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[11 STORM is an empirical ionospheric correction model designed to capture the changes
in F region electron density during geomagnetic storms. The model is driven by the
previous 33 hours of a,, and the output is used to scale the quiet time F region critical
frequency (foF2) to account for increases or decreases in electron density resulting from a
storm. The model provides a simple tool for modeling the perturbed ionosphere. The
quality of the model has been evaluated by comparing the predictions of the model with
the observed ionospheric response during the six storms in the year 2000. The model
output has been compared with the actual ionospheric response at 15 ionosonde stations
for each storm. The comparisons show that the model captures the decreases in electron
density particularly well in summer and equinox at midlatitudes and high latitudes but
is less accurate in winter. The value of the model has been quantified by comparing the
daily root mean square error of the STORM predictions with the monthly mean. The
results of the validation show that there is a 33% improvement of the STORM model
predictions over the monthly median during the storm days and that the model captures
more than half of the increase in variability on the storm days, a significant advance over
climatology. INDEX TERMS: 6964 Radio Science: Radio wave propagation; 2447 lonosphere: Modeling
and forecasting; 2435 Ionosphere: lonospheric disturbances; 2443 lonosphere: Midlatitude ionosphere; 2427

Ionosphere: Ionosphere/atmosphere interactions (0335); KEYWORDS: ionospheric modeling, empirical

modeling, geomagnetic storms, ionospheric storms, validation

1. Introduction

[2] STORM is the first empirical model of the
response of the ionosphere to a geomagnetic storm that
has demonstrated a consistent and measurable improve-
ment over climatology. The first characterization of
STORM has been designed to adjust the F-region peak
critical frequency (foF2) as function of geomagnetic
latitude, season, and intensity of the storm [Araujo-
Pradere et al., 2002; Fuller-Rowell et al., 2001;
Araujo-Pradere and Fuller-Rowell, 2000]. The model
is purely empirical, being based solely on an analysis of
an extensive database of ionosonde observations, but the
algorithms and data sorting procedure has been guided
by numerical simulations from a coupled thermosphere
ionosphere model [Fuller-Rowell et al., 1996a]. The
intensity of the storm is characterized by a new index
derived from filtering the previous 33 hours of ap.
Several limited validations of the STORM predictions

Copyright 2002 by the American Geophysical Union.
0048-6604/02/2002RS002620$11.00

have been published [e.g., Araujo-Pradere and Fuller-
Rowell, 2001; Araujo-Pradere, 2002]. In this paper, we
will introduce an analysis of the errors on the prediction
of the STORM model, and present the results from a
comprehensive validation against all available F2 region
critical frequency (foF2) measurement for each storm in
the year 2000 with maximum a, > 150, the threshold
used by the NOAA Space Weather Scales (http://
www.sec.noaa.gov/NOAAscales/index.html) for storms
with strong (G3) and higher descriptor. The storms
occurred on April 5, May 23, July 13, August 10,
September 15, and October 3, and for each storm, an
average of 15 stations were used in the analysis. The
results are shown for 5-day periods for each storm, to
cover the response and recovery phase of the ionosphere.
The seasonal coverage of the six storms is not complete
so this first attempt at validation is a first step in
quantifying the accuracy of the model. The daily root
mean square error (RMSE = (X(model — data)?)/24)"%))
has been chosen as the metric to quantify the model
predictions, which are compared with the corresponding
values using the monthly mean. During the discussion of
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the statistical results, we will use a storm and non-storm
day classification, where storm days correspond to Dst <
—100 nT, and non-storm days are when Dst never goes
below —50 nT. During the storm days, the validation
demonstrates a consistent improvement over the predic-
tions using the monthly mean. For periods of geomag-
netic quiet, Dst > —50, the model does not normally
predict any change from the monthly mean (correction
factor = 1). The main goal is to determine if the empirical
storm model shows a quantitative improvement com-
pared with the monthly mean or quiet time reference
models such as the International Reference lonosphere
(IRI; Bilitza [1990], Bilitza et al. [1993]).

2. Overview of the Empirical Model

[3] A meticulous description of the STORM model has
been presented in the companion paper [Araujo-Pradere
et al., 2002] so only a brief review will be presented
here. The model was developed by analyzing the global
distribution of ionosonde data for many storms over the
last 20 years. The analysis techniques were guided by
new understanding from physical model simulation
[Fuller-Rowell et al., 1996a, 1996b] regarding the more
persistent aspects of the storm response, and the sea-
sonal/latitude dependence. Much of this longer-term,
consistent response is believed to arise from develop-
ment of neutral composition changes driven by the
magnetospheric sources, and their subsequent movement
by the global wind field. Clearly there will be more
dynamic, storm-specific responses that are much harder
to capture in an empirical model, but this first version of
the model already demonstrates that reasonable fraction
of the ionospheric storm response is repeatable from
storm to storm provided the data is sorted in a physically
realistic way.

[4] The theory developed from the numerical simula-
tions implied the need for a new storm index to quantify
the integrated effect of Joule and particle heating for the
duration of the storm, and to estimate the time for the
composition changes to recover. It has been understood
for a long time that the ionosphere takes a day or two to
recover from a large geomagnetic storm, which is
believed to result from the gradual diffusion of neutral
species to their pre-storm distribution. The index is
derived by applying a filter weighting function to the
previous 33 hours of a,. The optimum shape and length
of the filter was obtained by the singular value decom-
position method [Detman and Vassiliadis, 1997], mini-
mizing the mean square difference between the filter
input (a, index) and filter output (foF2 ratios = foF2ob-
served/foF2monthly mean). We refer to this index either
as filtered a, or integrated a,. Using this index as a
measure of the intensity of a storm, the ionosonde data
were sorted by latitude and season.
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[5] Including all the features, the algorithm that
describes the empirical model is given by Fuller-Rowell
et al. [1998]:

@ = {ap+a; X (to) +a» x* (to) +a3 x> (to)}
{1l 4a4sin (LT + o)}

where ® = foF2obs/foF2mm (foF2observed/foF2-
monthly mean), X(¢ty)) = f F(1)P(ty — T)dt, and F(7) is
the filter weighting function of the a, index, P, over the
33 previous hours, and o corresponds to the local time of
the maximum in the diurnal variation. The coefficients
ag, a1, 8, and a3 have been adjusted to fit the non-linear
relationship between the ionospheric response and the
integral of the geomagnetic index a,, and are a function
of season and latitude.

[6] As output, the model provides a Correction Factor
(®) used to scale the IRI or any other quiet time reference
(QT), such as the monthly mean, using the expression:

Corrected Value(doy.UT.coordA) = QT(doy, UT, coord.)

q)(doy, UT, coord.)

The model is triggered when the filtered a, exceeds 200
units, i.e.

q)(doy, UT, coord.) = 17 when X(to)

= /F(T)P(to —7)dT < 200,

which is equivalent to an average a, of about 9, or a K,
of 27, for the previous time history. This threshold also
usually corresponds to days when Dy never drops below
—50 nT. This avoids making a correction for quiet
conditions, for which the model is not designed. For
quiet geomagnetic conditions, the use of the monthly
mean, the global IRI model, or any other quiet time
reference (P = 1), is adequate.

[7] The STORM model is currently running in an
operational mode. A real time version of the model has
been implemented, using the hourly values of the 3-hour
running a,, as provided by the USAF Hourly Magneto-
meter Analysis Reports. Hourly updates of the model
predictions, in six latitude bands, can be found at http://
sec.noaa.gov/storm/.

3. Error Analysis

[8] Figure 1 shows all the ionospheric data used to
produce the model sorted by season (5 intervals), latitude
(4 regions), and storm intensity (filtered a,). Using this
procedure, a definite trend can be seen in the data,
particularly in summer and equinox, but there is also
significant scatter about the fit to the distribution result-
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Figure 1. Sort of the storm-time ionospheric response into four geomagnetic bins (60—80, 0—-20,
20—40, 40—60) and five seasonal bins (from summer to winter, including intermediates seasons).
Each panel shows the relationship between the foF2 ratio and the integral of a,. The fit to the data
used in the model is shown in each panel, and the error bars represent the estimated geophysical
variability (standard deviation).
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Figure 2. Sort of the storm-time ionospheric response into four geomagnetic bins (60—80, 0—20,
20—40, 40—60) and five seasonal bins (from summer to winter, including intermediates seasons).
Each panel shows the relationship between the foF2 ratio and the integral of ap. The fit to the data
used in the model is shown in each panel, and the error bars represent the estimated standard
deviation of the mean.
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Table 1. Names, Codes, Geographic Coordinates, and Geo-
magnetic Latitude of the Stations Used in the Study

Geomagnetic

Station Code  Latitude Longitude Latitude
1 Thule/Qanaq THI77 71.5 290.8 88.8
2 Narssarssuaq NQJo6l 61.2 314.6 70.9
3 College CO764 64.9 2122 65.0
4 Uppsala UP158 59.8 17.6 58.3
5 Leningrad LD160 60.0 30.7 56.1
6  Juliusruh/Rugen  JRO55 54.6 134 54.3
7  Millstone Hill MHJ45 42.6 288.5 53.9
8  Moscow MO155 55.5 37.3 50.4
9  Fairford, UK FFO051 51.7 358.5 50.0
10  Chilton RLO52 51.6 358.7 49.9
11 Wallops Is WP937 37.8 284.5 49.2
12 Boulder BC840 40.0 254.7 48.9
13 Novosibirsk NS355 54.6 83.2 442
14 Tortosa EB040 40.4 0.3 43.6
15 Rostov RV149 472 39.7 42.4
16 Point Arguello PA836 34.6 2394 423
17 Rome RO041 41.8 12.5 423
18 Eglin AFB EG931 30.4 2733 41.1
19 Sofia SQ143 42.7 234 41.0
20 San Vito VT139 40.6 17.8 344
21 Anyang AN438 37.4 127.0 29.5
22 Learmonth LM42B 219 114.0 -33.0
23 Grahamstown GRI3L  -333 26.5 —33.9
24 Port Stanley PSJ5] —51.7 302.2 —40.6
25 Camden CNS3L 340 150.7 —42.0

ing from geophysical variability. The error bars on this
figure represent the standard deviation, or scatter about
the mean, due to geophysical variability, which would
represent the error on the model prediction when applied
to a given station for a particular storm.

[¢9] The error on the mean (standard deviation of mean)
of the distribution, which is the error on the fit to the
data, is substantially less than the scatter from the geo-
physical variability. Figure 2 shows the same information
where the error bar reflects the error on the mean, which
represents the accuracy of the STORM model prediction
of the average ionospheric response at a given site.

[10] In most of the intervals, the estimates of the size of
the error bars, both the geophysical variability and the
standard deviation of mean, were derived from the data
itself. In some regions, insufficient data was available to
make a reliable estimate so the values from neighboring
bins were uses to estimate the error. For the highest
levels of storm perturbation, where no data was avail-
able, the error of the prediction was assumed to gradually
increase. In some case, therefore, the error estimates are
not based on real information so clearly should be treated
with caution.

4. Data Sources for the Validation

[11] The only criteria in the selection of the stations
were that data was available in the NGDC Space Physics
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Interactive Data Resource (http://spidr.ngdc.noaa.gov/),
and that there was reasonable continuity of the iono-
spheric data (foF2) for the period of interest. Table 1
shows the ionosonde stations included in this study, in
each case the station code, the geographic coordinates,
and the geomagnetic latitude are given. The stations
cover geomagnetic latitudes from 88.8 N to 42.0 S
(geographic latitudes from 77.5 N to 34.0 S), with the
best coverage at midlatitudes in the north hemisphere.

[12] The storms were selected under two criteria: they
occurred in the year 2000 (to assure that none of the
storms were in the database used to construct the model)
and a;, > 150. Six storms fulfill these conditions, April 6
(max. a, = 300, max. Dst = —288 nT), May 24 (max. a,
=297, max. Dst = —133.3 nT), the well-studied Bastille
Day storm of July 15 (max. a, = 400, max. Dst =
—287.66 nT), August 12 (max. a, = 179, max. Dst =
—220.3 nT), September 17 (max. a, = 236, max.
Dst = —161 nT), and October 5 (max. a, = 179, max.
Dst = —185 nT). Figure 3 shows the time history of a,
and Dst for the events during 2000. To obtain the foF2
ratio, ® (foF2obs/foF2mm), a 30-day running mean
centered on the storm date was used to calculate the
monthly mean for each storm.

[13] The time history of the geomagnetic index a, for
each interval was used as the input of the model. This
includes the a, values for the 33 hours prior to the first
hour of the period, which is needed to obtain the first
point of the output (due to the length of the filter
weighting function).

[14] In this work, foF2 hourly values for each site were
used for a 5-day period of the storm (120 values), in
order to see the full picture of the perturbed period,
including the quiet background. In case where higher
temporal resolution was available the hourly average was
used.

5. Results

[15] The empirical storm-time correction model has
been tested for each 5-day period of the storms. Figures
4a to 4f show the response of the ionosphere to each
storm and the prediction of the empirical model for the
fifteen stations. For each storm and station, the time
evolution of the ratio of the hourly foF2 and the
monthly mean, and the prediction from the empirical
model are displayed, together with the normalized
RMSE for both.

[16] The results are presented from the earlier storm
(April 6) to the latest (October 3), covering in this way
from equinox to equinox through a solstice and inter-
mediate seasons as defined by Araujo-Pradere et al.
[2002]. For each storm, the stations are organized by
geomagnetic latitude, from the most northerly going
south.
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Figure 4a. Data and output of the STORM model, as foF2 ratio, at 15 different locations for the
storm of April 2000. The gray line shows the output of the STORM model, the black line is
the observation. An empty square represents the daily RMSE for STORM, and the cross is for the

monthly mean.
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Figure 4b. Same as Figure 4a but for the storm of May 2000.
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Figure 4c. Same as Figure 4a but for the storm of July 2000.
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Figure 4d. Same as Figure 4a but for the storm of August 2000.
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Figure 4e.

Same as Figure 4a but for the storm of September 2000.
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Figure 4f. Same as Figure 4a but for the storm of October 2000.
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Table 2. A Comprehensive Validation of the STORM Empirical Ionospheric Model®

Northern Hemisphere

Southern Hemisphere

Days Averages Days Averages
Five Storm Percent Five Storm Percent
RMSE 1 2 3 4 5 days Days Improvement 1 2 3 4 5 days Days Improvement
April 2000
STORM 0.13 0.15 0.19 0.15 0.11 0.15 0.19 51 0.17 0.16 022 0.12 0.12 0.16 0.22 27
MM 0.13 0.17 039 0.15 0.11 0.19 0.39 0.17 0.17 030 0.11 0.12 0.17 0.30
May 2000
STORM 0.15 0.13 0.10 0.10 0.12 0.12 0.11 47 032 0.18 0.14 0.14 0.16 0.19 0.16 —6
MM 0.15 028 0.15 0.10 0.12 0.16 0.21 032 0.17 0.3 0.11 0.16 0.18 0.15
July 2000
STORM 0.14 0.17 0.18 0.18 0.11 0.15 0.18 37 0.13 0.18 0.19 034 0.15 020 0.26 4
MM 0.13 0.12 020 037 0.12 0.19 0.29 0.13 0.15 0.17 038 0.14 0.17 0.27
Aug. 2000
STORM 0.12 0.17 0.18 0.15 0.17 0.16 0.17 38 0.11 0.13 0.19 0.14 0.11 0.14 0.15 6
MM 0.13 021 036 024 0.17 022 027 0.12 0.14 0.20 0.13 0.11 0.14 0.16
Sept. 2000
STORM 0.13 0.12 0.19 0.19 0.17 0.16 0.19 36 0.10 0.12 0.19 0.21 0.13 0.15 0.20 13
MM 0.13 0.13 022 037 023 021 0.30 0.10 0.12 0.19 0.27 0.14 0.16 0.23
Oct. 2000
STORM 0.18 0.19 0.19 0.12 0.12 0.16 0.17 29 0.07 012 025 0.15 0.10 0.14 0.17 23
MM 0.18 021 030 0.19 0.12 020 0.24 0.08 0.16 036 0.13 0.10 0.17 0.22

#The normalized RMSE (e.g., 0.13 represents a RMSE of 13%) comparing the model and ionosonde observations are shown for five days for
each of the storms in the year 2000, for northern and southern hemisphere stations separately.

[17] The black line represents the ratio from the data,
while the thick gray line corresponds to the STORM
model output. The x axis corresponds to time, from the
00:00 UT of the first day of the period up to the 120th
hour (23:00 UT of the 5th day) of each storm. The y axis
is the ratio of foF2 for both the observed ratio and the
STORM prediction. The value & = 1 represents the quiet
conditions (monthly mean). Also shown are the normal-
ized RMSE for each 24 hours interval using either the
STORM model ratios (empty boxes), or the monthly
mean (black crosses) as the prediction. The y axis also
quantifies the RMSE values, the metric used to assess the
quality of the predictions.

[18] Most of the data used in this study rest on com-
puter processing. In Figures 4a to 4f it is possible to
observe a number of spikes evidently erroneous, but we
decided to keep all the information to avoid the removal
of real details that the model should be tested against.

[19] The clear visual message from this set of figures is
the ability of the model to capture the tendency of the
changes, in many of the cases. For non-storm days there
are no significant difference between the prediction and
the monthly mean RMSE. For storm days, the model
captures the direction and magnitude of the depletion
reasonably well.

[20] Table 2 shows the numerical values of the daily
RMSE for each day of the 5-day period of each storm. In
this table the storm days, and the corresponding aver-
ages, are shown in bold, and the % of improvement is
given by the expression:

% improvement = ((RMSE(monthly mean)
—RMSE(STORM)/RMSE
-(monthly mean))) x 100

In light of the seasonal dependence in the error estimates
shown in Figures 1 and 2, the RMSE have been
separated by hemisphere, and so by season. Since no
northern winter storms are present in the validation data
set, the seasonal dependence in the accuracy of the model
is manifest as a hemispheric dependence. Notice that a
substantial improvement occurs in the north in all cases
corresponding to equinox and summer conditions,
whereas in the south in the winter months there is no
significant improvement over climatology. Changes
within £10% can be considered as being essentially the
same as climatology. The average over all storm days
and both hemispheres is a 33% improvement.

[21] Since quiet days also have geophysical variability,
it is valuable to estimate how much of the increase in
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standard deviation during the storm days is captured by
the model. During the quiet days preceding the storms
(non-storm days), the variability of the data around the
monthly mean (standard deviation of the data) is about
13%, very close to previous results [Araujo-Pradere and
Fuller-Rowell, 2000]; and during the storm days the
standard deviation increases to about 27%. The STORM
model reduces this standard deviation to 19%, which
implies that the STORM model is capturing more than
half of the storm induced variability.

6. Conclusion

[22] A comprehensive validation has been performed
of a new model designed to follow the changes in the F
region ionosphere in response to a geomagnetic storm.
The model has been tested on five significant geomag-
netic storms during the year 2000. For each storm, data
from 15 ionosonde stations were obtained. Visually, the
prediction from the storm model follows the observed
changes for many of the cases, but does particularly well
in the summer hemisphere. The accuracy of the model
has been quantified by evaluating the daily RMSE
between the model and observations and compared with
the prediction using the monthly mean. The values
calculated using this metric shows the model is on
average 33% improved over the monthly mean. The
results indicate that the STORM model captures more
than half of the increase in variability due to the storms.

[23] Acknowledgments. This work was performed under a grant
from the National Science Foundation Space Weather Program.
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