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Motivation 
With the increasing complexity of 
coupled whole atmosphere models it 
is important to have an accurate 
observationally derived 
climatological specification of the 
atmosphere’s wind fields. 

HWM is able to provide a reasonable 
representation the variations of 
middle- and upper-atmosphere 
winds because they are 
predominantly driven by in situ solar 
heating under the periodic cyclical 
influence of the earth’s rotation, tilt, 
and orbit around the sun. 

When and where appropriate, HWM 
reduces the computational 
complexity of theoretical and applied 
calculations by avoiding the need to 
simultaneously compute the wind 
fields from first principles. 
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Observational Data 

profiles of Doppler shifts in various airglow emissions, from
which height-resolved vector horizontal winds were de-
rived. The most frequently observed optical emission lines
were the 557.7 nm O1S green line (90–300 km altitude
during the day, 90–110 km at night) and the 630.0 nm O1D
red line (daytime 125–300 km, nighttime 225–300 km).
The height resolution is 3 km below 120 km, and 5 km
above 120 km. The data cover latitudes up to 72!, except for
nighttime upper thermospheric measurements, which only
extend to 42!. For HWM07, we used green and red line
observations from data version 5.11, which covers the

period November 1991 to August 1997 and includes
595,000 height profiles measured on 1109 different days.
[11] The WINDII data are supplemented by new and

extensive ground-based FPI measurements from 11 differ-
ent locations. These additions, available from the CEDAR
database (http://cedarweb.hao.ucar.edu), improve latitudinal
coverage, particularly in the southern hemisphere. Several
of the data sets cover one or more solar cycles. Additional
details regarding these instruments, reduction methods, and
coverage are provided by Emmert et al. [2006a] and the
CEDAR database.

Table 1. HWM07 Observational Database Summary

Instrument Location Height (km) Years Local Time Days Data Points Reference

Satellite
AE-E NATEa ±18.0!N 220–400 1975–1979 both 799 200,500 Spencer et al. [1973]
DE 2 WATSb ±89.0!N 200–600 1981–1983 both 536 391,500 Spencer et al. [1981]
DE 2 FPIc ±89.0!N 250 1981–1983 both 308 47,600 Hays et al. [1981]
UARS HRDI ±72.0!N 50–115 1993–1994 day 834 30,100,000 Hays et al. [1993]
UARS WINDII 5577 Å ±72.0!N 90–300 1991–1996 day 949 24,672,000 Shepherd et al. [1993]
UARS WINDII 6300 Å ±42.0!N 200–300 1991–1996 night 243 2,237,942 Shepherd et al. [1993]

Sounding Rocket
Falling Sphere 8!S–60!N 8–98 1969–1991 both 1,186 96,205 Schmidlin et al. [1985]
Rocketsonde 38!S–77!N 2–90 1969–1991 both 5,082 843,000 Schmidlin et al. [1986]
TMA 31!S–70!N 59–277 1956–1998 both 276 92,792 Larsen [2002]

Fabry-Perot Interferometer
Arecibo 18.4!N, 66.8!W 250 1980–1999 night 473 14,198 Burnside and Tepley [1989]
Arequipa 16.2!S, 71.4!W 250 1983–2001 night 1048 32,238 Meriwether et al. [1986]
Arrival Heights 77.8!S, 116.7!E 250 2002–2005 night 535 54,214 Hernandez et al. [1991]
Halley Bay 75.5!S, 26.6!W 250 1988–1998 night 799 82,614 Crickmore et al. [1991]
Millstone Hill 42.6!N, 71.5!W 250 1989–2002 night 1,770 68,333 Sipler et al. [1982]
Mount John 44.0!S, 170.4!E 89, 96, 250 1991–1996 night 560 2,660 Hernandez et al. [1991]
Søndrestrøm 67.0!N, 51.0!W 250 1984–2004 night 1,223 69,734 Killeen et al. [1995]
South Poled 90.0!S 86, 250 1989–1999 night 1,091 163,044 Hernandez et al. [1991]
Svalbarde 78.2!N, 15.6!E 250 1980–1983 night 44 7,472 Smith and Sweeny [1980]
Thule 76.5!N, 68.4!W 250 1987–1989 night 172 21,500 Killeen et al. [1995]
Resolute Bay 74.7!N, 94.9!E 250 2003–2005 night 166 5,299 Wu et al. [2004]
Watson Lake 60.1!N, 128.6!W 250 1991–1992 night 135 28,000 Niciejewski et al. [1996]

Incoherent Scatter Radare

Arecibo 18.3!N, 66.8!W 100–170 1974–1987 day 149 30,600 Harper [1977]
Chatanika 65.1!N, 147.4!W 90–130 1976–1982 day 97 38,721 Johnson et al. [1987]
European Incoherent Scatter 69.6!N, 19.2!E 100–120 1985–1987 day 29 2,900 Williams and Virdi [1989]
Millstone Hill 42.6!N, 71.5!W 120–400 1983–1987 both 142 23,536 Salah and Holt [1974]
Søndrestrøm 67.0!N, 50.9!W 150–400 1983–1987 both 146 19,600 Wickwar et al. [1984]
St. Santinf 44.6!N, 2.2!E 90–165 1973–1985 day 256 18,382 Amayenc [1974]

Medium-Frequency Radarg

Adelaide 34.5!S, 138.5!E 60–98 2001–2004 both 834 481,634 Vincent and Lesicar, 1991
Bribe Island 28.0!S, 153.0!W 60–98 1995 both 280 184,176 Reid [1987]
Davis 68.6!S, 78.0!E 50–100 2001–2004 both 730 526,160 Vincent and Lesicar [1991]
Poker Flat 65.1!N, 147.5!W 44–108 1979–1985 both 1857 2,746,684 Murayama et al. [2000]
Wakkanai 45.4!N, 141.8!E 50–108 1998–2003 both 1538 1,874,672 Murayama et al. [2000]
Yamagawa 31.2!N, 130.6!E 60–98 1998–2003 both 1593 1,040,042 Murayama et al. [2000]

Wind and Temperature Lidar
Fort Collins 40.6!N, 105.1!W 75–115 2002–2002 both 244 93,288 She et al. [2004]

Numerical Weather Prediction Analysish

NOAA GFS Analysis Global 0–35 2002–2007 both 1520 – Kalnay et al. [1990]
NASA GEOS4 Analysis Global 0–55 2002–2007 both 1520 – Bloom et al. [2005]

aCross-track component only.
bZonal component only.
cMeridional component only.
dWithheld for validation purposes.
eFrom original Hedin et al. [1991] database.
fMagnetic meridian component only.
gOnly data below 96 km used.
hGreater than 7,257,600 points per day.
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mately a 50 fold overall increase in the number of obser-
vations. Table 1 provides a synopsis of the new additions, as
well as those data sets carried over to construct the new
model. A visual comparison of the spatiotemporal coverage
of the observations used to generate the HWM93 and
HWM07 models is displayed in Figure 1. Figure 1a shows
the latitude versus altitude cross section of the measure-
ments for HWM93, while Figures 1b shows the
corresponding cross section of a fraction of the measure-

ments (<1% of the data points) used to construct HWM07
(see section 4). In both cases data below 100 km have been
omitted for clarity. Figures 1c and 1d show the latitude
versus local time cross section for the HWM93 and
HWM07 data sets, respectively.
[10] Observations from the Wind Imaging Interferometer

(WINDII) [Shepherd et al., 1993] onboard the UARS is the
most extensive thermospheric data set that was added.
From a circular orbit at 585 km, WINDII measured height

Figure 1. Comparison of HWM93 and HWM07 spatiotemporal coverage of available data sets;
(a) latitude versus altitude cross section of the measurements used to construct HWM93, (b) the
corresponding cross section of a fraction of the measurements (<1 % of the data points) used to construct
HWM07 (see section 4), (c) latitude versus local time cross section for the HWM93 data sets, and (d) a
corresponding fraction of the available measurements from the HWM07 database. The data sets below
100 km have been omitted for clarity.
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complexity of coupled thermosphere-ionosphere models, it
is equally important to have reliable observationally de-
rived climatological specifications of the global thermo-
spheric neutral wind fields. The Horizontal Wind Model
(HWM) [Hedin et al., 1988, 1991; Drob et al., 2008] pro-
vides one such specification. The empirical model describes
the atmosphere’s vector wind fields from the surface to the
exobase (⇠450 km) as function of latitude, longitude, al-
titude, day-of-year, and time-of-day. These specifications
account for the annual and semi-annual variations of the
zonal mean general patterns, recurring global scale station-
ary planetary waves, and the migrating diurnal, semidiurnal,
and terdiurnal tides. The HWM empirical formulation is
able to represent the predominate variations of middle- and
upper-atmosphere to an acceptable degree, because unlike
the quasi-random weather in troposphere, these oscillations
are periodic, driven by in situ solar heating under the cycli-
cal influence of the earth’s rotation, tilt, and orbit around
the sun.

When and where appropriate, HWM reduces the compu-
tational complexity of theoretical and applied calculations
by avoiding the need to simultaneously compute the wind
fields from first principles. For example, HWM provides re-
alistic observational based drivers of the neutral winds for
ionospheric model development and space weather applica-
tions (e.g. Huba et al. [2009]; Kelly et al. [2014]). HWM also
provides a convenient and reliable reference for the valida-
tion and tuning of general circulation models. The HWM
also readily provides a reasonable first guess, as well as a-
priori boundary conditions, for in situ and remote sensing
data retrieval algorithms (e.g. Drob et al. [2009]; Doornbos
et al. [2010]).

This paper describes recent upgrades to the Horizontal
Wind Model (HWM), which address shortcomings of the
previous version identified by new observation, as well as
theoretical considerations. The recent observations include
those ofMeriwether et al. [2011] andMakela et al. [2013] who
indicated discrepancies in the equatorial night-time zonal
mean winds. In tandem first principles ionospheric calcula-
tions using the HWM07 over the earlier HWM93 produced
unsatisfactory results for certain times and locations. For
example Huba et al. [2010] reported di�culties in predict-
ing the observed morphology and drift rate of Equatorial
Spread-F (ESF) bubbles for spring equinox conditions with
HWM07, but not HWM93.

This paper is outlined as follows. Section 2 describes
the HWM model formulation, parameter estimation proce-
dure, and new data sets. Section 3 presents data-model
and model-model comparisons to highlight the main results
of this update; describing statistical performance measures,
the zonal mean circulation, equatorial local-time variations,
and the quiet-time high-latitudes winds. Section 4 discusses
self-consistency of the wind fields with modeled ionospheric
structure, known limitations of the present model, and the
way forward to future improvements.

2. Methodology

As an empirical model HWM provides a readily accessible
statistical view of an comprehensive observational database.
In this approach the salient features of the data are identified
and an appropriate mathematical basis set that can repre-
sent the features chosen. The unknown model parameters,
together with the resolution of the basis functions to avoid
underfitting and overfitting of the available data, are de-
termined via an optimal estimation procedure. The result-
ing model is assumed to be valid within the chosen model
anzatse, resolution, and observational uncertainty. The re-
sulting model uncertainties are of two types; the natural

variability of the system that can not, or is not, represented
by the chosen model basis, and the observational uncertain-
ties of the individual measurements. This approach follows
the earliest forms of operational numerical weather predic-
tion data assimilation techniques known as function fitting
[Daley , 1993]. Unlike for tropospheric meteorology, the ob-
served first-order time evolution of the system is periodic in
nature over both diurnal and annual time scales because the
upper atmospheric general circulation is predominantly an
externally driven system.

2.1. New datasets/Observational Database

Inherent to the estimation of the HWM model coe�-
cient is the analysis and comparison of overlapping, par-
tially overlapping, and disparate data sets. This provides for
data-data and model-data comparisons which can identify
problem data sets, as well as validate new instruments and
measurements techniques. The previous HWM database de-
scribed byDrob et al. [2008] (and references therein) includes
over 60 ⇥ 106 observations from 35 di↵erent instruments
spanning over 50 years. These historical data are available
from both ground- and space-based techniques. The ground-
based techniques include optical 630 nm FPI measurements
and ISR radar measurements. The satellite techniques in-
clude optical techniques and in-situ mass-spectrometer mea-
surements. Table 1 shows a summary of the new obser-
vations added to the database, which includes ⇠ 15 ⇥ 106

observations made over the last ten years from nine new in-
struments. The new HWM14 update contains ⇠ 75 ⇥ 106

observation from 44 di↵erent instruments spanning over 60
years.

John⇥3 and Mark please write anything you would like to
convey about your measurements here; e.g. The majority of
the new data is from ground-based measurement of the 630
nm OI nightglow emssion feature which has a peak volume
emission at an altitude of ⇠250 km and a half-width of ⇠60
km. The doppler shift of this emission can be measured by
observing in the cardinal direction, and recently from multi-
instruments in common volumes, to measure the horizontal
wind vector of the nighttime theremospheric wind.

Eelco please write anything that you would like about
your measurements here; e.g. The second type of data that
contibuted to the HWM upgrade are the inferred/measured
cross-track winds from the GOCE satellite. Although the
GOCEs the cross-track winds are predominantly zonal be-
cause of the satellite’s 83.4� inclination, they provide im-
portant measurement at local times that are historically di�-
cult to measurement by space- and ground-based optical tech-
niques.

Other available observations not yet included in the
HWM database are the magnetic meridional winds derived
from ionosonde measurements [Richards, 1991], cross-track
wind measurement derived from high-precision acceleration
measurements made by the CHAllenging Minisatellite Pay-
load (CHAMP) satellite [Liu et al., 2006; Lühr et al., 2007],
and space-based FPI measurements of the lower thermo-
sphere from the TIMED Imaging Doppler Interferometer
[Killeen et al., 2006]. These measurement can provide in-
dependent validation, as well as be used to improve HWM
in the future.

2.2. Model formulation

The HWM provides climatological average horizonal
winds as a function of day-of-year ⌧ , solar local time �, lat-
itude ✓, longitude �, and altitude z from the ground to the
exobase. The atmosphere’s dominant recurring cyclical cli-
matological variations are represented by a B-spline expan-
sion of Fourier modulated vector spherical harmonic basis
functions,

U(⌧, �, ✓,�, z) =
X

j

�

j

(z)u
j

(⌧, �, ✓,�) (1)
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where �

j

(z) is the amplitude of the j

th vertical weighting
kernel (shown in Figure 1) and u

j

(⌧, �, ✓,�) represents the
periodic lateral spatiotemporal variations. For HWM14 the
B-spline data intervals above 117.5 km have been slightly
revised from HWM07 to reduce ringing of the �

1

basis func-
tion in data sparse regions.

The horizontal variations u

j

(⌧, �, ✓,�) at the j

th model
level are given by the expression,

u(⌧, �, ✓,�) =
NX

n=0

SX

s=0

 
1

(⌧, ✓, s, n)

+
SX

s=0

LX

l=1

NX

n=0

 
2

(⌧, �, ✓, s, l, n)

+
SX

s=0

MX

m=1

NX

n=0

 
3

(⌧,�, ✓, s,m, n). (2)

Equation (2) includes the time independent, annual, and
semiannual harmonics  

1

(⌧, ✓, s, n) for the zonal mean gen-
eral circulation expressed in terms of the seasonal wavenum-
ber s up to S = 2; the westward migrating diurnal, semidi-
urnal, and terdiurnal harmonics  

2

(⌧, �, ✓, s, l, n) expressed
in tidal wavenumber l up to L = 3; and the stationary plan-
etary wave harmonics  

3

(⌧,�, ✓, s,m, n) with longitudinal
wavenumber m up to M = 2. Both the tidal and station-
ary planetary wave harmonics also include annual and semi-
annual amplitude modulation terms (s = 1, s = 2). The
maximum order in latitude for all three sums is N = 8.

Unlike HWW07 were the zonal mean variations  
1

are
expressed as a full a vector spherical harmonic basis, the
HWM14 formulation has been revised to ensure that the
zonal average zonal and meridional winds are always zero
exactly at the poles. The revised zonal mean basis func-
tions  

1

are

 
1

(⌧, ✓, s, n) = �C

s,n

r

· sin(n✓) · cos(s⌧)
+C

s,n

i

· sin(n✓) · sin(s⌧) (3)

where {Cs,n

r

, C

s,n

i

} are the model parameters m(1) esti-
mated from the observational database d.

As in HWM07 the basis fuctions for the westward mi-
grating tidal components are expressed in terms of Fourier
modulated vector spherical harmonics

 
2

(s, l, n, ⌧, �, ✓) = C

s,l,n

ar · V l

n

(✓) · cos(l�) · cos(s⌧) +
C

s,l,n

ai
· V l

n

(✓) · sin(l�) · cos(s⌧) +
B

s,l,n

ar ·W l

n

(✓) · cos(l�) · cos(s⌧) +
B

s,l,n

ai
·W l

n

(✓) · sin(l�) · cos(s⌧) +
C

s,l,n

br
· V l

n

(✓) · cos(l�) · sin(s⌧) +
C

s,l,n

bi
· V l

n

(✓) · sin(l�) · sin(s⌧) +
B

s,l,n

br
·W l

n

(✓) · cos(l�) · sin(s⌧) +
B

s,l,n

bi
·W l

n

(✓) · sin(l�) · sin(s⌧), (4)

where {Cs,l,n

ar , ..., B

s,l,n

bi
} are the unknown vector spherical

harmonic coe�cients m(2), estimated from the available ob-
servational data sets d. Similarly the stationary planetary
wave harmonics  

3

(⌧,�, ✓, s,m, n) are given by Equation (4)
replacing l with m and � with �.

The vector spherical harmonic basis functions V l

n

(✓),W l

n

(✓)
are related to the scalar normalized associated Legendre
polynomials P

l

n

(✓) by

V

l

n

(✓) =
1p

n(n+ 1)

d

d✓

P

l

n

(✓) (5)

W

l

n

(✓) =
1p

n(n+ 1)

m

cos(✓)
P

l

n

(✓). (6)

Additional details on Equations (5,6) are provided by Swarz-
trauber [1993]. The unknown model coe�cients {C

r

, C

i

}
and {B

r

, B

i

} represent the real and imaginary parts of
the divergent and curl free components of the vector
wind field respectively. A corresponding basis set for
the meridional wind component v(⌧, �, ✓,�) follows from
the vector spherical harmonic coe�cient parity relation:
u : {C

r

, C

i

, B

r

, B

i

} $ �v : {B
r

, B

i

,�C

r

,�C

i

}. The linear
basis for a line-of-sight wind w

los

along a particular geo-
graphic bearing ' can be expressed as w

los

= u sin'+v cos'
.

2.3. Parameter Estimation

The entire set of unknown model parameters m =
{m(1)

,m(2)

,m(3)} at each model level j across the entire
model domain is estimated by solving an over determined
matrix inverse problem d = Gm where d is the observa-
tion vector comprised of zonal, meridional, and line-of-line
wind measurements; and G is a sparse stair step diago-
nal matrix given by Equation (1). Each row of the for-
ward matrix G has non-zero support in four subcolumns of
800 elements each, corrsponding to the basis functions (i.e.
�

j

u

j

(⌧, �, ✓,�) + ... + �

j+3

u

j+3

(⌧, �, ✓,�)). Over 27 altitude
intervals j there are a total of 24,000 unknown model coef-
ficients in m with the same number of columns in G.

Unlike HWM07 where the parameters were estimated se-
quentially across submatries with limited altitude support
the entire set of HWM14 model parameters is now sequen-
tially estimated across all altitude levels. This is achieved
with the sparse Basic Linear Algebra Subprogram (BLAS)
matrix library functions [Dongarra et al., 1990] and the iter-
ative linear least squares optimal estimation procedure de-
scribed by Rodgers et al. [2000]. In this procedure the un-
known model parameters are estimated via

m
n+1

= m
n

+ [GTS
✏

�1G+ S�1

n

]�1GTS
✏

[d�Gm
n

] (7)

S
n+1

= [GTS
✏

�1G+ S�1

n

]�1

. (8)

where m
n

is the prior estimate of the model parameters, S
n

the covariance matrix of the prior model parameters, and
S
✏

the covariance matrix of the observations.
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included as soft constraints in data free regions to damp spu-
rious artifacts toward reasonable values, thus making high
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pects of the model improvements. This includes overall sta-
tistical performance measures, specification of the thermo-
spheric zonal mean general circulation, equatorial local-time

DROB ET AL.: EMPIRICAL MODEL OF THERMOSPHERIC WINDS X - 3

where �

j

(z) is the amplitude of the j

th vertical weighting
kernel (shown in Figure 1) and u

j

(⌧, �, ✓,�) represents the
periodic lateral spatiotemporal variations. For HWM14 the
B-spline data intervals above 117.5 km have been slightly
revised from HWM07 to reduce ringing of the �

1

basis func-
tion in data sparse regions.

The horizontal variations u

j

(⌧, �, ✓,�) at the j

th model
level are given by the expression,

u(⌧, �, ✓,�) =
NX

n=0

SX

s=0

 
1

(⌧, ✓, s, n)

+
SX

s=0

LX

l=1

NX

n=0

 
2

(⌧, �, ✓, s, l, n)

+
SX

s=0

MX

m=1

NX

n=0

 
3

(⌧,�, ✓, s,m, n). (2)

Equation (2) includes the time independent, annual, and
semiannual harmonics  

1

(⌧, ✓, s, n) for the zonal mean gen-
eral circulation expressed in terms of the seasonal wavenum-
ber s up to S = 2; the westward migrating diurnal, semidi-
urnal, and terdiurnal harmonics  

2

(⌧, �, ✓, s, l, n) expressed
in tidal wavenumber l up to L = 3; and the stationary plan-
etary wave harmonics  

3

(⌧,�, ✓, s,m, n) with longitudinal
wavenumber m up to M = 2. Both the tidal and station-
ary planetary wave harmonics also include annual and semi-
annual amplitude modulation terms (s = 1, s = 2). The
maximum order in latitude for all three sums is N = 8.

Unlike HWW07 were the zonal mean variations  
1

are
expressed as a full a vector spherical harmonic basis, the
HWM14 formulation has been revised to ensure that the
zonal average zonal and meridional winds are always zero
exactly at the poles. The revised zonal mean basis func-
tions  

1

are

 
1

(⌧, ✓, s, n) = �C

s,n

r

· sin(n✓) · cos(s⌧)
+C

s,n

i

· sin(n✓) · sin(s⌧) (3)

where {Cs,n

r

, C

s,n

i

} are the model parameters m(1) esti-
mated from the observational database d.

As in HWM07 the basis fuctions for the westward mi-
grating tidal components are expressed in terms of Fourier
modulated vector spherical harmonics

 
2

(s, l, n, ⌧, �, ✓) = C

s,l,n

ar · V l

n

(✓) · cos(l�) · cos(s⌧) +
C

s,l,n

ai
· V l

n

(✓) · sin(l�) · cos(s⌧) +
B

s,l,n

ar ·W l

n

(✓) · cos(l�) · cos(s⌧) +
B

s,l,n

ai
·W l

n

(✓) · sin(l�) · cos(s⌧) +
C

s,l,n

br
· V l

n

(✓) · cos(l�) · sin(s⌧) +
C

s,l,n

bi
· V l

n

(✓) · sin(l�) · sin(s⌧) +
B

s,l,n

br
·W l

n

(✓) · cos(l�) · sin(s⌧) +
B

s,l,n

bi
·W l

n

(✓) · sin(l�) · sin(s⌧), (4)

where {Cs,l,n

ar , ..., B

s,l,n

bi
} are the unknown vector spherical

harmonic coe�cients m(2), estimated from the available ob-
servational data sets d. Similarly the stationary planetary
wave harmonics  

3

(⌧,�, ✓, s,m, n) are given by Equation (4)
replacing l with m and � with �.

The vector spherical harmonic basis functions V l

n

(✓),W l

n

(✓)
are related to the scalar normalized associated Legendre
polynomials P

l

n

(✓) by

V

l

n

(✓) =
1p

n(n+ 1)

d

d✓

P

l

n

(✓) (5)

W

l

n

(✓) =
1p

n(n+ 1)

m

cos(✓)
P

l

n

(✓). (6)

Additional details on Equations (5,6) are provided by Swarz-
trauber [1993]. The unknown model coe�cients {C

r

, C

i

}
and {B

r

, B

i

} represent the real and imaginary parts of
the divergent and curl free components of the vector
wind field respectively. A corresponding basis set for
the meridional wind component v(⌧, �, ✓,�) follows from
the vector spherical harmonic coe�cient parity relation:
u : {C

r

, C

i

, B

r

, B

i

} $ �v : {B
r

, B

i

,�C

r

,�C

i

}. The linear
basis for a line-of-sight wind w

los

along a particular geo-
graphic bearing ' can be expressed as w

los

= u sin'+v cos'
.

2.3. Parameter Estimation

The entire set of unknown model parameters m =
{m(1)

,m(2)

,m(3)} at each model level j across the entire
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wind measurements; and G is a sparse stair step diago-
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quentially across submatries with limited altitude support
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(which range from ⇠10 to 60 m/s depending on the in-
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both HWM93 and a multi-year TIEGCM model run. As de-
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rious artifacts toward reasonable values, thus making high
model resolutions possibles for the majority of the model
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are
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HWM14 formulation has been revised to ensure that the
zonal average zonal and meridional winds are always zero
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Additional details on Equations (5,6) are provided by Swarz-
trauber [1993]. The unknown model coe�cients {C
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} represent the real and imaginary parts of
the divergent and curl free components of the vector
wind field respectively. A corresponding basis set for
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2.3. Parameter Estimation

The entire set of unknown model parameters m =
{m(1)

,m(2)

,m(3)} at each model level j across the entire
model domain is estimated by solving an over determined
matrix inverse problem d = Gm where d is the observa-
tion vector comprised of zonal, meridional, and line-of-line
wind measurements; and G is a sparse stair step diago-
nal matrix given by Equation (1). Each row of the for-
ward matrix G has non-zero support in four subcolumns of
800 elements each, corrsponding to the basis functions (i.e.
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(⌧, �, ✓,�)). Over 27 altitude
intervals j there are a total of 24,000 unknown model coef-
ficients in m with the same number of columns in G.

Unlike HWM07 where the parameters were estimated se-
quentially across submatries with limited altitude support
the entire set of HWM14 model parameters is now sequen-
tially estimated across all altitude levels. This is achieved
with the sparse Basic Linear Algebra Subprogram (BLAS)
matrix library functions [Dongarra et al., 1990] and the iter-
ative linear least squares optimal estimation procedure de-
scribed by Rodgers et al. [2000]. In this procedure the un-
known model parameters are estimated via
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where m
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is the prior estimate of the model parameters, S
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the covariance matrix of the prior model parameters, and
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the covariance matrix of the observations.
Parameter convergence is achieved after ten iterations

of ⇠ 2 ⇥ 106 random samples (each) from the HWM ob-
servational database. Although measurement uncertain-
ties are provided for each of the individual measurements
(which range from ⇠10 to 60 m/s depending on the in-
strument) the observational covariance matrix is defined as
S
✏

= diagk1/�2

i

k where �

i

= 37.5 m/s. This is constant for
all observations and chosen to reflect both the measurement
uncertainties and the random geophysical variability not
representable by the empirical formulation. The first itera-
tion is started with m

n

and S
n

equal to zero and performed
using evenly distributed synthetic pseudo-observations from
both HWM93 and a multi-year TIEGCM model run. As de-
scribed in Drob et al. [2008] these synthetic pseudo-data are
included as soft constraints in data free regions to damp spu-
rious artifacts toward reasonable values, thus making high
model resolutions possibles for the majority of the model
space where observational coverage is good.

3. Results

This section describes important scientific results and as-
pects of the model improvements. This includes overall sta-
tistical performance measures, specification of the thermo-
spheric zonal mean general circulation, equatorial local-time
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quentially across submatries with limited altitude support
the entire set of HWM14 model parameters is now sequen-
tially estimated across all altitude levels. This is achieved
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both HWM93 and a multi-year TIEGCM model run. As de-
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included as soft constraints in data free regions to damp spu-
rious artifacts toward reasonable values, thus making high
model resolutions possibles for the majority of the model
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This section describes important scientific results and as-
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2.3. Parameter Estimation

The entire set of unknown model parameters m =
{m(1)
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,m(3)} at each model level j across the entire
model domain is estimated by solving an over determined
matrix inverse problem d = Gm where d is the observa-
tion vector comprised of zonal, meridional, and line-of-line
wind measurements; and G is a sparse stair step diago-
nal matrix given by Equation (1). Each row of the for-
ward matrix G has non-zero support in four subcolumns of
800 elements each, corrsponding to the basis functions (i.e.
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(⌧, �, ✓,�) + ... + �
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(⌧, �, ✓,�)). Over 27 altitude
intervals j there are a total of 24,000 unknown model coef-
ficients in m with the same number of columns in G.

Unlike HWM07 where the parameters were estimated se-
quentially across submatries with limited altitude support
the entire set of HWM14 model parameters is now sequen-
tially estimated across all altitude levels. This is achieved
with the sparse Basic Linear Algebra Subprogram (BLAS)
matrix library functions [Dongarra et al., 1990] and the iter-
ative linear least squares optimal estimation procedure de-
scribed by Rodgers et al. [2000]. In this procedure the un-
known model parameters are estimated via
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is the prior estimate of the model parameters, S
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the covariance matrix of the prior model parameters, and
S
✏

the covariance matrix of the observations.
Parameter convergence is achieved after ten iterations

of ⇠ 2 ⇥ 106 random samples (each) from the HWM ob-
servational database. Although measurement uncertain-
ties are provided for each of the individual measurements
(which range from ⇠10 to 60 m/s depending on the in-
strument) the observational covariance matrix is defined as
S
✏

= diagk1/�2
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k where �

i

= 37.5 m/s. This is constant for
all observations and chosen to reflect both the measurement
uncertainties and the random geophysical variability not
representable by the empirical formulation. The first itera-
tion is started with m

n

and S
n

equal to zero and performed
using evenly distributed synthetic pseudo-observations from
both HWM93 and a multi-year TIEGCM model run. As de-
scribed in Drob et al. [2008] these synthetic pseudo-data are
included as soft constraints in data free regions to damp spu-
rious artifacts toward reasonable values, thus making high
model resolutions possibles for the majority of the model
space where observational coverage is good.

3. Results

This section describes important scientific results and as-
pects of the model improvements. This includes overall sta-
tistical performance measures, specification of the thermo-
spheric zonal mean general circulation, equatorial local-time
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The entire set of unknown model parameters m =
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model domain is estimated by solving an over determined
matrix inverse problem d = Gm where d is the observa-
tion vector comprised of zonal, meridional, and line-of-line
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nal matrix given by Equation (1). Each row of the for-
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intervals j there are a total of 24,000 unknown model coef-
ficients in m with the same number of columns in G.

Unlike HWM07 where the parameters were estimated se-
quentially across submatries with limited altitude support
the entire set of HWM14 model parameters is now sequen-
tially estimated across all altitude levels. This is achieved
with the sparse Basic Linear Algebra Subprogram (BLAS)
matrix library functions [Dongarra et al., 1990] and the iter-
ative linear least squares optimal estimation procedure de-
scribed by Rodgers et al. [2000]. In this procedure the un-
known model parameters are estimated via
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(which range from ⇠10 to 60 m/s depending on the in-
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equal to zero and performed
using evenly distributed synthetic pseudo-observations from
both HWM93 and a multi-year TIEGCM model run. As de-
scribed in Drob et al. [2008] these synthetic pseudo-data are
included as soft constraints in data free regions to damp spu-
rious artifacts toward reasonable values, thus making high
model resolutions possibles for the majority of the model
space where observational coverage is good.

3. Results

This section describes important scientific results and as-
pects of the model improvements. This includes overall sta-
tistical performance measures, specification of the thermo-
spheric zonal mean general circulation, equatorial local-time
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Additional details on Equations (5,6) are provided by Swarz-
trauber [1993]. The unknown model coe�cients {C
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, C
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}
and {B

r

, B

i

} represent the real and imaginary parts of
the divergent and curl free components of the vector
wind field respectively. A corresponding basis set for
the meridional wind component v(⌧, �, ✓,�) follows from
the vector spherical harmonic coe�cient parity relation:
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.

2.3. Parameter Estimation

The entire set of unknown model parameters m =
{m(1)

,m(2)

,m(3)} at each model level j across the entire
model domain is estimated by solving an over determined
matrix inverse problem d = Gm where d is the observa-
tion vector comprised of zonal, meridional, and line-of-line
wind measurements; and G is a sparse stair step diago-
nal matrix given by Equation (1). Each row of the for-
ward matrix G has non-zero support in four subcolumns of
800 elements each, corrsponding to the basis functions (i.e.
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j

u

j

(⌧, �, ✓,�) + ... + �

j+3

u

j+3

(⌧, �, ✓,�)). Over 27 altitude
intervals j there are a total of 24,000 unknown model coef-
ficients in m with the same number of columns in G.

Unlike HWM07 where the parameters were estimated se-
quentially across submatries with limited altitude support
the entire set of HWM14 model parameters is now sequen-
tially estimated across all altitude levels. This is achieved
with the sparse Basic Linear Algebra Subprogram (BLAS)
matrix library functions [Dongarra et al., 1990] and the iter-
ative linear least squares optimal estimation procedure de-
scribed by Rodgers et al. [2000]. In this procedure the un-
known model parameters are estimated via

m
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where m
n

is the prior estimate of the model parameters, S
n

the covariance matrix of the prior model parameters, and
S
✏

the covariance matrix of the observations.
Parameter convergence is achieved after ten iterations

of ⇠ 2 ⇥ 106 random samples (each) from the HWM ob-
servational database. Although measurement uncertain-
ties are provided for each of the individual measurements
(which range from ⇠10 to 60 m/s depending on the in-
strument) the observational covariance matrix is defined as
S
✏

= diagk1/�2

i

k where �

i

= 37.5 m/s. This is constant for
all observations and chosen to reflect both the measurement
uncertainties and the random geophysical variability not
representable by the empirical formulation. The first itera-
tion is started with m

n

and S
n

equal to zero and performed
using evenly distributed synthetic pseudo-observations from
both HWM93 and a multi-year TIEGCM model run. As de-
scribed in Drob et al. [2008] these synthetic pseudo-data are
included as soft constraints in data free regions to damp spu-
rious artifacts toward reasonable values, thus making high
model resolutions possibles for the majority of the model
space where observational coverage is good.

3. Results

This section describes important scientific results and as-
pects of the model improvements. This includes overall sta-
tistical performance measures, specification of the thermo-
spheric zonal mean general circulation, equatorial local-time
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replacing l with m and � with �.
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Additional details on Equations (5,6) are provided by Swarz-
trauber [1993]. The unknown model coe�cients {C
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} represent the real and imaginary parts of
the divergent and curl free components of the vector
wind field respectively. A corresponding basis set for
the meridional wind component v(⌧, �, ✓,�) follows from
the vector spherical harmonic coe�cient parity relation:
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2.3. Parameter Estimation

The entire set of unknown model parameters m =
{m(1)

,m(2)

,m(3)} at each model level j across the entire
model domain is estimated by solving an over determined
matrix inverse problem d = Gm where d is the observa-
tion vector comprised of zonal, meridional, and line-of-line
wind measurements; and G is a sparse stair step diago-
nal matrix given by Equation (1). Each row of the for-
ward matrix G has non-zero support in four subcolumns of
800 elements each, corrsponding to the basis functions (i.e.
�

j

u
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(⌧, �, ✓,�) + ... + �

j+3

u

j+3

(⌧, �, ✓,�)). Over 27 altitude
intervals j there are a total of 24,000 unknown model coef-
ficients in m with the same number of columns in G.

Unlike HWM07 where the parameters were estimated se-
quentially across submatries with limited altitude support
the entire set of HWM14 model parameters is now sequen-
tially estimated across all altitude levels. This is achieved
with the sparse Basic Linear Algebra Subprogram (BLAS)
matrix library functions [Dongarra et al., 1990] and the iter-
ative linear least squares optimal estimation procedure de-
scribed by Rodgers et al. [2000]. In this procedure the un-
known model parameters are estimated via
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where m
n

is the prior estimate of the model parameters, S
n

the covariance matrix of the prior model parameters, and
S
✏

the covariance matrix of the observations.
Parameter convergence is achieved after ten iterations

of ⇠ 2 ⇥ 106 random samples (each) from the HWM ob-
servational database. Although measurement uncertain-
ties are provided for each of the individual measurements
(which range from ⇠10 to 60 m/s depending on the in-
strument) the observational covariance matrix is defined as
S
✏

= diagk1/�2

i

k where �
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= 37.5 m/s. This is constant for
all observations and chosen to reflect both the measurement
uncertainties and the random geophysical variability not
representable by the empirical formulation. The first itera-
tion is started with m

n

and S
n

equal to zero and performed
using evenly distributed synthetic pseudo-observations from
both HWM93 and a multi-year TIEGCM model run. As de-
scribed in Drob et al. [2008] these synthetic pseudo-data are
included as soft constraints in data free regions to damp spu-
rious artifacts toward reasonable values, thus making high
model resolutions possibles for the majority of the model
space where observational coverage is good.

3. Results

This section describes important scientific results and as-
pects of the model improvements. This includes overall sta-
tistical performance measures, specification of the thermo-
spheric zonal mean general circulation, equatorial local-time

Convergence after approximately ten iterations with  
2 x 106 observation each 



Statistical Performance Measures 
Additional statistics provided in Drob et al., (2014) 

DROB ET AL.: EMPIRICAL MODEL OF THERMOSPHERIC WINDS X - 9

Table 1: New observational data sets
Instrument Location Height (km) Years Local Time Days Data Points Reference
Fabry-Perot Interferometer
Arecibo 18.7�N, 67.5�W 250 2012–2013 nighttime 428 29,434 Ruan et al. [2013]
Renior 6.89�S, 38.56�W 250 2009–2012 nightime 637 37,301 Makela et al. [2013]
Jicamarca 11.96�S, 76.86�W 250 2009–2013 nightime 318 10,056 Meriwether et al. [2011]
Arequipa 16.47�S, 71.49�W 250 2007–2013 nightime 260 16,447 �
Movil 14.97�S, 74.89�W 250 2011–2013 nightime 293 10,412 �
Pisgah 35.2�N, 82.85�W 250 2011–2013 nightime 166 9,766 Makela et al. [2012]
Poker Flatb 65.1�N, 147.5�W 250 2009–2011 nightime 297 5,983,090 Conde and Smith [1995]
South Pole 90.0�S 250 1989–1999 nightime 1,091 163,044 Hernandez et al. [1992]
Satellite
GOCEa ± 83.4� 253–295 2009–2012 twilight 813 6,613,172 Doornbos et al. [2010]

a Cross track only
b Imaging FPI

Table 2: Statistical measures of various models and data groups

N �

obs

�

93

�

07

�

14

�

obs

�

rms

93

�

rms

07

�

rms

14

Line-of-Sight, Fabry-Perot Interferometer

Arrival Heights 138690 -14.56 -13.19 -0.59 -6.74 103.55 101.06 68.60 69.07
Resolute Bay 17377 0.41 -0.83 2.17 0.52 107.91 65.74 71.30 67.98
Arecibo 8051 11.62 -2.59 -9.25 -5.58 34.09 33.97 35.54 30.84
Millstone Hill 7503 -20.05 -9.76 -12.50 -9.92 59.95 48.42 47.71 45.79
Søndrestrøme 3730 2.97 -15.97 -27.72 -8.82 110.57 87.24 93.62 81.23

Cross-Track, Satellite

AE-E NATE 57428 7.74 7.76 5.31 1.81 68.73 56.58 55.40 51.40
GOCE 573672 95.79 19.58 40.46 6.81 48.83 50.41 60.60 36.05

Meridional, Fabry-Perot Interferometer

Arecibo 81552 -12.05 3.97 -0.03 3.32 39.46 37.72 36.88 35.38
Arequipa 108139 1.80 4.11 3.57 -1.21 69.92 66.61 66.37 65.14
Halley Bay 91205 25.35 -19.62 12.59 0.68 88.48 72.50 68.87 63.51
Jicamarca 2054 -1.95 5.62 -1.68 2.02 42.42 41.60 40.96 39.11
Millstone Hill 68185 -46.01 -6.70 -20.80 -2.28 76.85 66.72 71.69 66.17
Mount John 1949 48.15 7.77 45.93 16.31 55.84 47.41 67.39 46.07
Movil 37725 0.33 0.54 -2.87 -3.54 47.32 44.78 46.80 44.98
Psigah 21306 -28.56 18.24 -3.83 7.60 53.17 52.94 50.34 48.66
Renoir 12690 2.49 -1.19 -2.30 -2.91 45.40 36.46 43.13 36.10
Søndrestrøme 10303 -67.35 -0.77 -10.17 -8.81 103.26 90.50 82.58 86.97
South Pole 198560 2.94 -1.20 8.59 2.84 93.89 86.88 78.50 70.63
Svalbard 1381 -32.60 30.70 -0.58 -7.90 124.67 110.60 101.06 102.42
Thule 15519 -13.55 -6.17 12.89 8.66 127.32 107.24 93.42 93.92
Watson Lake 4890 -33.10 31.29 -1.30 -5.20 68.28 88.40 60.92 58.98
Poker Flat 450914 -22.51 69.54 6.72 0.22 54.29 100.46 59.99 47.65

Meridional, Satellite/Rocket

DE2 FPI 630 nm 6000 28.21 -4.68 2.45 2.78 108.31 78.94 77.45 81.64
TMA 2772 -7.13 -10.55 3.26 -1.60 69.70 72.68 43.55 46.45
UARS WINDII 557.7 nm 413449 2.50 -2.90 -0.04 -0.02 65.98 60.31 52.89 52.50

Zonal, Fabry-Perot Interferometer

Arecibo 79108 36.77 12.65 -8.04 -6.19 52.66 53.07 47.59 44.71
Arequipa 99198 84.48 -25.81 -3.84 0.74 71.66 78.52 72.13 68.83
Halley Bay 91245 14.85 15.51 -5.13 -9.07 93.81 93.29 66.44 65.35
Jicamarca 1901 48.33 -43.89 -23.19 -7.74 59.29 79.79 64.31 59.54
Millstone Hill 68175 22.12 28.37 -9.74 -9.62 70.32 68.29 63.56 63.21
Mount John 1949 35.17 -1.38 -8.55 1.70 70.81 49.92 56.79 54.97
Movil 24227 63.54 -26.99 -9.16 4.39 55.55 60.72 56.49 48.35
Psigah 12610 35.01 15.84 -27.40 -13.64 57.67 51.25 56.36 51.32
Renoir 12483 57.23 -34.74 -6.05 -0.71 44.94 63.27 46.09 40.32
Søndrestrøme 10442 -15.31 20.62 -7.31 -3.94 102.68 114.75 97.96 104.09
Svalbard 1353 -40.74 8.83 -3.57 -9.32 129.08 140.66 125.08 129.76
Thule 15643 2.78 27.58 -1.95 -7.45 150.12 133.50 118.98 118.30
Watson Lake 4979 -20.23 52.09 13.47 5.69 67.85 86.19 68.89 64.96
Poker Flat 450925 -14.35 -4.16 0.49 -9.09 70.35 65.00 72.56 60.30

Zonal, Satellite/Rocket

DE2 WATS 7233 -19.95 1.00 -6.92 -6.52 125.73 88.99 89.17 94.83
TMA 2774 9.40 -2.02 6.37 -5.82 53.60 57.35 34.79 33.21
UARS WINDII 557.7 nm 415238 -39.77 -8.32 -4.37 -5.19 72.22 72.03 59.50 59.31
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Table 1: New observational data sets
Instrument Location Height (km) Years Local Time Days Data Points Reference
Fabry-Perot Interferometer
Arecibo 18.7�N, 67.5�W 250 2012–2013 nighttime 428 29,434 Ruan et al. [2013]
Renior 6.89�S, 38.56�W 250 2009–2012 nightime 637 37,301 Makela et al. [2013]
Jicamarca 11.96�S, 76.86�W 250 2009–2013 nightime 318 10,056 Meriwether et al. [2011]
Arequipa 16.47�S, 71.49�W 250 2007–2013 nightime 260 16,447 �
Movil 14.97�S, 74.89�W 250 2011–2013 nightime 293 10,412 �
Pisgah 35.2�N, 82.85�W 250 2011–2013 nightime 166 9,766 Makela et al. [2012]
Poker Flatb 65.1�N, 147.5�W 250 2009–2011 nightime 297 5,983,090 Conde and Smith [1995]
South Pole 90.0�S 250 1989–1999 nightime 1,091 163,044 Hernandez et al. [1992]
Satellite
GOCEa ± 83.4� 253–295 2009–2012 twilight 813 6,613,172 Doornbos et al. [2010]

a Cross track only
b Imaging FPI

Table 2: Statistical measures of various models and data groups
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Arrival Heights 138690 -14.56 -13.19 -0.59 -6.74 103.55 101.06 68.60 69.07
Resolute Bay 17377 0.41 -0.83 2.17 0.52 107.91 65.74 71.30 67.98
Arecibo 8051 11.62 -2.59 -9.25 -5.58 34.09 33.97 35.54 30.84
Millstone Hill 7503 -20.05 -9.76 -12.50 -9.92 59.95 48.42 47.71 45.79
Søndrestrøme 3730 2.97 -15.97 -27.72 -8.82 110.57 87.24 93.62 81.23

Cross-Track, Satellite

AE-E NATE 57428 7.74 7.76 5.31 1.81 68.73 56.58 55.40 51.40
GOCE 573672 95.79 19.58 40.46 6.81 48.83 50.41 60.60 36.05

Meridional, Fabry-Perot Interferometer

Arecibo 81552 -12.05 3.97 -0.03 3.32 39.46 37.72 36.88 35.38
Arequipa 108139 1.80 4.11 3.57 -1.21 69.92 66.61 66.37 65.14
Halley Bay 91205 25.35 -19.62 12.59 0.68 88.48 72.50 68.87 63.51
Jicamarca 2054 -1.95 5.62 -1.68 2.02 42.42 41.60 40.96 39.11
Millstone Hill 68185 -46.01 -6.70 -20.80 -2.28 76.85 66.72 71.69 66.17
Mount John 1949 48.15 7.77 45.93 16.31 55.84 47.41 67.39 46.07
Movil 37725 0.33 0.54 -2.87 -3.54 47.32 44.78 46.80 44.98
Psigah 21306 -28.56 18.24 -3.83 7.60 53.17 52.94 50.34 48.66
Renoir 12690 2.49 -1.19 -2.30 -2.91 45.40 36.46 43.13 36.10
Søndrestrøme 10303 -67.35 -0.77 -10.17 -8.81 103.26 90.50 82.58 86.97
South Pole 198560 2.94 -1.20 8.59 2.84 93.89 86.88 78.50 70.63
Svalbard 1381 -32.60 30.70 -0.58 -7.90 124.67 110.60 101.06 102.42
Thule 15519 -13.55 -6.17 12.89 8.66 127.32 107.24 93.42 93.92
Watson Lake 4890 -33.10 31.29 -1.30 -5.20 68.28 88.40 60.92 58.98
Poker Flat 450914 -22.51 69.54 6.72 0.22 54.29 100.46 59.99 47.65

Meridional, Satellite/Rocket

DE2 FPI 630 nm 6000 28.21 -4.68 2.45 2.78 108.31 78.94 77.45 81.64
TMA 2772 -7.13 -10.55 3.26 -1.60 69.70 72.68 43.55 46.45
UARS WINDII 557.7 nm 413449 2.50 -2.90 -0.04 -0.02 65.98 60.31 52.89 52.50

Zonal, Fabry-Perot Interferometer

Arecibo 79108 36.77 12.65 -8.04 -6.19 52.66 53.07 47.59 44.71
Arequipa 99198 84.48 -25.81 -3.84 0.74 71.66 78.52 72.13 68.83
Halley Bay 91245 14.85 15.51 -5.13 -9.07 93.81 93.29 66.44 65.35
Jicamarca 1901 48.33 -43.89 -23.19 -7.74 59.29 79.79 64.31 59.54
Millstone Hill 68175 22.12 28.37 -9.74 -9.62 70.32 68.29 63.56 63.21
Mount John 1949 35.17 -1.38 -8.55 1.70 70.81 49.92 56.79 54.97
Movil 24227 63.54 -26.99 -9.16 4.39 55.55 60.72 56.49 48.35
Psigah 12610 35.01 15.84 -27.40 -13.64 57.67 51.25 56.36 51.32
Renoir 12483 57.23 -34.74 -6.05 -0.71 44.94 63.27 46.09 40.32
Søndrestrøme 10442 -15.31 20.62 -7.31 -3.94 102.68 114.75 97.96 104.09
Svalbard 1353 -40.74 8.83 -3.57 -9.32 129.08 140.66 125.08 129.76
Thule 15643 2.78 27.58 -1.95 -7.45 150.12 133.50 118.98 118.30
Watson Lake 4979 -20.23 52.09 13.47 5.69 67.85 86.19 68.89 64.96
Poker Flat 450925 -14.35 -4.16 0.49 -9.09 70.35 65.00 72.56 60.30

Zonal, Satellite/Rocket

DE2 WATS 7233 -19.95 1.00 -6.92 -6.52 125.73 88.99 89.17 94.83
TMA 2774 9.40 -2.02 6.37 -5.82 53.60 57.35 34.79 33.21
UARS WINDII 557.7 nm 415238 -39.77 -8.32 -4.37 -5.19 72.22 72.03 59.50 59.31
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Programming Tips 
Official HWM14 source http://onlinelibrary.wiley.com/doi/10.1002/2014EA000089/full 
                                            supplemental information: ess224-sup-0002-supinfo.tgz 
 
Please read the ‘README file’ and the Hedin et al., (1994), Drob et al., (2007), and  
Drob et al. (2014) papers. 
  
      subroutine hwm14(iyd,sec,alt,glat,glon,stl,f107a,f107,ap,w) 

 implicit none 
 integer(4),intent(in)  :: iyd    ! year and day as yyddd   
 real(4),intent(in)     :: sec    ! ut(sec) 
 real(4),intent(in)     :: alt    ! altitude(km) 
 real(4),intent(in)     :: glat   ! geodetic latitude(deg) 
 real(4),intent(in)     :: glon   ! geodetic longitude(deg) 
 real(4),intent(in)     :: stl    ! not used !!! 
 real(4),intent(in)     :: f107a  ! not used !!! 
 real(4),intent(in)     :: f107   ! not used !!! 
 real(4),intent(in)     :: ap(2)  ! ap(1) not used !!!, ap(2) current 3hr 
 real(4),intent(out)    :: w(2)   ! w(1) +northward, w(2) +eastward, (m/s) 

 

HWM14 compiles with Python Numpy’s f2py script without any code modifications. 
       
        %f2py –c –m hwm hwm14.f90 –fcompiler=gnu95 
 
        import hwm 

        [u,v] = hwm.hwm14(iyd,sec,alt,glat,glon,stl,f107a,f107,ap=[-1,-1]) 



Programming Tips 
subroutine generic() 
 
   use qwm,only content, wavefactor, tidefactor  ! <= switches and factors  
   implicit none 
 
   ! some code .. 
 
   ap(1:2) = -1           ! Disturbance Wind Model off 
 
   ! some code .. 
 
   content(2:3) = .false. ! Stationary waves and tides off (zonal mean only) 
    
   ! some code .. 
  
   content(1) = .false.   ! Zonal means off 
   content(3) = .true.    ! Only the migrating tides now 
 
   ! some code .. 
 
   tidefactor(3) = 0.0    ! Turn off the terdiurnal tide 
   tidefactor(2) = 2.0    ! Scale the migrating semidiurnal tide by x2 
 
   ! some code .. 
 
end subroutine generic 
 

hwm.qwm.content[1:3] = -1   # 0 = .false. -1 = .true.  Python to Fortran 
hwm.qwm.tidefactor[0] = 1.5 # Scale the diurnal tide   python[n] = fortran(n+1) 
 
 

FORTRAN90 

Python Module (via Numpy’s f2py script) 
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