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An Empirical Model of Quiet-Day Ionospheric Electric Fields 
at Middle and Low Latitudes 

A.D. RICHMOND •, M. BL^NC :, B. A. EMERY 3, R. H. WAND 4, B. G. FEJER 5, 
R. F. WOODMAN 6, S. GANGULY •, P. AMAYENC :, R. A. BEHNKE 6, 

C. CALDERON 7, AND J. V. EVANS 4 

Seasonally averaged quiet-day F region ionospheric E x B drift observations from the Millstone Hill, 
St. Santin, Arecibo, and Jicamarca incoherent scatter radars are used to produce a model of the middle- 
and low-latitude electric field for solar m'mimum conditions. A function similar to an electrostatic poten- 
tial is fitted to the data to provide model values continuous in latitude, longitude, time of day, and day of 
the year. This model is intended to serve as a reference standard for applications requiring global knowl- 
edge of the mean electric field or requiring information at some location removed from the observing ra- 
dars. 

INTRODUCTION 

Knowledge of the ionospheric electric field is useful in sev- 
eral branches of upper atmospheric physics. The electric field 
at middle and low latitudes on magnetically quiet days is be- 
lieved to be produced mainly by the dynamo action of ther- 
mospheric winds [e.g., Evans, 1978; Blanc, 1979; Richmond, 
1979], so that knowledge of the electric field can be used to 
gain further information about the winds and the dynamo 
mechanism. The electric field causes the ionospheric and plas- 
maspheric plasmas to drift perpendicular to the geomagnetic 
field and, consequently, is important for the dynamic varia- 
tions of these plasmas [e.g., Matsushita and Tarpley, 1970; 
Roble, 1975; Kohl, 1976; Richmond, 1976; Rishbeth, 1977; Mur- 
phy et al., 1980]. This drifting motion of the ionosphere also 
affects the dynamics of the thermosphere, both by imparting 
momentum through collisional interaction [e.g., Roble et al., 

and, in the case of Jicamarca, solar cycle variations [Wood- 
man et al., 1977; Blanc and Atnayenc, 1979; Fejer et al., 1979, 
1980; Wand and Evans, 1980]. 

The purpose of this paper is to produce a global model of 
ionospheric electric fields on quiet days at middle and low lat- 
itudes based on incoherent scatter data from the middle 

1970's, a period of low solar activity. This model is designed 
to serve as a reference standard and to provide numerical val- 
ues of electrodynamic drifts over the entire middle- and low- 
latitude ionosphere for studies requiring this information. 

Richmond [1976] previously produced a global electric field 
model based on incoherent scatter measurements as well as 

observations of whistler duct drifts. The number of days of 
data included in that work, however, was much smaller than 
that used in the present study. In the present model we are 
able to include seasonal and, to some extent, longitudinal var- 

1974; Kohl, 1976], and by influencing the magnitude of ion iations of the electric field, which are not incorporated into 
drag through redistribution of ionization [e.g., Anderson and Richmond's [1976] model. The present model thus supersedes 
Roble, 1974]. Knowledge of the global ionospheric electric that earlier one, 
field is also useful in providing an upper boundary condition 
on calculations of middle atmosphere electric fields such as 
those performed by Roble and Hays [1979]. 

Substantial collections of ionospheric electric field data ex- 
ist for the incoherent scatter radar observatories at Millstone 

Hill, St. Santin, Arecibo, and Jicamarca. In spite of the large 
day-to-day variability of the electric fields, earlier analyses 
were able to determine clear average daily variations [e.g., 
Woodman, 1970, 1972; Evans, 1972; Carpenter and Kirchhojf,, 
1974; Kirchhoff and Carpenter, 1976; Richmond, 1976; Blanc et 
al., 1977]. More recent analyses have quantified the seasonal 
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DATA BASE 

Data are used from the four incoherent scatter radar sta- 

tions listed in Table 1. These radars measure the ion velocity, 
whose component v perpendicular to the geomagnetic field B 
is related to the electric field E by 

v = E • B/B • (•) 

At each station, F region ionization drifts were typically mea- 
sured on a few days each month within the interval indicated. 
Depending on the mode of operation, projections of v onto 
one or more station-dependent axes can be determined at a 
given time. The measured components of v are averaged in 
height to improve accuracy, a process justified by the ex- 
pectation that E and v vary only slightly with altitude within 
the F region, owing to the near-equipotentiality of magnetic 
field lines and to the large-scale nature of the global electric 
field. The mean altitude of the measurements is roughly 300 
kin. All stations except St. Santin determine vector velocities 
by combining line-of-sight velocities measured at different di- 
rections from the transmitter/receiver, corresponding to dif- 
ferent volumes of the ionosphere. The assumption is then 
made that the ionospheric drift vectors are the same for all 
volumes of measurement from a particular station. For fur- 
ther information about the measurement techniques, see 
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TABLE 1. Data Base Information 

GeOgraphic Coordinates, Magnetic Coordinates, Number of Days Used 
deg deg in Averages 

Period of 

Station Latitude Longitude Latitude Longitude Observations D Months J Months E Months 

Millstone Hill* 42.6 -71.5 57 I May 1976 to Nov. 1977 1-11 2-13 0-8 
St. Santin 44.1 2.0 40 78 Feb. 1973 to Dec. 1975 5.5-12 1.5-6 3.5-7 

Arecibo 18.5 -66.8 31 5 Aug. 1974 to May 1977 2-9 3-14 5-9 
Jicamarca -12.0 -76.9 I -8 Jan. 1974 to Oct. 1977 2-9•- 10-20 5-12 

1-75 0-15 0-6 

*Geographic coordinates are for radar location; magnetic coordinates are for mean ionospheric location of observations. 
•p. 
SEast. 

Woodman and Hagfors [1969], Woodman [1970, 1972], Behnke 
and Harper [1973], Harper [1977], Blanc et al. [1977], and 
Wand and Evans [1980]. 

From each data set, data for magnetically quiet periods are 
selected according to the criteria of Blanc and Amayenc [ 1979]. 
In general, periods for which the Kp index is 2+ or less are 
used. However, isolated 3-hour periods with Kœ values of 3- 
or 3o are also included if the adjacent 3-hour periods have Kœ 
values of 2+ or less; while isolated periods with Kœ values of 
2+ or less are excluded if the adjacent periods have Kp values 
of 3- or greater. (For the east-west drifts at Jicamarca a 
slightly modified criterion is used in order to have enough 
data for averaging. In this case, all data for which Kp is 30 or 
less are included, unless there are less than two values avail- 
able, for which times all available data are included. Because 
analysis of these data has revealed no noticeable effect of 
magnetic activity [Fejer et al., 1980], this modification seems 
warranted.) The selected data are then averaged at each haft 
hour of the day for each of three seasons: D months (Novem- 
ber-February), J months (May-August), and E months 
(March, April, September, October). The number of data in- 
cluded in each average is often a strong function of local time, 
with more observations at day than at night, and it also de- 

MILLSTONE HILL 

UPWARD/POLEWARD 

MOb 

MOF 

MOF 

EASTWARD 

iTHS 

_ 

:THS 

, ,i,,!, 

. 

,•.++++•, I Ill I 

_ 

0 :5 6 9 12 15 lib 21 24 

MAGNETIC LOCAL TIME (hours ] 

Fig. 1. Seasonally averaged quiet-day drifts (points with error 
bars) and model drifts (solid lines) perpendicular to the geomagnetic 
field at 300 km measured at Millstone Hill. Note that the error bars do 

not represent the magnitude of day-to-day variability (see text). 

pends on the station and on the season. Table 1 lists for each 
station and season the minimum and maximum number of 

values used in the averages throughout the day. (At St. Santin 
the number of values listed in Table 1 corresponds to the 
number of three-station observations plus one-haft the num- 
ber of two-station observations; see Blanc et al. [1977] for a de- 
scription of the distinction.) Because many more observations 
of vertical drifts than of east-west drifts were made at Jica- 

marca, the numbers of observations are listed separately for 
each component. 

Figures 1-4 show the averaged drift components per- 
pendicular to the magnetic field in the upward?poleward and 
eastward directions for the four stations. The curves in these 

figures show the fit of our model to the data, as described in 
the next section. The day-to-day variability of the data used to 
produce these averages is quite large, generally comparable to 
the magnitudes of the drifts themselves. The error bars in Fig- 
ures 1-4 do not indicate this variability but rather indicate the 
estimated probable error with which the average values can be 
determined, which for equally weighted data would be the 
standard deviation divided by the square root of the number 
of observations entering into a particular average value. Fur- 
ther discussions of seasonally averaged data and of their dis- 
persions for individual stations are given by Blanc and 
Amayenc [1979], Fejer et al. [1979, 1980], Wand and Evans 
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Fig. 2. Same as Figure 1, but for St. Santin. 
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Fig. 3. Same as Figure 1, but for Arecibo. 

[1980], S. Ganguly et al. (unpublished manuscript, 1980), and 
B. A. Emery et al. (unpublished manuscript, 1980). 

EMPIRICAL MODEL 

We wish to determine a global function which adequately 
represents the observed drifts at all four stations simultane- 
ously, and also gives a 'reasonable' representation of the drifts 
to be expected at other locations. It should be obvious that a 
reasonable representation at locations where no data are 
available depends to some extent on subjective judgments. 

As a first step, we adopt a coordinate system linked to the 
geomagnetic field. A primary reason for this is that we expect 
magnetic field lines to be nearly equipotential [e.g., Doug- 
herty, 1963; Peterson et al., 1977], so that there is a high degree 
of correspondence of the transverse electric field between con- 
jugate points in the ionosphere. Magnetic apex coordinates 
[Van Zandt et al., 1972a, b] have the desirable properties that 
conjugate points have the same latitude and longitude coordi, 
nates and that all field lines of a given apex latitude peak at 
the same height above the earth for any longitude (unlike, say, 
invariant coordinates). Because magnetic apex latitude 3,.• is 
defined to be constant along a magnetic field line and to be 
zero along the magnetic equator at the earth's surface, at 300- 
km altitude, 3,, jumps from -12.24 ø to +12.24 ø across the 
magnetic equator. For our fitting procedure it is more conve- 
nient to have a magnetic latitude coordinate which goes to 
zero at the magnetic equator at 300 kin, and so we define our 
magnetic colatitude 8 in terms of 3,.• as 

8 -- sin -• [1.0232475 cos (2) 

whereby our magnetic latitude (90 ø - 8) has the same sign as 
3,•. Our magnetic longitude q• is defined to be identical with 
magnetic apex longitude •, being zero on the geomagnetic 
prime meridian at the magnetic equator (about 69 ø west geo- 
graphic longitude). 

We next define a pseudo electrostatic potential •' to which 
our 300-km model drift components v•_ (perpendicular to the 

magnetic field in the magnetic poleward/upward direction) 
and ve (in the magnetic eastward direction) are related by 

v•_ = B(8)R sin # Oq• (3) 

v• = BoR cos # O# (4) 
B(• = 1/2 Bo(1 + 3 cos: •/: (5) 

Bo = 5.2 X 10 -5 T (6) 

R=6.671 X 106m (7) 

Note that we effectively use a centered dipole magnetic field 
model to relate the d•ts and the pseudopotential. S•ce the 
actual geomagnetic field is not dipolar, our pseudopotential is 
not a t•e electrostatic potentel, nor do our model d•ts 
strictly consere magnetic flux when •te•reted as a magnetic 
convection model. However, these problems are relatively un- 
•po•ant • light of other unce•a•ties • our model. To ob- 
ta• an est•ate of the true electrostatic potential, we would 
suggest multiply•g •' by the t•e local magnetic field 
strength (averaged with the value at the conjugate po•t) and 
divid•g by B(• as given by (5). The reason for do•g this is 
based on the theo• that the electric field is generated p•ar- 
fly by ionospheric w•ds blow•g across the magnetic field. If 
the w•d strength has no systematic variation with longitude 
(a s•p•stic and expe•emaHy unvexed assumption), then 
the electric field strength would tend to va• with longitude as 
the magnetic field strength, while the drift velocities should 
tend not to have a systematic longitud•al variation of this na- 
ture. 

We represent the pseudopotential •' as a series of te•s: 

2 2--k 4 • ß '(a, z, t, = E lmnenm(os 
k•O !•k--2 m•--4 n•lml 

ß (vrt/12 hours)ft(rrT/12 hours)f_•[vr(d + 9)/182.62] (8) 
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Fig. 4. Same as Figure 1, but for Jicamarca. 
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Fig. 5. Magnetic local time-magnetic latitude plots of the 300-kin pseudoelectrostatic potential •I• at four u•versal 
times, spa•d 6 hours apart, on 4 days of the year, spa•d 3 months apart. The contour spac•t is 5• V, •d max•a and 
m•ma are •dicated by plus and minus siEns. The letters M, S, A, and J show the l•ations of the four •herent scatter 
stations. Values of •' above d5 o mainetic latitude are not shown, and values at l•atio• far removed from the obse•t 
stations are entirely speculative. 

-- ,g sin (m4) m > 0 

f,,,(•) m 1 m = 0 (9) 

-- cos (m4) m < 0 

where d is day number of the year, T is universal time of the 
day, and t is magnetic local time (MLT), defined by T + (• - 
69ø)/(15ø/hour). 

The functions Pn'" and f,,, are fully normalized as in the 
work of Richmond [1974]. Within the series (8), a number of 
the coefficients are automatically set equal to zero. First, all 
coefficients with n + m odd are eliminated so that •' is con- 

strained to be symmetric about the magnetic equator. Second, 
all coefficients with k + I odd are eliminated. This results in •' 

having characteristics one would expect of an electrostatic po- 
tential generated by ionospheric winds with a daily variation 
independent of geographic longitude, and a seasonal variation 
symmetric about the geographic equator, blowing in a tilted 
centered dipole magnetic field. That is, the potential on one 
side of the earth at the December solstice is identical to that at 

the opposite side of the earth at the June solstice, and the po- 
tential on opposite sides of the earth is identical at the equin- 
oxes. As we have very little information about longitudinal 
variations of the electric field, this assumption is made for 
convenience to limit the number of terms in the series. Third, 
to further limit the terms to a total of 128 (a convenient com- 
puter value), coefficients with n -- 7 are eliminated unless both 

k and I are zero, and coefficients with n > 5 and Iml: 4 are 
eliminated if Ill: 2. 

We determine values of the coefficients A•amn such that the 
resultant drift components from (3) and (4) match reasonably 
well all of the data simultaneously, for each component from 
each station at each local time for all three seasonal averages. 
Even with the number of coefficients limited as described 

above, a wide variety of choices can be made which give satis- 
factory agreement with the data. However, many of these 
choices of coefficients give an 'unreasonable' behavior of •' at 
locations far removed from the available stations. We there- 

fore use subjective constraints to limit the magnitude of those 
terms in (8) with 15 • 0, representing universal time (or longitu- 
dinal) variations of the local-time pattern. Details of the fit- 
ting procedure and a list of the coefficients are given in the ap- 
pendix. • 

The curves in Figures 1-4 show the seasonal average values 
of v_• and v, from our model at the locations of the four sta- 
tions. The fit to the data is satisfactory, although not excellent. 
Some of the difficulty in achieving a good fit everywhere 
arises from the totally different behavior of the east-west drifts 
observed at Millstone Hill and those observed at St. Santin. 

Figure 5 shows maps of the pseudopotential at four differ- 

•The appendix is available with the entire article on microfiche. 
Order from the American Geophysical Union, 2000 Florida Avenue, 
N.W., Washington, D.C. 20009. Document J80-011; $1.00. Payment 
must accompany order. 
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Fig. 6. Seasonally averaged model drifts as a function of magnetic 
local time at 40 ø magnetic latitude and at 78 ø (dashed curves) or 3 ø 
(dotted curves) magnetic longitude, at 300-km altitude. 

ent universal times for four seasonal epochs. At the time 4.6 
UT the antisolar point is approximately on the geomagnetic 
prime meridian; the other times are spaced at 6-hour intervals 
from this. The pseudopotential is shown only up to ñ65 ø lati- 
tude, because it is incapable of reproducing meaningfully the 
complex electric fields in the polar regions. (See Evans et al. 
[1980] for some examples of high-latitude electric field maps 
deduced from incoherent scatter radar data.) The locations of 
the four stations are indicated by the letters A, J, S, and M. 
Clearly, the pattern of the pseudopotential in regions distant 
from these stations is speculative and strongly dependent on 
assumptions we made in our fitting procedure. However, the 
variety of patterns in Figure 5 might give some indication of 
the actual diversity of the quiet-day average ionospheric elec- 
tric fields. 

Our data base should be adequate to permit examination of 
longitudinal (or UT) variations of the drift patterns at mid- 
latitudes in the North Atlantic region. Figure 6 shows sea- 
sonal average drifts at 40 ø magnetic latitude and at two mag- 
netic longitudes: 78 ø corresponds to St. Santin, while 3 ø corre- 
sponds to a point between Millstone Hill and Arecibo. The 
patterns are fairly similar, but a few differences are noticeable. 
The upward/poleward drift tends to be shifted positive at 3 ø 
with respect to that at 78 ø, at all local times and all seasons. 
The eastward drift tends to have a larger diurnal amplitude at 
78 ø than at 3 ø, particularly in the D months. 

Our confidence in the reliability of the latitude-local time 
maps of pseudopotential can be increased by averaging over 
universal time. The structure of our model is such that the 

universal-time-averaged pseudopotential varies semiannually. 
Figure 7 shows maps of the UT-averaged pseudopotential for 
solstitial and equinoctial conditions, as well as for the average 
over the year. The yearly average pattern is generally similar 
to that found by Richmond [1976], but there are differences 
which can be associated with the different data bases used. 

Figure 8 shows the corresponding UT-averaged drifts at 10 ø 
latitude spacings, again for solstitial, equinoctial, and yearly 
average conditions. A few features of the UT-averaged model 

drifts are worthy of comment. We confine our attention to the 
daytime hours, where the data base is more reliable. The day- 
time amplitude of the upward/poleward drifts is larger at the 
equinoxes than at the solstices. A significant seasonal varia- 
tion in the time of maximum drift is also apparent, the solsti- 
tial phase being later than the equinoctial at low latitudes, but 
earlier at higher latitudes. The east-west drifts tend to have a 
daily mean westward component at higher latitudes and a 
daily mean eastward component at low latitudes, this ten- 
dency being stronger at solstice than at equinox. The daily 
variation of the east-west drift is primarily diurnal, the ampli- 
tude generally decreasing with increasing latitude. The phase 
of the diurnal variation shifts gradually earlier with increasing 
latitude up to 40 ø and then shifts more strongly to earlier 
times at higher latitudes. 

The UT-averaged drifts for equinox are appropriate for 
comparison with results from the ionospheric dynamo calcu- 
lations of Richmond et al. [1976] and of Forbes and Lindzen 
[1976, 1977], as these studies used equinoctial conductivities in 
models having no UT variations (owing to the assumed 
coincidence of geographic and geomagnetic poles). Such a 
comparison, however, shows substantial disagreements be- 
tween observed and computed drifts, even though agreement 
of some features is evident. The disagreement suggests that 
the wind and/or conductivity models used in the theoretical 
calculations are inadequate to represent average conditions on 
a global basis. Such an inadequacy is also suggested by the 
amount of disagreement between the two theoretical studies. 
Some insight into how improvements of theoretical dynamo 
calculations can be made is offered by Forbes and Garrett 
[1979]. 

UT-AVERAGED PSEUDO-POTENTIAL 

SOLSTICE 

ee EQUINOX 

...... 

• YEARLY AVERAGE 

0 5 6 9 12 15 18 21 

MAGNETIC LOCAL TIME [hours) 

Fig. 7. Magnetic local time-magnetic latitude plots of the UT-av- 
eraged pseudopotential at 300 km for (top) solstice conditions (d = -9 
or 173.62) (middle) equinox conditions (d -- 82.31 or 262.93), and 
(bottom) the average over the year. Contour spacing is 500 V. Max- 
ima and minima values are in the kilovolts. 
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DISCUSSION 

The model presented here should be useful for applications 
requiring global information of the average quiet-day iono- 
spheric electric field for solar minimum conditions or for ap- 
plications requiring a reference electric field at some location 
far removed from the available observatories. Researchers re- 

quiring only information about the electric field near one of 
the four incoherent scatter radars would do better to use one 

of the local models of Blanc and Amayenc [1979], Fejer et al. 
[1979, 1980], Wand and Evans [1980], S. Ganguly et al. (un- 
published manuscript, 1980), or B. A. Emery et al. (unpub- 
lished manuscript, 1980). For applications requiring model 
values more detailed than those presented in this report, we 
have written a general purpose computer subroutine in For- 
tran which is listed in the appendix and is available on cards 
upon request. 

One final point of clarification may help prevent confusion 
in making reference to our model. Our basic model is defined 
by (2)-(7), that is, it is a function of day number and universal 
time as well as of magnetic local time and magnetic latitude. 
In this report we have shown certain types of averaging of this 
model: averaging over seasons in Figures 1-4 and 6, and aver- 
aging over universal time (and sometimes over the year) in 
Figures 7 and 8. When reference is made to seasonal, yearly, 
and/or UT averages of our model, we suggest that the nature 
of averaging used be so stated. Thus the solid curves in Figure 
8 represent our 'UT average, yearly average model.' 

As more ionospheric electric field data are collected, it may 
be desirable to produce models with greater accuracy and ap- 
plicability than the present one has. Extensions of the data 
base to higher latitudes, to other longitude sectors, and to dif- 
ferent solar cycle conditions would clearly be of value. 

Acknowledgments. A.D.R. is a Research Associate of the Coop- 
erative Institute for Research in Environmental Sciences, University 
of Colorado. The Arecibo data used in this study were supplied to the 
World Data Center A by R. M. Harper. 
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