thermosphere. 

A FORTRAN subroutine is available from the National 

Space Science Data Center Request Coordinator Office 
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MD 20771; Tel. (301)286-6695; Span NCF::REQUEST). 
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source as in Figure 2. 
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