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Ab stract—The ob ject of re search is the meth ods for mon i tor ing and fore cast ing strong space weather
dis tur bances af fect ing the ra di a tion en vi ron ment and ra dio com mu ni ca tion dur ing air trav els. The mon i -
tor ing tech niques used by the ex ist ing space weather cen ters are an a lyzed: the U.S. Cen ter, the
PECASUS con sor tium (Great Brit ain, Fin land, Ger many, Po land, Aus tria, It aly, the Neth er lands, Bel -
gium, Cyprus, and South Af rica), the AJCF con sor tium (Aus tra lia, Ja pan, Can ada, France), and the
Rus sian-Chinese space weather con sor tium.
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IN TRO DUC TION

In ac cor dance to the de ci sion of the Coun cil of the In ter na tional Civil Avi a tion Or ga ni za tion (ICAO),
Amend ment 78 was in tro duced to An nex 3 to the Con ven tion on In ter na tional Civil Avi a tion “Me te o ro log -
i cal Ser vice for In ter na tional Air Nav i ga tion,” that came into ef fect on No vem ber 8, 2019. It im plies the in -
tro duc tion of the space weather in for ma tion ad vi sory ser vice and the cre ation of Space Weather Centers
(SWXC) to pro vide in for ma tion on space weather events. The Rus sian Fed er a tion takes part in the cre ation
of such ser vice as one of the cen ters. The SWXC must pro vide the mon i tor ing (in clud ing short-range fore -
cast ing) of strong space weather dis tur bances that may have a neg a tive ef fect on the high-frequency and
sat el lite ra dio com mu ni ca tion, nav i ga tion and ob ser va tion sys tems based on the GNSS and/or may pose a
risk of ra di a tion exposure to people onboard the aircraft. 

PO TEN TIALLY HAZ ARD OUS SPACE WEATHER DIS TUR BANCES

The ICAO doc u ments de fine the thresh old val ues for space weather dis tur bances that are haz ard ous for
aeronautics (Ta ble 1). The dis tur bances of lower lev els are not prac ti cally in ter est ing for avi a tion, only very 
strong dis tur bances are haz ard ous, which can be caused only by two events in the so lar at mo sphere (it
should be noted that all geoeffective dis tur bances are sun-induced): co ro nal mass ejec tions (CME) and so -
lar flares.  

The so lar flare is a rapid pro cess of the re lease of en ergy of mag netic or i gin, as a re sult of which X-ray
fluxes and high-energy par ti cles (pro tons, elec trons, and heavy ions) are in jected to the sur round ing space.
The X-ray fluxes reach ing the Earth’s ion o sphere in duce ad di tional ion iza tion on the il lu mi nated side and,
hence, the ra dio wave ab sorp tion. This leads to the de te ri o ra tion of ra dio com mu ni ca tion and the dis rup tion
of global po si tion ing sys tems. The so lar pro ton fluxes dur ing the flare, be sides the di rect ef fect on the ion o -
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sphere state and the im pact on the ra dio sig nal prop a ga tion, cause fail ures in the avi on ics, lead to the ra di a -
tion ex po sure of pas sen gers and air craft crew. 

The space weather mon i tor ing im plies the con tin u ous ob ser va tion and real-time (or with a time lag, that
is much smaller than the time of space weather dis tur bance de vel op ment) re cep tion of data on the en vi ron -
ment state and pro cesses de ter min ing the space weather and a dis tur bance de vel op ment sce nario. The re sult 
of such mon i tor ing is the prep a ra tion and pro duc tion of ad vi sory mes sages about the ob served mod er ate
and/or strong dis tur bances and the sce nario of changes in their char ac ter is tics in the near est fu ture. Let us
briefly con sider the main tasks of the SWXCs pro vid ing avi a tion with space weather in for ma tion.

RA DI A TION

The ra di a tion en vi ron ment on the flight routes is vari able, which causes a need to con trol and to pre dict
it. It is caused by the ga lac tic and so lar cos mic rays, that are ac cel er ated dur ing so lar flares. Pri mary pro tons 
with en ergy above 100 MeV are particularly dan ger ous [1]. Lower-energy pro tons are shielded by the
Earth’s at mo sphere and do not reach the al ti tude of avi a tion flights (8–18 km). The vari abil ity of the flux of
ga lac tic cos mic rays and its spec trum in the en ergy re gion <10 GeV was pri mar ily caused by such phe nom -
e non as the mod u la tion of ga lac tic cos mic rays in the so lar cy cle: their in ter ac tion with so lar wind streams,
that are highly de pend ent on the so lar ac tiv ity cy cle. As a re sult of the de pend ence on the ac tiv ity cy cle
phase, the ga lac tic cos mic rays dose var ies by 1.5–2 times for the avi a tion flight al ti tude in po lar re gions.

As fol lows from the re sults of cal cu la tions pre sented in [1, 10], the ga lac tic cos mic rays dose does not
ex ceed 100–150 mSv even for many-hours flights. At the same time, the annual dose limit  is 1 mSv for the
public, 20 mSv for nu clear in dus try em ploy ees, and 500 mSv for cos mo nauts. In Eu rope, the annual dose
limit for the aircraft crew is 6 mSv per year. 

Thus, the ra di a tion haz ard from ga lac tic cos mic rays is small and can be sig nif i cant only for air craft
crews per form ing reg u lar trans po lar flights. The global cen ters use sim i lar tech niques for the dose cal cu la -
tion: NAIRAS (USA), EPCARD (Ger many) [5, 10, 11], in put data for which are the mea sured par ti cle
fluxes and the at mo sphere model. The com par i son of cal cu la tions by these meth ods with the KRAT sys tem
de vel oped by the au thors [2] re vealed that rel a tive er rors of cal cu lat ing doses from ga lac tic cos mic rays do
not ex ceed 20%. In many coun tries, dosimetric con trol is car ried out for crew mem bers. For ex am ple, in
France, all French air lines are re quired to carry out dosimetric con trol of flight per son nel. The
SIEVERTPN pro gram pro vides air lines with the method for cal cu lat ing cos mic ra di a tion doses re ceived
dur ing flights tak ing into ac count the se lected route. Based on the data pro vided by the air lines re gard ing
the flight and the pres ence of per son nel on board, the SIEVERTPN pro gram cal cu lates an in di vid ual dose
for each flight crew mem ber ev ery month. Then these do sim e try data are au to mat i cally trans mit ted to the
French in for ma tion sys tem for the reg is tra tion of SISERI pro fes sional do sim e try. 

The great est ra di a tion dan ger for air trav els is so lar cos mic rays, that oc cur af ter such spo radic phe nom ena
on the Sun as so lar flares and CMEs. The dose from the so lar cos mic rays can ex ceed that from the ga lac tic
rays by hun dreds of times. Even dur ing trans at lan tic flights, the dose from so lar cos mic rays can be more
than 2–10 mSv. Trans po lar flights be come es pe cially dan ger ous. Cur rently, ICAO es tab lished the follo-
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Ta ble 1. The thresh old val ues of space weather pa ram e ters for the pro duc tion of ad vi sory mes sages

Ob ject Mea sured char ac ter is tic (des ig na tion, unit)
Dis tur bance

Mod er ate Strong

Nav i ga tion (GNSS)

Ra di a tion ex po sure
Com mu ni ca tion (HF)

Amplitude scintillations (S4, dimensionless)
Phase scintillations (sj , rad)
Vertical total electron (TEC, TEC units)
Dose rate (mSv/hour)
Auroral absorption (Kp)
Absorption in the polar cap (dB for 30 MHz riometer data)
X-rays 0.1–0.8 nm (W/m2)
MUF reduction after the ionospheric disturbance

0.5
0.4
125
30
8
2

10–4 (X1)
30%

0.8
0.7
175
80
9
5

10–3 (X10)
50%

Note:  Kp is three-hour quasi-logarithmic lo cal in dex of geo mag netic ac tiv ity.



wing stan dards for es pe cially haz ard ous phe nom ena as so ci ated with so lar cos mic rays: the ra di a tion en vi -
ron ment dis tur bance is con sid ered mod er ate if the dose rate is 30 mSv/hour and strong if it is 80 mSv/hour
(Ta ble 1). In 2018, ICAO for mu lated re quire ments for space weather in for ma tion pro vid ers to en sure ra di a -
tion safety of flights. The main re quire ments are as fol lows:

 —the state pro vider must pro vide close-to-real-time in for ma tion on in creased ra di a tion ex po sure with a 
tem po ral res o lu tion of 1 hour and in for ma tion on the char ac ter is tics of in creased ra di a tion ex po sure with a
time lag of not more than 10 min utes;

 —the state pro vider must pro vide prog nos tic and cur rent in for ma tion about the area with an in creased
ra di a tion ex po sure for flight crews and pas sen gers with a time in ter val, that is smaller or equal to 1 hour,
and with a ver ti cal res o lu tion of 1500 m for the next 6, 12, 18, 24, and 36 hours.

Let us con sider in more de tail par tic u larly hazardous intrusions of so lar pro tons to the Earth’s at mo -
sphere. It should be noted that the dose from so lar cos mic rays is highly de pend ent on the spec tral in dex of
so lar pro ton events g (SPE). When g var ies from 2 to 7 un der the same value of the flux, the dose can change 
by hun dreds of times. Let us con sider doses for the most un fa vor able con di tions of so lar pro ton in va sions
for the al ti tudes of 15, 12, and 9 km, the cut off ri gid ity of 0.05 (the po lar zone), and ter res trial at mo spheric
con di tions (for the sum mer, the al ti tude in creases by ~1 km). 

Let us as sume that at the at mo sphere bound ary, there are SPE pro ton fluxes of 100 and 10 par ti -
cle/(cm2 s sr) (the pro ton en ergy is >100 MeV, the spec tral in dex  g = 2 and  g = 7). The re sults of the dose
rate cal cu la tions are pre sented in Ta bles 1 and 2 for g = 2 and g = 7, re spec tively.

For one of the most intense (for pro ton en ergy >100 MeV) events dur ing so lar cy cle 23, that oc curred on 
May 10, 2005, the max i mum den sity of the flux of pro tons with en ergy >100 MeV was equal to 650 parti-
cle/(cm2 s sr), the spec trum in this event was ex tremely hard:  g = 2, the dose rate for civil avi a tion (at the
al ti tude of 12 km) for the po lar re gions was 32.5 mSv/hour. This is an ex tremely dan ger ous dose rate.

Thus, the task of mon i tor ing so lar pro ton fluxes and pre dict ing their in ten sity and ri gid ity (it is car ried
out us ing geo sta tion ary sat el lites, such as GOES (USA) and Elec tro-L (Rus sia)) is ur gent. The data can be
re cal cu lated to ob tain the dose rate in the strato sphere. A much more dif fi cult prob lem is pre dict ing the ap -
pear ance of pro ton fluxes, their in ten sity and spec trum. The prob lem of fore cast ing so lar pro ton fluxes can
be split into three sep a rate tasks: the fore cast of geoeffective so lar flares, the pre dic tion of pro ton fluxes by
elec tro mag netic ra di a tion of flares, and the fore cast of SPE pa ram e ters by the first ob ser va tions of pro ton
fluxes.

The so lu tion to the first prob lem is still far from com ple tion. The fore cast of the flares can not be con sid -
ered sat is fac tory. Let us con sider the sec ond prob lem in more de tail. 

The fore cast of SPE pa ram e ters based on elec tro mag netic ra di a tion of flares has a ho ri zon equal to the
time in ter val be tween the reg is tra tion of elec tro mag netic ra di a tion of flares and the ap pear ance of pro ton
fluxes in the near-Earth space, which are dan ger ous for air craft flights. Usually, this time in ter val is equal to 
sev eral hours, but, in some cases, can be smaller than an hour. Here, it is very im por tant to ob tain the ear li -
est pos si ble and con tin u ous in for ma tion on elec tro mag netic ra di a tion. Cur rently, this is pos si ble only for
soft X-ray ra di a tion of so lar flares. Data on X-ray so lar flares are avail able at the website [6] round the
clock and with a lag of 1 min ute. They al low an au to matic de ter mi na tion of the time of the X-ray flare max -
i mum and the den sity of the X-ray flux at the flare max i mum. Al though soft X-ray ra di a tion of flares is
ther mal, nev er the less, ac cord ing to the Neuperts ef fect [12], the soft X-ray flux at the max i mum is pro por -
tional to the in te gral flux of elec trons ac cel er ated in the flare with hard X-rays.
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Ta ble 2. The dose rate (mSv/hour) dur ing so lar pro ton events for g = 2 and g = 7

Flux,                   
par ti cle/(cm2 s sr)

g
Al ti tude, km

15 12 9

100

10

2
7
2
7

6.3
3
0.63
0.3

5.0
0.63
0.5
0.063

4.3
0.09
0.43
0.09



Re cently, in view of the above, the in ter est to the pre dic tion of SPE pa ram e ters based on soft X-rays has
risen [3, 4, 8, 9]. The au thors of [3] de scribed a method for the au to mated con tin u ous short-term fore cast ing 
(nowcasting) of the oc cur rence of geoeffective pro ton fluxes with energy >10 MeV in the near-Earth space
af ter the X-ray so lar flares. The sim i lar method was pro posed in the USA [9]. In these meth ods, the X-ray
flare pa ram e ters are used to cal cu late the prob a bil ity of ob serv ing pro ton fluxes above the S1 thresh old
(>10 par ti cle/(cm2 s sr)), i.e., the fore cast is proba bil is tic. The ac cu racy of the meth ods is about 60%.

The prediction of the intensity of protons with energy of 100 MeV is of greatest interest. It is shown in
[4] that for such a forecast, it is hardly possible to expect an accuracy greater than an order of magnitude.
Indeed, the elementary prediction, when based on the observations of protons with energy of 30 MeV near
the Earth, the intensity of protons with energy of 100 MeV of the flux is predicted, can evidently be
considered the best possible. Its results are presented in Fig. 1. At the fixed value of Jp(>30 MeV), there is a
20-fold change in Jp(>100 MeV), and the accuracy of the forecast lgJp(>100 MeV) is ±0.65. The forecast
error is 4.5 times; therefore, the real forecast based on electromagnetic radiation of flares is unlikely to
allow getting the accuracy of the SPE intensity forecast higher than an order of magnitude.

The range of the SPE in ten sity at the fixed value of the flux den sity at the max i mum of the X-ray flare
ac cord ing to [4] is very large: up to 7 or ders of mag ni tude. Nev er the less, the use of time pa ram e ters char ac -
ter iz ing an in crease in the X-ray flare al lows a sig nif i cant re duc tion of the range.

The au thors of [3] pro posed to pre dict the oc cur rence of fluxes with en ergy above 10 MeV us ing the
X-ray burst pro ton pa ram e ter P, that char ac ter ized both its in ten sity and growth with time: 

P T Jr= ´ + ´ +10 60 035 10 21
3( / . lg( )), , maxX (1)

where Tr, 1 is the time parameter, minute; JX, max is the X-ray flux density at the maximum, W/m2. The
parameter Tr, 1 is equal to the average width of the time profile of the X-ray flare in the range of flux density
values from JX, max/10 to JX, max. Figure 2 shows the location of points corresponding to the solar proton
event with proton energy >100 MeV in the Tr, 1–P diagram.

The distribution of X-ray bursts by the parameter P significantly differs from their distribution by the
X-ray flux density at the maximum and coincides with the distribution of flares by the maximum intensity
of proton events Jp [6]. Hence, it can be concluded that lgJp = P + const. Figure 3 presents the real
dependence of the intensity of SPE with proton energy >100 MeV. The straight lines correspond to the
dependence lgJp = P + const.  As clear from Fig. 3, the use of parameter P significantly improves the
prediction of SPE with proton energy >100 MeV. The intensity for most events can be predicted with an
error by 70 times. The use of additional parameters can, in principle, reduce the forecast error to 10 times.

Thus, the meth ods for the SPE pre dic tion by X-ray ra di a tion give quite large er rors when pre dict ing the
oc cur rence of an event and its in ten sity. A sig nif i cant im prove ment can be ex pected when us ing meth ods
for pre dict ing the SPE pa ram e ters based on the ini tial in crease in the pro ton flux near the Earth. Ac cord ing
to pre lim i nary es ti mates, the ac cu racy of the SPE in ten sity fore cast can be equal to 200–300%.
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Fig. 1. The prediction of proton fluxes at the maximum of the solar proton event with energy >100 MeV based on proton
fluxes with energy of 30 MeV. Data from the GOES satellite for solar cycle 23. The constraint equation: lgJp(>100) =
lgJp(30) – 1.2. The dash line limit the area with the forecast error <250%.



RA DIO COM MU NI CA TION DIS RUP TION

The dis rup tion of ra dio com mu ni ca tion is caused by changes in ra dio wave prop a ga tion con di tions due
to changes in the ion o sphere pa ram e ters (elec tron con tent, ion com po si tion, tem per a ture). These pa ram e -
ters vary with height in a com plex way. Three main lay ers of the max i mum elec tron con tent (D ~ 80 km,
E ~110 km, and F-layer, that is di vided into F1 ~ 170 km and F2 ~ 300 km) ex pe ri ence sig nif i cant vari a -
tions in their al ti tude, par ti cle con cen tra tion, and tem per a ture, both reg u lar and spo radic ones. Ir reg u lar
changes in the ion o sphere pa ram e ters are as so ci ated with the im pact of par ti cles and ra di a tion gen er ated
dur ing so lar ex plo sive events.

The great est im pact on the sta bil ity of ra dio com mu ni ca tion with air crafts in po lar re gions is car ried out
by the ab sorp tion phe nom ena in the po lar cap. They ap pear af ter so lar flares in the years of in creased so -
lar activity, when pro ton fluxes in vade the po lar cap. In this case, the at ten u a tion of ra dio sig nals can reach
100 dB and can last up to 10 days. The fre quency of such phe nom ena dur ing the pe ri ods of in creased so lar
ac tiv ity is 15–20 per year.

Other sig nif i cant phe nom ena dis rupt ing ra dio com mu ni ca tion are auroral ab sorp tions. The prob a bil ity
of their oc cur rence is about 40%, but the du ra tion is small and does not ex ceed 2 hours. Due to the high
prob a bil ity of their oc cur rence, they can over lap one an other. Auroral ab sorp tions are as so ci ated with the
pre cip i ta tion of en er getic elec trons with an en ergy of >40 keV from the mag neto sphere, are ob served in the
area of the auroral oval, are re corded by riometers lo cated near it, and af fect ra dio com mu ni ca tion only if
the source or re ceiver of the ra dio sig nal is lo cated in the area of the auroral oval (the lat i tude is 64°– 67°).
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Fig. 2. The dependence of Tr, 1 on JX, max (cycle 23, 0°–90° W) and the level of SPE with proton energy >100 MeV. (1) The
absence of SPE; (2) the absence of SPE due to a high background from the previous events; (3) the events with Jp > 1
particle/(cm2 s sr); (4) the events with Jp > 10 particle/(cm2 s sr); (5) the events with Jp > 100  particle/(cm2 s sr). The inclined
straight lines correspond to the values of P = –1.9, –0.4, 1, 3. 

Fig. 3.  The de pend ence of the in ten sity of pro ton events with pro ton en ergy >100 MeV on the X-ray burst pro ton
pa ram e ter P (cy cle 23, the west ern half of the disk).



Mod ern avi a tion crosses this zone dur ing 10–15 min utes. How ever, dur ing the flights along the oval, ra dio
com mu ni ca tion can be dis rupted for a long time.

To pro vide sta ble ra dio com mu ni ca tion, the mon i tor ing of the ion o sphere state vari abil ity is needed.
One of the most ac ces si ble meth ods for such mon i tor ing is the mea sure ment of the space ra dio noise ab -
sorp tion us ing riometers. To mon i tor the ab sorp tion of ra dio waves in the ion o sphere, the chains of
riometric sta tions were cre ated around the world, mainly at the high lat i tudes.

The riometer op er ates in the range of 15–50 MHz (the stan dard fre quency is 32 MHz). The op er a tion
prin ci ple is based on the com par i son of ra di a tion re ceived by the an tenna of the Yagi type with the ra di a tion 
of the noise di ode. The ion o sphere mon i tor ing with riometers is quite ad van ta geous, as it is rel a tively cheap 
equip ment, re li able and proven in op er a tion. In [7], the re la tion ship be tween the elec tron den sity at the al ti -
tude of 100 to 70 km and the to tal ab sorp tion of ra dio waves is an a lyzed. It is con cluded that riometer data
can be ef fec tively used to de ter mine the elec tron den sity at the se lected al ti tude. The re la tion ship be tween
the elec tron den sity Ne(h) and ab sorp tion A (dB) of the ra dio wave with an an gu lar fre quency w p= 2 f has
the fol low ing form:

A
N h v h

v h
dhe= ´

+

-

ò4 6 10 5

2 2
.

( ) ( )

( )w
(2)

where v(h) is the fre quency of elec tron col li sions with neu tral at mo spheric par ti cles. While v(h) is the
parameter char ac ter iz ing the cur rent state of the at mo sphere, Ne(h) de pends on the den sity of the flux of
pre cip i tat ing elec trons, as well as on the par ti cle en ergy. It fol lows from for mula (2) that there is a high cor -
re la tion be tween the riometer read ings (an in crease in the ra dio wave ab sorp tion (dB)) and the ab sorp tion in 
po lar caps as so ci ated with an in creas ing elec tron con tent, which is con firmed by the cor re spond ing re -
search. It is im por tant to keep in mind the fol low ing:

—riometers de ter mine the value of ab sorp tion A (the com par i son with the ref er ence curve, that is unique 
for each riometer) at the fre quency of 30–38 MHz and, us ing the orig i nal tech niques, an a lyze the fre quency 
of elec tron col li sions with neu tral par ti cles v(h), with the sub se quent de ter mi na tion of con cen tra tion Ne(h)
at the se lected al ti tude;

—the anal y sis of meth ods for the ra dio wave ab sorp tion cal cu la tion based on riometer data re vealed that  
the value of ra dio wave ab sorp tion in the ion o sphere is de ter mined us ing the ion o sphere mod els (for es ti -
mat ing the col li sion fre quency) and the model of so lar flares and co ro nal mass ejec tions (ac cord ing to
GOES and SOHO ob ser va tions);

—riometer ob ser va tions reg u larly con ducted across the world are needed as a sup ple ment to sat el lite
ob ser va tions for an a lyz ing ra dio wave prop a ga tion con di tions in the ion o sphere. Ac cord ing to the sta tis ti -
cal stud ies and ra di om e ter ob ser va tion data, thresh old val ues of po ten tially haz ard ous dis tur bances were
ob tained (³2 dB, ³5 dB (see Ta ble 1)). It is noted that so lar flares are of ten reg is tered dur ing such events,
which are ac com pa nied by pro ton fluxes, X-rays bursts of the classes higher than X1. Since the spec trum of 
ion iz ing elec trons is not con stant, an ac cu rate re la tion ship be tween the ra dio ab sorp tion and elec tron den -
sity can not be ex pected. How ever, there are no com pletely ran dom spec tra.

CON CLU SIONS

The space weather mon i tor ing to sup port air nav i ga tion must pro vide the di ag no sis and pre dic tion only
of ex tremely strong space weather dis tur bances, whose source is so lar flares and co ro nal mass ejec tions. 

The dose limits for the public, aviation per son nel, and nu clear in dus try em ploy ees are pre sented. It is
shown that dur ing air trav els, the ra di a tion dose re ceived by pas sen gers and air craft crew can sig nif i cantly
ex ceed the stan dards for civil pop u la tion. The meth ods are given for di ag nos ing and fore cast ing the char ac -
ter is tics of pro ton fluxes in the near-Earth space, which are haz ard ous for pas sen gers and crews dur ing the
flights. It is dem on strated that the min i mum pos si ble er rors of cal cu lat ing max i mum pro ton fluxes can
reach an or der of mag ni tude of the flux. 

The anal y sis of riometer data pro vides ad di tional op por tu ni ties for as sess ing po ten tially haz ard ous
events dur ing air trav els. The mon i tor ing of the ion o sphere us ing ground-based real-time riometer ob ser va -
tions should pref er a bly be sup ple mented with ob ser va tions from the GOES and SOHO/LASCO sat el lites.
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