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Abstract This paper considers a dataset of ionograms
recorded by the CADI ionosonde installed at São José dos
Campos (SJC; 23.2°S, 45.9°W, magnetic latitude 14.1°S),
Brazil, to compare two autoscaling systems: Autoscala,
developed by the Istituto Nazionale di Geofisica e Vulcanologia, and the UDIDA-scaling, developed by the
Universidade do Vale do Paraı́ba. The analysis, focused on
the critical frequency of the F2 layer, foF2, shows that the
two systems work differently. The UDIDA-scaling gives
always a value of foF2 as output, regardless of the presence
of the ionogram trace and its definition, while Autoscala
tends to reject ionograms for which the digital information
is considered insufficient. As a consequence, the UDIDAscaling can autoscale more foF2 values than Autoscala, but
Autoscala can discard a larger number of ionograms for
which the trace is unidentifiable. Discussions are made on
the accuracy of the foF2 values given as output, as well as
on the main shortcomings characterizing the two systems.
Keywords Ionogram  Ionosonde  Low-latitude
ionosphere  Critical frequency foF2  Automatic scaling
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Introduction
The importance of recording real-time vertical sounding
data, especially for space weather purposes, has greatly
increased over the past years. In particular, the assimilation
of this kind of data into ionospheric models has become
more and more important (Pezzopane et al. 2011, 2013;
Galkin 2012; Lee et al. 2012; McNamara et al. 2013;
Gardner et al. 2014; Chartier et al. 2016; Sabbagh et al.
2016). For this reason, in the last decades, several groups of
researchers worked hard to implement systems able to
automatically scale the experimental trace obtained after
performing an ionospheric vertical sounding, that is, an
ionogram (Reinisch and Huang 1983; Fox and Blundell
1989; Igi et al. 1993; Tsai and Berkey 2000; Zabotin et al.
2006; Ding et al. 2007; Galkin and Reinisch 2008; Su et al.
2012; Chen et al. 2013; Zheng et al. 2013; Jiang et al.
2013, 2014, 2015a, b). In particular, the ARTIST system
developed by the University of Lowell, Center for Atmospheric Research, has been widely used and tested (Gilbert
and Smith 1988; Conkright and McNamara 1997; Jacobs
et al. 2004; Reinisch et al. 2005; McNamara 2006; Bamford et al. 2008; Stankov et al. 2012). Although much
progress has been made, there are many issues that have
still to be faced, and a significant work is being continuously made to upgrade existing programs. The aim of these
improvements is, on the one hand, to advance the reliability
of the automatically scaled data, and on the other hand to
adapt some systems for being installed in ionosondes that
are not equipped with a tool to automatically scale the
recorded trace.
One type of ionosonde that is built without being
equipped with an automatic scaling system is the Canadian
Advanced Digital Ionosonde (CADI) (MacDougall 1993).
The present paper considers a dataset of ionograms
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Fig. 1 Examples of conversion from (top) the MD4 format to (bottom) the RDF format for ionograms recorded at SJC on (left) 1 September
2000 at 06:00 UT and (right) 13 November 2008 at 13:00 UT

Table 1 The autoscaling statistics (see the text for the description of the four different subsets), and the corresponding autoscaling accuracy for
subset 1, are shown for both Autoscala and UDIDA for the hourly ionograms recorded in September 2000 (R12 = 116)
September 2000 (R12 = 116) (603 ionograms)
Autoscaling statistics

Subset
Subset
Subset
Subset

1
2
3
4

Autoscala

UDIDA

137
229
5
232

369
–
234
–

(*37%)
(*98%)
(*2%)
(*63%)

Autoscaling accuracy subset 1
xa = |autoscaled
value - validated value|
(MHz)

Autoscala (137 ionograms)

UDIDA (369 ionograms)

Total
ionograms
(137)

Daytime
ionograms (59)

Nighttime
ionograms (78)

Total
ionograms
(369)

Daytime
ionograms (242)

Nighttime
ionograms (127)

xa B 0.5
0.5 \ xa B 1.0
1.0 \ xa B 1.5
xa [ 1.5

127 (*93%)
5 (*3%)
–
5 (*3%)

53 (*90%)
2 (*3%)
–
4 (*7%)

74 (*95%)
3 (*4%)
–
1 (*3%)

265
52
35
17

165
37
28
12

100
15
7
5

(*72%)
(*14%)
(*10%)
(*4%)

(*68%)
(*15%)
(*12%)
(*5%)

(*79%)
(*12%)
(*5%)
(*4%)

xr = |autoscaled value - validated
value|/validated value

Autoscala (137 ionograms)
Total
ionograms
(137)

Daytime
ionograms (59)

Nighttime
ionograms (78)

Total
ionograms
(369)

Daytime
ionograms
(242)

Nighttime
ionograms (127)

xr B 0.1
0.1 \ xr B 0.3
0.3 \ xr B 0.5
xr [ 0.5

130
3
3
1

55
1
2
1

75 (*96%)
2 (*3%)
1 (*1%)
–

328
35
3
3

221
17
1
3

107 (*84%)
18 (*14%)
2 (*2%)
–

(*95%)
(*2%)
(*2%)
(*1%)

(*93%)
(*2%)
(*3%)
(*2%)

UDIDA (369 ionograms)

(*89%)
(*9%)
(*1%)
(*1%)

(*91%)
(*7%)
(*1%)
(*1%)

Concerning the ‘‘Autoscaling statistics’’: the percentages between brackets of Autoscala for subset 1 and subset 4 refer to the total number of
ionograms of (subset 1 ? subset 4), that is, the ionograms for which the operator gave a value of foF2 as output; the percentages between
brackets of Autoscala for subset 2 and subset 3 refer to the total number of ionograms of (subset 2 ? subset 3), that is, the ionograms for which
the operator did not give any value of foF2 as output
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Table 2 Same as Table 1 but for March 2004 (R12 = 47)
March 2004 (R12 = 47) (627 ionograms)
Autoscaling statistics
Autoscala
Subset 1

265 (*51%)

Subset 2

85 (*81%)

Subset 3

20 (*19%)

Subset 4

257 (*49%)

UDIDA
522
–
105
–

Autoscaling accuracy subset 1
xa = |autoscaled
value - validated value|
(MHz)

Autoscala (265 ionograms)
Total
ionograms
(265)

Daytime
ionograms (125)

Nighttime
ionograms (140)

xa B 0.5

241 (*91%)

110 (*88%)

20 (*7%)

11 (*8%)

0.5 \ xa B 1.0

UDIDA (522 ionograms)
Total
ionograms
(522)

Daytime
ionograms (316)

Nighttime
ionograms (206)

131 (*94%)

278 (*53%)

183 (*58%)

95 (*46%)

9 (*6%)

109 (*21%)

62 (*20%)

47 (*22%)

1.0 \ xa B 1.5

2 (*1%)

2 (*2%)

–

87 (*17)

55 (*17%)

32 (*16%)

xa [ 1.5

2 (*1%)

2 (*2%)

–

48 (*8%)

16 (*5%)

32 (*16%)

xr = |autoscaled value - validated
value|/validated value

Autoscala (265 ionograms)

xr B 0.1

247 (*93%)

0.1 \ xr B 0.3

18 (*7%)

0.3 \ xr B 0.5

–

xr [ 0.5

–

Total
ionograms
(265)

Daytime
ionograms
(125)

UDIDA (522 ionograms)
Nighttime
ionograms (140)

Total
ionograms
(522)

Daytime
ionograms
(316)

Nighttime
ionograms (206)

117 (*94%)

130 (*93%)

379 (*73%)

261 (*83%)

118 (*57%)

8 (*6%)

10 (*7%)

94 (*18%)

43 (*13%)

51 (*25%)

–

–

30 (*6%)

8 (*3%)

22 (*11%)

–

–

19 (*3%)

4 (*1%)

15 (*7%)

recorded by the CADI ionosonde installed at São José dos
Campos (SJC) (23.2°S, 45.9°W, magnetic latitude 14.1°S),
Brazil, and discusses the results obtained after applying
two different autoscaling systems, Autoscala, developed at
Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy
(Pezzopane and Scotto 2005, 2007, 2010), and the UNIVAP Digital Ionosonde Data Analysis-scaling (UDIDAscaling, hereafter UDIDA), developed at the Laboratório
de Fı́sica e Astronomia of the Universidade do Vale do
Paraı́ba (UNIVAP), São José dos Campos, Brazil (Pillat
et al. 2013).
The main characteristic of Autoscala is that it is based
on an image recognition technique, which makes the
algorithm unrelated to the hardware features of the ionosonde, and consequently able to scale ionograms independently of the information on the polarization tagging.
The algorithm gives as output the main characteristics of
the F2, F1, E, and Es ionospheric layers, as well as an
estimation of the vertical electron density profile (Scotto
2009), and it has been applied to different types of ionosonde (Pezzopane and Scotto 2004; Scotto and Pezzopane

2008; Bullett et al. 2010; Krasheninnikov et al. 2010;
Pezzopane et al. 2010; Scotto and MacDougall 2012; Enell
et al. 2016).
UDIDA uses a fuzzy relation to fit the trace and gives as
output the following F region characteristics: the critical
frequency of the F region (foF2), the virtual height of the
base of the F region (h0 F), and the F region peak height
(hpF2 = h(foF20.834)) (Piggott and Rawer 1972).
In this paper, ionograms recorded at SJC for quiet and
disturbed periods are autoscaled by both Autoscala and
UDIDA. The dataset considered, how the data analysis has
been carried out, and the corresponding results are
described in the next section followed by which discussion
is given. Conclusions are given in the final section.

Datasets, analyses and results
The ionograms considered to compare the two autoscaling
systems, Autoscala and UDIDA, are divided into two groups.
The first group includes the hourly ionograms recorded at SJC
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Table 3 Same as Table 1 but for November 2008 (R12 = 2)
November 2008 (R12 = 2) (510 ionograms)
Autoscaling statistics
Autoscala

UDIDA

Subset 1

228 (*53%)

428

Subset 2

61 (*74%)

–

Subset 3

21 (*26%)

82

Subset 4

200 (*47%)

–

Autoscaling accuracy subset 1
xa = |autoscaled
value - validated value| (MHz)

Autoscala (228 ionograms)
Total
ionograms
(228)

Daytime
ionograms (93)

xa B 0.5

224 (*98%)

0.5 \ xa B 1.0

4 (*2%)

1.0 \ xa B 1.5
xa [ 1.5

UDIDA (428 ionograms)
Nighttime
ionograms (135)

Total
ionograms
(428)

Daytime
ionograms (234)

Nighttime
ionograms (194)

93 (100%)

131 (*97%)

270 (*63%)

153(*65%)

117 (*60%)

–

4 (*3%)

47 (*11%)

18 (*8%)

29 (*15%)

–

–

–

31 (*7%)

14 (*6%)

17 (*9%)

–

–

–

80 (*19%)

49 (*21%)

31 (*16%)

xr = |autoscaled value - validated
value|/validated value

Autoscala (228 ionograms)
Total
ionograms
(228)

Daytime
ionograms (93)

Nighttime
ionograms (135)

Total
ionograms
(428)

Daytime
ionograms
(234)

Nighttime
ionograms (194)

UDIDA (428 ionograms)

xr B 0.1

219 (*96%)

92 (*99%)

127 (*94%)

282 (*66%)

168 (*72%)

114 (*59%)

0.1 \ xr B 0.3

9 (*4%)

1 (*1%)

8 (*6%)

73 (*17%)

28 (*12%)

45 (*23%)

0.3 \ xr B 0.5

–

–

–

26 (*6%)

14 (*6%)

12 (*6%)

xr [ 0.5

–

–

–

47 (*11%)

24 (*10%)

23 (*12%)

for high solar activity (R12 = 116) in September 2000, for
medium solar activity (R12 = 47) in March 2004, and for low
solar activity (R12 = 2) in November 2008, and it represents
the ‘‘quiet’’ dataset, even though a geomagnetic storm
occurred during 17–20 September 2000 (Dst = -201 nT).
The second group, which represents the ‘‘disturbed’’ dataset,
includes the 5-min ionograms recorded at SJC during three
different geomagnetic storms that occurred during 24–26
August 2005 (Dst = -184 nT), during 14–16 December 2006
(Dst = -162 nT), and during 24–26 October 2011
(Dst = -147 nT), and during the well-known and wellstudied St. Patrick storm that occurred during 17–19 March
2015 (Dst = -223 nT) (Astafyeva et al. 2015; Carter et al.
2016; De Michelis et al. 2016; Nava et al. 2016; Nayak et al.
2016; Pignalberi et al. 2016; Spogli et al. 2016; Tulasi Ram
et al. 2016; Zhong et al. 2016).
It is worth highlighting that to process CADI ionograms
with Autoscala it was necessary to perform an ionogram file
format conversion from the MD4 one, which is the native
CADI format, to the RDF format (Pezzopane 2004), which is
the format with which the Autoscala system was run since the
early stage of its development. This format conversion did
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not cause any loss of information, as it is shown in Fig. 1 for
typical nighttime and daytime ionograms.
To evaluate the two autoscaling systems, automatically
scaled values of foF2 are compared with the ones handscaled by an experienced operator. We chose to carry out
the test by considering the ionospheric characteristic foF2
because for this one both systems obtained the most reliable results. Moreover, with reference to the processing
dataset of ionograms, the following subsets were considered: subset 1, including ionograms for which both the
autoscaling system and the operator give a value as output;
subset 2, including ionograms for which neither the
autoscaling system nor the operator give a value as output;
subset 3, including ionograms for which the autoscaling
system gives a value as output, while the operator does not;
subset 4, including ionograms for which the operator gives
a value as output, while the autoscaling system does not.
Tables 1, 2, 3, 4, 5, 6 and 7 show the results obtained
after applying both Autoscala and UDIDA on each of the
seven single periods (the three quiet months and the four
disturbed periods) forming the whole considered dataset of
ionograms recorded at SJC. For each table, the top part

Author's personal copy
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Table 4 Same as Table 1 but for the 5-min ionograms recorded during 24–26 August 2005, a disturbed period characterized by a Dst of
-184 nT
Storm 24–26 August 2005 (Dst = -184 nT) (826 ionograms)
Autoscaling statistics
Autoscala

UDIDA

Subset 1

507 (*80%)

635

Subset 2
Subset 3

122 (*64%)
69 (*36%)

–
191

Subset 4

128 (*20%)

–

Autoscaling accuracy subset 1
xa = |autoscaled
value - validated value|
(MHz)

Autoscala (507 ionograms)
Total
ionograms
(507)

Daytime
ionograms (254)

Nighttime
ionograms (253)

Total
ionograms
(635)

Daytime
ionograms (362)

Nighttime
ionograms (273)

xa B 0.5

493 (*97%)

248 (*97%)

245 (*97%)

325 (*51%)

212 (*59%)

113 (*41%)

4 (*2%)

7 (*2%)

124 (*20%)

62 (*17%)

62 (*23%)

0.5 \ xa B 1.0

11 (*2%)

UDIDA (635 ionograms)

1.0 \ xa B 1.5

1 (*0.5%)

–

1 (*1%)

xa [ 1.5

2 (*0.5%)

2 (*1%)

–

78 (*12%)

19 (*5%)

59 (*22%)

108 (*17%)

69 (*19%)

39 (*14%)

xr = |autoscaled value – validated
value|/validated value

Autoscala (507 ionograms)
Total
ionograms
(507)

Daytime
ionograms
(254)

Nighttime
ionograms (253)

Total
ionograms
(635)

Daytime
ionograms
(362)

Nighttime
ionograms (273)

xr B 0.1

488 (*96%)

249 (*98%)

239 (*94%)

338 (*53%)

239 (*66%)

99 (*36%)

0.1 \ xr B 0.3

19 (*4%)

5 (*2%)

14 (*6%)

150 (*24%)

63 (*17%)

87 (*32%)

0.3 \ xr B 0.5

–

–

–

72 (*11%)

24 (*7%)

48 (*18%)

xr [ 0.5

–

–

–

75 (*12%)

36 (*10%)

39 (*14%)

(named as ‘‘Autoscaling statistics’’) shows the number of
ionograms falling in each subset (1, 2, 3 or 4), while the
bottom part (named as ‘‘Autoscaling accuracy subset 1’’)
shows the autoscaling accuracy related to subset 1, in terms
of four different ranges (xa B 0.5, 0.5 \ xa B 1.0,
1.0 \ xa B 1.5, and xa [ 1.5) of the absolute error xa = |autoscaled value - validated value|, and in terms of 4
different ranges (xr B 0.1, 0.1 \ xr B 0.3, 0.3 \ xr B 0.5,
and xr [ 0.5) of the relative error xr = (|autoscaled
value - validated value|/validated value). In both cases, a
distinction between daytime ionograms (recorded between
6:00 and 18:00 LT) and nighttime ionograms (recorded
between 18:00 and 6:00 LT) was also made.
Moreover, for each of the seven considered periods,
corresponding linear fits between autoscaled and validated
values of subset 1 are shown for Autoscala and UDIDA in
Figs. 2 and 3, for quiet and disturbed periods, respectively;
the number visible at the bottom right corner of each plot is
the Pearson correlation coefficient, according to the following formula

UDIDA (635 ionograms)

qX;Y ¼

covðX; YÞ EððX  EðXÞÞðY  EðYÞÞÞ
¼
;
rX rY
rX r Y

ð1Þ

where cov() is the covariance between the variables X and
Y, rX and rY are the corresponding standard deviations, and
E() represents the expected value. Specifically, to compare
the performances of both autoscaling systems at the same
level, besides showing the linear fits for the whole subset 1
of Autoscala (left columns of plots) and for the whole
subset 1 of UDIDA (right column of plots), Figs. 2 and 3
show also the linear fits for the part of subset 1 of UDIDA,
which is coincident with the subset 1 of Autoscala (middle
column of plots).

Discussion
Looking at Tables 1, 2, 3, 4, 5, 6 and 7, the different
philosophy characterizing the two autoscaling systems is
evident. On the one hand, UDIDA gives always a value for
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Table 5 Same as Table 1 but for the 5-min ionograms recorded during 14–16 December 2006, a disturbed period characterized by a Dst of
-162 nT
Storm 14–16 December 2006 (Dst = -162 nT) (860 ionograms)
Autoscaling statistics
Autoscala

UDIDA

Subset 1

316 (*48%)

658

Subset 2
Subset 3

133 (*66%)
69 (*34%)

–
202

Subset 4

342 (*52%)

–

Autoscaling accuracy subset 1
xa = |autoscaled
value - validated value|
(MHz)

Autoscala (316 ionograms)
Total
ionograms
(316)

Daytime
ionograms (157)

Nighttime
ionograms (159)

Total
ionograms
(658)

Daytime
ionograms 423)

Nighttime
ionograms (235)

xa B 0.5

292 (*92%)

140 (*89%)

152 (*96%)

300 (*46%)

195 (*46%)

105 (*45%)

22 (*7%)

15 (*9%)

7 (*4%)

101 (*15%)

62 (*15%)

39 (*17%)

0.5 \ xa B 1.0

UDIDA (658 ionograms)

1.0 \ xa B 1.5

1 (*0.5%)

1 (*1%)

–

73 (*11%)

46 (*11%)

27 (*11%)

xa [ 1.5

1 (*0.5%)

1 (*1%)

–

184 (*28%)

120 (*28%)

64 (*27%)

xr = |autoscaled value - validated
value|/validated value

Autoscala (316 ionograms)
Total
ionograms
(316)

Daytime
ionograms
(157)

Nighttime
ionograms (159)

Total
ionograms
(658)

Daytime
ionograms
(423)

Nighttime
ionograms (235)

xr B 0.1

296 (*93%)

144 (*92%)

152 (*96%)

367 (*56%)

256 (*61%)

111 (*47%)

UDIDA (658 ionograms)

0.1 \ xr B 0.3

19 (*6%)

12 (*7%)

7 (*4%)

168 (*25%)

106 (*25%)

62 (*27%)

0.3 \ xr B 0.5

1 (*1%)

1 (*1%)

–

56 (*9%)

27 (*6%)

29 (*12%)

xr [ 0.5

–

–

–

67 (*10%)

34 (*8%)

33 (*14%)

foF2, independently of the presence of the ionogram trace
and, if present, independently of its definition; on the other
hand, Autoscala tends to discard ionograms for which the
digital information is considered insufficient, giving no
value of foF2 as output. This different kind of processing
explains why the number of ionograms falling in the subset
1 is greater for UDIDA than for Autoscala, while the
number of ionograms falling in the subset 4 is greater for
Autoscala than for UDIDA. In fact, for both quiet and
disturbed conditions, and independent of the solar activity,
the trace referring to the F2 layer is weak and scarcely
defined for most of the ionograms, and consequently
Autoscala does not give any foF2 value as output. As an
example, Fig. 4 shows an ionogram for which the operator
scaled a value of 11.0 MHz for foF2, while Autoscala
considered the digital information insufficient to identify
the ionogram trace. This Autoscala behavior might be
smoothed by varying the thresholds used by the algorithm
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to identify the F2 trace, but this is a long and hard task that
could be done as a further step.
At the same time, however, this feature allows Autoscala to identify correctly the ionogram cases for which the
operator did not validate any foF2 value, and in fact the
number of ionograms falling in the subset 2 for Autoscala
is high. On the contrary, UDIDA cannot identify this kind
of ionograms, and correspondingly the number of ionograms falling in the subset 3 is large. This is a feature of
UDIDA that has to be certainly improved in the near
future, namely this system should be equipped with a
subroutine able to reliably identify whether the ionogram
trace is absent or not.
Figures 5 and 6 show two examples of ionograms falling in the subsets 1 and 3, respectively, as processed by
Autoscala and UDIDA.
Concerning the number of ionograms falling in subset 3,
this shows a tendency to increase for both Autoscala and

Author's personal copy
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Table 6 Same as Table 1 but for the 5-min ionograms recorded during 24–26 October 2011, a disturbed period characterized by a Dst of -147
nT
Storm 24–26 October 2011 (Dst = -147 nT) (761 ionograms)
Autoscaling statistics
Autoscala

UDIDA

Subset 1

103 (*19%)

539

Subset 2
Subset 3

203 (*91%)
19 (*9%)

–
222

Subset 4

436 (*81%)

–

Autoscaling accuracy subset 1
xa = |autoscaled
value - validated value| (MHz)

Autoscala (103 ionograms)
Total
ionograms
(103)

Daytime
ionograms (55)

Nighttime
ionograms (48)

Total
ionograms
(539)

Daytime
ionograms (391)

Nighttime
ionograms (148)

UDIDA (539 ionograms)

xa B 0.5

84 (*82%)

37 (*67%)

47 (*98%)

253 (*47%)

192 (*49%)

61 (*41%)

0.5 \ xa B 1.0

10 (*10%)

9 (*16%)

1 (*2%)

137 (*25%)

92 (*24%)

45 (*30%)

1.0 \ xa B 1.5

2 (*1%)

2 (*4)

–

100 (*19%)

71 (*18%)

29 (*20%)

xa [ 1.5

7 (*7%)

7 (*13%)

–

49 (*9%)

36 (*9%)

13 (*9%)

xr = |autoscaled value - validated
value|/validated value

Autoscala (103 ionograms)
Total
ionograms
(103)

Daytime
ionograms (55)

Nighttime
ionograms (48)

Total
ionograms
(539)

Daytime
ionograms
(391)

Nighttime
ionograms (148)

xr B 0.1

92 (*89%)

44 (*80%)

48 (100%)

424 (*79%)

314 (*80%)

110 (*74%)

0.1 \ xr B 0.3

9 (*9%)

9 (*16%)

–

102 (*18%)

70 (*18%)

32 (*22%)

0.3 \ xr B 0.5

1 (*1%)

1 (*2%)

–

9 (*2%)

4 (*1%)

5 (*3%)

xr [ 0.5

1 (*1%)

1 (*2%)

–

4 (*1%)

3 (*1%)

1 (*1%)

UDIDA for disturbed periods. For Autoscala, also the
number of ionograms falling in the subset 4 seems to
increase for disturbed periods.
Concerning the number of ionograms falling in the
subset 1, for both UDIDA and Autoscala it seems to be
independent of both the period and the solar activity.
Focusing the attention on the accuracy of the autoscaling
of ionograms of subset 1, this is very high for Autoscala,
regardless of both the considered period and the solar
activity, while for UDIDA it decreases for disturbed periods. Moreover, Tables 1, 2, 3, 4, 5, 6 and 7 show also that
the accuracy of the UDIDA autoscaling seems to slightly
decrease for nighttime ionograms. As it is shown in Fig. 7,
this is mainly due to the occurrence of multiple reflections
of the sporadic E (Es) layer and the presence of noise,
which mislead the algorithm, causing as a consequence
large absolute and relative errors.

UDIDA (539 ionograms)

The high accuracy characterizing the autoscaling
made by Autoscala can be also inferred by looking at
Figs. 2 and 3, where the linear fits related to Autoscala
are all very good, with values of the Pearson correlation
coefficient ranging from 0.87 to 0.99. This means that
when Autoscala gives a value of foF2 as output, this is
very reliable.
Instead, the linear fits related to UDIDA, except the
cases of September 2000 and March 2004, are worse than
those related to Autoscala, showing a more significant
spread of the points, with values of the Pearson correlation
coefficient that are lower, especially for disturbed periods.
The main causes of error for UDIDA are then: (1) the
presence of spread-F (Fig. 6); (2) the presence of noise
(Fig. 7a); (3) the appearance of multiple reflections of the
sporadic E layer (Fig. 7b); (4) the appearance of multiple
reflections of the F layer (Fig. 8). Concerning (1), UDIDA
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Table 7 Same as Table 1 but for the 5-min ionograms recorded during 17–19 March 2015, a disturbed period characterized by a Dst of -223 nT
St. Patrick storm 17–19 March 2015 (Dst = -223 nT) (864 ionograms)
Autoscaling statistics
Autoscala

UDIDA

Subset 1

269 (*46%)

613

Subset 2

216 (*86%)

–

Subset 3

35 (*14%)

Subset 4

344 (*57%)

251
–

Autoscaling accuracy subset 1
x = |autoscaled
value - validated value|
(MHz)

Autoscala (269 ionograms)
Total
ionograms
(269)

Daytime
ionograms (135)

UDIDA (613 ionograms)
Nighttime
ionograms (134)

Total
ionograms
(613)

Daytime
ionograms (352)

Nighttime
ionograms (261)

x B 0.5

250 (*93%)

125 (*93%)

125 (*93%)

238 (*39%)

143 (*41%)

95 (*36%)

0.5 \ x B 1.0

16 (*6%)

7 (*5%)

9 (*7%)

110 (*18%)

59 (*17%)

51 (*20%)

1.0 \ x B 1.5

3 (*1%)

3 (*2%)

–

97 (*16%)

68 (*19%)

29 (*11%)

x [ 1.5

–

–

–

168 (*27%)

82 (*23%)

86 (*33%)

x = |autoscaled value - validated
value|/validated value

Autoscala (269 ionograms)
Total
ionograms
(269)

Daytime
ionograms
(135)

Nighttime
ionograms (134)

Total
ionograms
(613)

Daytime
ionograms
(352)

Nighttime
ionograms (261)

x B 0.1

252 (*94%)

129 (*96%)

123 (*92%)

357 (*58%)

229 (*65%)

128 (*49%)

0.1 \ x B 0.3

17 (*6%)

6 (*4%)

11 (*8%)

146 (*24%)

84 (*24%)

62 (*24%)

0.3 \ x B 0.5

–

–

–

50 (*8%)

24 (*7%)

26 (*10%)

x [ 0.5

–

–

–

60 (*10%)

15 (*4%)

45 (*17%)

considers the trace definite enough even though it is
characterized by a strong spread-F phenomenon which
induces unreliable foF2 values; concerning (2), the presence of clusters of points due to noise causes a wrong
identification of the trace and a consequent overestimation
of the value given as output; concerning (3) and (4),
UDIDA is misled by traces that are not those of the real
ionogram. A significant effort has been invested by the
UDIDA research team to smooth such errors (Pillat et al.
2015).
Autoscala instead can manage quite well the presence of
multiple reflections (Scotto and Pezzopane 2008), and the
main causes of error are: (1) a pronounced weakness of the
trace (Fig. 4); (2) the presence of spread-F (Fig. 6); (3) the
appearance of additional stratifications of the F layer (Lynn
et al. 2000; Fagundes et al. 2007) (Fig. 9). Concerning (1),
as it was previously mentioned, this malfunctioning of
Autoscala might be mitigated by working on thresholds
used by the algorithm; concerning (2), it is worth
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UDIDA (613 ionograms)

highlighting that most of the ionograms characterized by
spread-F phenomena are correctly identified by Autoscala
as not identifiable; concerning (3), the problem is known
(Scotto 2009) and more complex to be fixed, because it
implies a reconsideration of the empirical curves used by
Autoscala to identify the different parts of the ionogram; at
the same time, Fig. 9 shows that UDIDA can manage
better than Autoscala the presence of additional stratifications of the F layer.

Conclusions
By considering ionograms recorded by the CADI ionosonde installed at SJC, for quiet and disturbed periods,
two autoscaling systems, Autoscala and UDIDA, were
compared. UDIDA gives a value of foF2 for each analyzed ionogram, while Autoscala tends to reject ionograms for which the digital information is considered

Author's personal copy
Acta Geophys.

Fig. 2 Linear fits (in red the regression line, the slope and the
intercept values of which are reported at the bottom of each plot) for
the whole subset 1 (see the text for the description of the four different
subsets) of Autoscala (left column), for the whole subset 1 of UDIDA
(right column), and for the part of subset 1 of UDIDA, which is

coincident with the subset 1 of Autoscala (middle column), for the
quiet periods of September 2000, March 2004, and November 2008.
The value of the Pearson correlation coefficient is reported at the
bottom right corner of each plot

insufficient, and no value of foF2 is given as output. This
means that UDIDA can give more foF2 values as output
than Autoscala, and that Autoscala can correctly discard a
large number of ionograms for which the operator does
not validate any foF2 value. With regard to the dependence of the autoscaling on the period and the solar
activity, when the operator validates a value of foF2, the

capacity of both autoscaling systems in giving a value as
output does not present any kind of pattern. Instead, the
rejection made by Autoscala for ionograms validated by
an operator seems to increase for disturbed conditions.
The same pattern seems to characterize the number of
ionograms not validated by an operator and incorrectly
autoscaled by both systems. The accuracy of the
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Fig. 3 Same as Fig. 2 but for the disturbed periods that occurred during 24–26 August 2005, 14–16 December 2006, 24–26 October 2011, and
17–19 March 2015
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Fig. 4 Example of ionogram
for which the operator scales a
value of 11.0 MHz for foF2,
while Autoscala does not give
any value as output

Fig. 5 Example of ionogram of
subset 1 as autoscaled by (top)
UDIDA and (bottom)
Autoscala. The red curve in the
top panel is the ionogram
reconstructed by UDIDA, while
the blue and the green curves in
the bottom panel are,
respectively, the ionogram
reconstructed and the
corresponding vertical electron
density profile given by
Autoscala

autoscaling is very high for Autoscala, independent of
both the considered period and solar activity, while
UDIDA shows an accuracy decrease both for disturbed
periods, mainly because of the presence of multiple
reflections of the sporadic E layer, multiple reflections of
the F layer, and spread-F, and for nighttime ionograms
because of noise. The main shortcomings showed by

Autoscala are instead related to the inability in identifying the ionogram when this is characterized by a
pronounced weakness of the trace, the presence of
spread-F, and the appearance of additional stratifications
of the F layer.
To smooth the aforementioned autoscaling errors
made by both systems, so that they can produce more
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Fig. 6 Same as Fig. 5 but for
an ionogram of subset 3

Fig. 7 Example of nighttime
ionograms for which UDIDA
was misled by: a the presence of
noise characterizing the
ionogram trace, and b the
appearance of multiple
reflections of the Es layer
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Fig. 8 Example of ionogram
for which UDIDA was misled
by the appearance on the
ionograms of multiple
reflections of the F layer

Fig. 9 Example of ionogram
characterized by the appearance
of additional stratifications of
the F layer for which (top)
UDIDA gives as output a
reliable value of foF2, while
(bottom) Autoscala performs a
strong underestimation of it

reliable foF2 values, further fine-tuning analysis is needed. This can lead to the development of a reliable realtime monitoring system of the foF2 ionospheric characteristic at SJC.
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