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Abstract. This paper presents a model and a 

computational algorithm for recovering the X-ray 

component of the solar spectrum based on GOES XL 

(0.1–0.8 nm), XS (0.05–0.4 nm or 0.05–0.3 nm), and 

SDO QD (0.1–7 nm) data. The model relies on the 

emission spectrum of optically thin plasmas in the 

Mewe approximation, which is the temperature 

spectrum. An assumption is made about the possibility 

of representing the total spectrum as a superposition of 

Mewe spectra situated in the absorbing solar 

atmosphere to an optical depth equal to 1 for the energy 

corresponding to its temperature parameter. Thus, this 

model is a version of the multi-temperature 

approximation. Spectrum parameters are determined 

from support functions, approximation expressions for 

which are given in Appendix. 

Keywords: solar X-ray, spectrum model, satellite 

data. 

 

 

 

 

 

INTRODUCTION 

Electromagnetic solar radiation is a key factor creat-

ing Earth’s ionosphere, which has a strong effect on 

radio wave propagation [Bryunelli, Namgaladze, 1988]. 

The main processes that determine the dynamics of the 

ionosphere have been studied and described, however 

radio-monitoring data shows events that cannot be ex-

plained in terms of well-known concepts. Such events 

involve, for example, disruptions of satellite navigation 

systems occurring in the conditions that in the context 

of the traditional approach correspond to the quiet iono-

sphere [Afraimovich et al., 2013].  

One of the ways to identify causes of the said events 

is to design models that can more accurately describe 

the formation of the ionosphere and the dynamics of the 

solar spectrum. The possibility of implementing this 

approach is associated with the presence of solar radia-

tion monitoring data. The longest dataset is from geosta-

tionary satellites GOES. The data includes measure-

ments of the solar flux in two channels: XL – 0.1–0.8 nm 

or ~1.5–12.4 keV and XS – 0.05–0.4 nm or ~3–25 keV 

(in GOES-8–GOES-12, to 0.3 nm). Continuous data but 

with different resolution has been available since 1986; 

and for individual events, since 1974 

[https://satdat.ngdc.noaa.gov/sem/goes/ data/]. 

Since 2002, the monitoring has been conducted with 

RHESSI. Its equipment consists of a solid-state γ spec-

trometer, which provides spectra in a range from 3–6 

keV to ~7 MeV. A significant drawback with this satel-

lite is its low orbits (~600 km) and  respective orbit time 

of ~90 min. This limits the time of continuous data ac-

quisition to approximately one hour for photons with an 

energy of more than ~10 keV, and even smaller value in 

the soft range due to their absorption by Earth’s atmos-

phere. This data is available in electronic resources us-

ing HESSI and OSPEX packages [https:// hesper-

ia.gsfc.nasa.gov/ rhessi2/]. 

In 2008, the low-orbit satellite Fermi was launched. 

It contains two main instruments: GBM — a monitor of γ 

flares with the field of view of 4π in a range from 8 keV 

to 30 MeV, and LAT — a telescope in a range from 

20 MeV to 300 GeV covering ~20 % of the sky, designed 

to study hard γ flares of the Sun and Sun-like stars. 

Since 2010, data has been collected by the geosta-

tionary satellite SDO. Its equipment consists of two 

spectrometers based on optical spectrometry. Spectral 

data up to May 2014 corresponds to 5.8–106.2 nm, and 

subsequent one, to 33–106.2 nm. In addition, there are 

photodiodes for UV bands 17.5–21.1 nm (CH18), 23.4–

28.1 nm (CH26), 28–32.7 nm (CH30) and for X-ray 

0.1–7 nm or ~0.18–12.4 keV (QD). The last detector 

consists of four photodiodes with differently directed 

axes, which allows us to locate a flare on the solar disk. 

All these rangesare identified by diffraction. This data is 

available on the website [http://lasp.colorado.edu/eve/ 

data_access/evewebdataproducts/]. 

As seen from the above, the dynamics of solar X-

rays (0.1–100 keV) is represented in detail by integral 

characteristics, but spectral measurements are made 

only for extra hard X-rays (EHXR) in 10–100 keV, with 

long time gaps. The solar X-rays play a significant role 

in forming the E and D layers of Earth’s ionosphere, 

hence the need to reconstruct its spectrum from meas-

ured integral characteristics. 

This problem was posed in [Nusinov, Chulankin, 

1997]. The authors proposed a very simple and easy-to-

use method of approximate spectrum reconstruction 

within 0.1–10 nm from measurements within 0.1–0.8 

nm (corresponding to the GOES XL channel). This 

model is based on the approximation expression for the 

integral of the photon energy flux with a wavelength 

less than λ, obtained by processing satellite measure-

ments made in 1970–1980s, taking into account a num-

ber of considerations relating to the impact of solar ra-

https://satdat.ngdc.noaa.gov/sem/goes/%20data/
http://lasp.colorado.edu/eve/%20data_access/evewebdataproducts/
http://lasp.colorado.edu/eve/%20data_access/evewebdataproducts/
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diation on Earth’s atmosphere. The formula presented in 

that paper has the form 
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which can then be converted into the spectral photon 

flux density. 

Meanwhile, the use of only one measuring channel 

and the range of applicability of Formulas (1), (2) make 

it impossible to utilize this model to study the events 

that are accompanied by significant changes in the indi-

cation of the XS channel, but small changes in the indi-

cation of the XL channel. These events have been ana-

lyzed in [Korsunskaja, 2015]. 

 

Spectrum reconstruction from GOES measure-

ments 

Enell et al. [2008] employed a method for recon-

structing the hard X-ray (HXR) spectrum from GOES 

XL and XS measurements, using the results obtained by 

Garcia [1994]. The author has shown that these meas-

urements can be used to reconstruct parameters of the 

temperature spectrum of the type 

 1 1 2

ME( , ) exp ( , ),F E T C E T E kT G E T    (3)  

which describes HXR. In (3), F is the spectral flux den-

sity (photons/s/cm
2
/keV), E is the photon energy (keV), 

T is the temperature (K), k is the Boltzmann constant, G 

is the slowly varying dimensionless function, CME is the 

dimensional factor or emission measure, which depends 

on the number of electrons involved in the generation of 

photons and independent of E and T. The idea of this 

approach is that the ratio of energy fluxes in the XL and 

XS channels 

XR

XL XS

( ) ( , ) ( , )R T F E T EdE F E T EdE    (4) 

is the monotonic function of T, and hence we can de-

termine the inverse function TXR(R). This allows us to 

compute T=TXR(R), where R=WXL/WXS, from measured 

WXL and WXS, and then to get CME. 

Enell et al. [2008] used the spectrum proposed in 

[Culhane, Acton, 1970] 
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as a result of processing of rocket and satellite experi-

mental data obtained in 1950–1960s. The range of ap-

plicability of (5) is designated by the authors as E=1.5–15 

keV and T=4–20 MK. Dimension of C is not equal to 

dimension of CME in (3). 

This approach has been implemented at IDG RAS 

by Strelkov when developing a model for calculating 

the electron-ion rate in the D and E layers of the iono-

sphere during solar flares [Lyakhov et al., 2015]. The 

model as part of a more general model has been tested 

on the experimental base of ISTP SB RAS in an HF 

band and received a good rating [Ponomarchuk et al., 

2015]. Signal verification of the VLF band gave, how-

ever, poor results, thus making us return to the spectrum 

model. 

To refine the model, we use the spectrum shown in 

[Mewe et al., 1986]. This work is the final in a series of 

six articles which address the problem of electron emis-

sion spectrum with Maxwell distribution of energy in 

optically thin plasmas in a nonrelativistic approxima-

tion. The problem reduces to deriving the function G 

from (3). In addition to the detailed description of this 

function, the article presents a simplified model for cal-

culating the continuous spectrum component and its 

software code in FORTRAN. We have used this very 

software in our work. The range of applicability of the 

model is defined by the authors as λ=1÷1000 Ǻ (~12.4 eV 

– 12.4 keV), T=0.01÷100 MK. 

For the Mewe spectrum in view of widths of the XL 

and XS channels, we derive the functions 
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and the inverse RXL, XS function TXL, XS(R). The spectral 

photon flux density is determined from (3), where 

T=TXL, XS(WXL /WXS), CME=WXL /JXL(T), WXL and WXS 

are GOES measurements. 

Figure 1 compares the results of spectra reconstruc-

tion with application of the Mewe and Culhane approx-

imations, obtained from real satellite measurements on 

February 15, 2011 at 01:55 UT (both the spectra are 

extended beyond the formal boundaries of the range of 

their applicability), and also shows the spectrum meas-

ured by RHESSI. The time corresponds to the period of 

flare development. The X-ray flux is classified as X2.1. 

Obviously, preference should be given to the Mewe 

approximation, which agrees well with the RHESSI 

spectrum in the range 7–13 keV. The question about 

extrapolation to larger values will be discussed below. It 

should also be added that the spectrum in the Mewe 

approximation is one of the two spectra discussed in 

[Garcia, 1994]. 

Because the Mewe approximation is applicable to the 

entire region of interest below 10 keV, the question arises 

about adequacy of the constructed spectrum. To answer 

it, we implemented the following approach. Similarly to 

JXL and RXL, XS, we derived JQD(T) and RQD,XL(T) corre-

sponding to the SDO QD channel. It is obvious that we 

can speak of the adequacy when WXL∙RQD, XL(T), where 
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T=TXL, XS(WXL/WXS), is close to those actually measured 

by SDO. 

This approach was applied to the GOES and SDO 

data obtained on September 06, 2017 during strong so-

lar flares and directly before them. The analysis is based 

on data with an increment of 1 min. Figure 2 shows sat-

ellite measurements for the three channels of interest 

and estimated value of the reconstructed spectrum in a 

range 0.1–7 nm, which was calculated for each time 

interval. We can clearly see that this curve is signifi-

cantly below the WQD curve and there is no similarity 

between them.  

The function is also plotted which is obtained by ap-

plying Formula (1) to the measured values of WXL to 

calculate the integral flux in the range 0.1–7 nm. We 

can see that this estimation also strongly (5–20 times) 

underestimates the flux, and hence Formula (2) cannot 

correctly describe the spectrum in soft X-rays. 

 

Spectrum reconstruction from GOES and SDO 

simultaneous measurements  

The spectrum of the form of (3) is the basis for de-

scribing the X-ray spectrum. This allowed us to apply 

the approach used above for the XS and XL channels to 

the XL and QD pair. For this purpose, from RQD, XL(T) 

we derived TQD, XL(R). The spectrum parameters are 

defined in this case as T = TQD, XL(WQD/WXL), CME = 

=RQD, XL(T) ∙WXL/JXL(T). Let us designate this spectrum 

FQD, XL(E); and the previously obtained one, FXL, XS(E). 

Figure 3 shows the FQD, XL(E) andFXL, XS(E) spectra 

obtained from real satellite measurements on September 

06, 2017 at 07:15 (quiet conditions) and 12:01 UT (dur-

ing the flare). The temperatures TXL, XS and TQD, XL for 

the former are 5.03 and 2.19 respectively; for the latter,  

20.79 and 2.93 MK, i.e. in both the cases they differ 

significantly. In addition to the calculated spectra, as a 

reference the LASP Reference Spectrum is shown (No. 1, 

March 25–29, 2008) [http://lasp.colorado.edu/ 

lisird/whi_ref_spectra/whi_ref_spectra.html]. 

 

Figure 1. Spectra reconstructed using the Mewe and 

Culhane approximations, and RHESSI spectrum  

 

Figure 2. Measurements of fluxes in the GOES XS and 

XL channels and SDO QD channel;WXL∙RQD, XLdetermined 

from WXS and WXL, as well as WNus, 0.1–7 — the estimated flux 

in the range 0.1–7 nm derived from WXL according to (1) 
 

 

Figure 3. Spectra FQD, XL(E) (solid lines) and FXL, XS(E) (line 

with ●) calculated from actually measured values for quiet condi-

tions (07:15 UT) and during the flare (12:01 UT), and the LASP 

Ref.1 spectrum 

 

As mentioned above, the Mewe approximation is 

applicable not only to X-ray, but also to the UV range, 

shown in Figure 3. This implies that the energy flux in 

the UV channels at 12:01 UT should be nearly 100 

times greater than their values at 07:15 UT. 

However, as seen in Figure 4, the ratio of measure-

ments in the CH18 channel (58.7–70.7 eV) for the day 

considered is ~1.6 (except for the time when the satellite 

was in Earth’s shadow); and as compared to the flux in 

it corresponding to the LASP spectrum, no more than 

2.5. The direct calculation of energy flux in the CH18 

channel for FQD,XL yields 8.2·10
–5

 W/m
2
 for 07:15 UT and 

5.9·10
–3

 W/m
2
 for 12:01 UT. If the former, which is 6 

times less than the measured one, could be attributed to 

the use of the simplified spectrum model, the 12-fold 

excess of the latter over the measured ones implies a 

mismatch between the model and the real phenomenon. 

 

http://lasp.colorado.edu/%20lisird/whi_ref_spectra/whi_ref_spectra.html
http://lasp.colorado.edu/%20lisird/whi_ref_spectra/whi_ref_spectra.html
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Figure 4. SDO CH18 measurements for September 06, 2017 

and associated value according to the LASP Ref.1 spectrum 

 

The Mewe approximation in use is a thin layer approx-

imation, i.e. it describes the spectrum provided that pho-

tons are not absorbed by the medium from which they 

originate. This condition holds for the emission that is gen-

erated in the solar corona. Solar flares are, however, tradi-

tionally associated with sunspots, i.e. with processes devel-

oping in the lowest layer of the solar atmosphere — the 

photosphere. This fact suggests that the generation re-

gion is in the absorption layer but at such a depth from 

which the hard spectral component goes without losses, 

whereas the soft component is partially or fully ab-

sorbed by the medium. In this case, the absorption in the 

solar atmosphere occurs due to photoionization interac-

tion with medium components, and resulting photoelec-

trons produce a softer spectrum, located in higher lay-

ers. This indicates that the measured spectrum can be 

represented as a sum of spectra from several sources. 

Using this concept and making an additional a priori 

assumption that the depth at which the spectrum corre-

sponding to the temperature T is generated fits the opti-

cal thickness τ(kT)=1, we examine the spectrum 

 *( , ) ( , )exp ( ) ( ) ,F E T F E T E kT    (6) 

where σ(E) is the average cross-section of absorption of 

photons with energy E in the photosphere.  

In calculating the cross-section, we assume that the 

medium consists of neutral atoms in the ratio of the num-

ber of particles per unit volume (%) [Eddy, 1979]: H – 

92.0949, He – 7,788, O – 0.06033, C – 0.0303, N – 

0.00806, Ne –– 0.00752, Fe – 0.00358, Si – 0.00313, Mg 

– 0.00261, S – – 0.00157. The atomic particle cross-

sections are adapted from the EPDL97 model 

[https://www-nds.iaea.org/epdl97/libsall.htm]. Figure 5 

plots σ(E) for the energy range from 50 eV to 200 keV. 

We can see jumps corresponding to ionization thresh-

olds of electron shells, the main of which are K-shells of 

oxygen, silicon, and iron. Between these energies, the 

function is considered continuous. 

In view of the available data, the model spectrum 

has the form 

Sol XUV SXR HXR( ) ( ) ( ) ( ).F E F E F E F E     (7) 

 
Figure 5. Average cross-section of photon absorption in 

the solar photosphere. Ionization thresholds of K-shells of 

oxygen, silicon, and iron 

 

Suppose in this case that FSXR and FHXR are associated 

with the absorption in the solar atmosphere, whereas 

FXUV corresponds to the thin layer approximation. Each 

of them is characterized by its own temperature and 

emission measure, which are designated TXUV, TSXR, 

THXR and CXUV, CSXR, CHXR respectively. 

The FHXR spectrum describes the hard component. 

The above considerations suggest that the other two 

components of spectrum (7) do not contribute to WXS, 

therefore its temperature is set to THXR=TXL, XS(WXL/WXS). 

Obviously, the presence of absorption changes the 

contribution of the source to the emission spectrum, 

which is determined by the functions J
*

XS(T), J
*
XL(T), 

J
*
QD(T). These functions are defined for spectrum (6) 

similarly to those without 
*
. Hence, to ensure the re-

quired value in the XS channel the emission measure for 

FHXR should be increased 1/K(THXR) times as compared 

to FXL, XS, where K(T)=J
*

XS(T)/JXS(T). Then 

CHXR=WXL/JXL(THXR)/K(THXR). 

The contribution of the thus constructed spectrum in 

the XL channel is WXL,HXR = CHXR ∙J
*

XL(THXR); and in 

the QD channel, WQD, HXR=WXL, HXR∙R
*

QD, XL(THXR), 

where R
*
QD, XL(T) = J

*
QD(T) / J

*
XL(T). 

 

Figure 6. Contribution of WXL, HXR to WXL with and with-

out regard to the correction related to the XS channel 

https://www-nds.iaea.org/epdl97/libsall.htm
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Note that with increasing temperature the contribu-

tion of the correction associated with the XS channel 

increases. Figure 6 plots the contribution of WXL, HXR to 

WXL with and without regard to the correction. 

The remaining fluxes in the QD and XL channels 

should be divided between FSXR and FXUV. Available 

data on measurements in the X-ray band is inadequate 

to provide parameters of both the spectra. Fluxes in the 

CH18, CH26, and CH30 channels of the UV band are 

determined by recombination processes of FeIX and 

HeII (two channels) [Woods et al., 2012] and refer to 

the part of the spectrum which is not described by the 

temperature approximation in use. We therefore assume 

that the spectrum FXUV contributes W0 = 2·10
–5

 W/m
2
 to 

the QD channel, and the spectrum temperature TXUV=0.7 

MK. The emission measure is defined as CXUV=W0 

/JQD(TXUV) = W0/RQD, XL(TXUV)/JXL(TXUV). The value of 

W0/RQD,XL(TXUV) determines the contribution of this 

spectrum to the XL channel. 

By way of illustration, Figure 7 shows all the spectra 

of interest based on data corresponding to the above 

event of September 06, 2017, 12:01 UT. The Figure also 

shows the LASP Ref.1 spectrum. It is evident that FXUV 

is a “pedestal” on which a part of the LASP Ref.1 spec-

trum rests for E< 500 eV. The selected value of W0 does 

not contradict the measuring results. The value of WQD 

corresponding to the LASP Ref.1 spectrum is 1.471·10
–4

 

W/m
2
, and the minimum daily average value recorded 

in SDO for the entire observation period through June 

2018, is not lower than 6·10
–5

 W/m
2
. 

Thus, FSXR should be built on the assumption that its 

contributions to the QD and XL channels are 

WQD,SXR=WQD–WQD,HXR–W0 and WXL,SXR=WXL– WXL,HXR 

respectively. It is not necessary to make a correction for 

the XL channel with respect to FXUV since the formal com-

putation of this value yields 1.25·10
–14

 W/m
2
, which is at 

least 5 orders of magnitude lower than the lower limit of 

measurements. To determine temperature, we construct-

ed an additional function T
*

QD, X L(R) inverse to R
*
QD, XL. 

Parameters of FSXR are TSXR = T
*
QD, XL(WQD, SXR /WXL, 

SXR), CSXR  = WXL, SXR/J
*

XL(TSXR). 

Figure 8 shows diurnal variations of TQD,XL, TSXR, and 

THXR, calculated from September 06, 2017 measurements. 

We can clearly see that throughout the period TSXR is 

lower than TQD,XL. Note also that if the range of variations 

in TSXR was less than 1.1 MK, THXR varied within 19 MK. 

 

Behavior of spectrum in a high-energy range 

As follows from (3) and Figure 7, the temperature 

spectrum at E kT decreases exponentially. However, 

as noted in the review by Dennis [1988], the temperature 

spectrum at high energies becomes power, i.e. ~ E
–γ

. The 

value γ varies quite widely and depends on the type of flare 

and its phase. For many flares γ is within 7–9, but in some 

cases it falls to ~5 and below. In this case, referring to 

Figure 1, when leaving for a harder region the spectrum, 

remaining power, is described by a function with smaller γ. 

Thus, if it is necessary to study in detail the effect of 

hard ultra-high temperature solar emission component 

on Earth’s atmosphere, we need spectrometer data. At  

 

Figure 7. Example of spectrum construction from WXS, 
WXL, and WQD. The FSol spectrum is constructed using an ex-
trapolation algorithm 

 

 

Figure 8. Temperatures measured on September 06, 2017 

 

the same time, their analysis has shown that in a first 

approximation we may restrict ourselves to extrapola-

tion of spectrum (7) 

FSol(E)=FSol(E0)∙(E/E0)
–γ

,   (8) 

where E0=6.5kTHXR, 

0

HXRln
,

ln E E

d F

d E 

   E > E0. Such 

an approximation yields γ ≈ 7.6 ± 0.2. The FSol spectrum 

shown in Figure 7 demonstrates this extrapolation method. 
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The FSol spectrum does not always provide a smooth 

conjugation with experimentally derived spectra. To 

build a single experimental model spectrum, which con-

tains no physically unreasonable jumps, we can adopt 

the following modification of the above method. 

From WXL and experimental spectrum given by a set of 

points   data, data, data, 1, ,i iE F i N  find Tex such that F(E, 

Tex) with CME=WXL/JXL(Tex) is sufficiently close to Fdata. 

The formal criterion in this case takes the form 

data, ex

data,

( , )
max 1 ,

i

i
i

F E T

F

 
    

 

   (9) 

where ε is the preset value. Assume further that 

THXR≡Tex and the model part of the spectrum is con-

structed in accordance with the procedure described 

above. Obviously, extrapolation (8) in this case is not 

made. 

 

Features of the computational algorithm and ex-

perimental data 

We have developed a software implementation of 

the proposed model. The developed algorithm is briefly 

outlined in Appendix 1. The reference functions used to 

compute spectrum parameters are calculated by the ap-

proximations. Their coefficients are given in Appendix 

2. The approximation coefficients are given with a pre-

cision of no more than six mantissa digits. 

Obviously, ideally the integrals Sol ( ) ,F E EdE  calcu-

lated from ranges corresponding to the XS, XL, and QD 

channels should give the initial values of energy fluxes 

in them. The calculations have revealed the following 

relative errors: ±1 % for XL, from –2 to 3 % for XS, 

from +1 to +5 % for QD. These errors are mainly related 

to the quality of the approximation expressions in use. 

Note that these values correspond to the spectrum 

without extrapolation. Extrapolation has an effect only on 

the XS error, which in this case may be as great as several 

hundred percent. This situation is observed when the ex-

trapolated part of the spectrum makes a significant contri-

bution to the integral and only for the quiet Sun. 

In general, we can argue that the higher is spectrum ri-

gidity and the greater are the fluxes, the higher is the calcu-

lation accuracy. 

It is important to note another feature of the devel-

oped model. The G(E, T) function in use does not have 

monotonicity and continuity properties in any of the 

variables, thereby RXL, XS(T), RQD, XL(T), and R
*

QD, XL(T) 

do not have these properties either. In the range that is 

of practical importance for the problem considered,  

singular points are temperatures of 1, 1.5, 3, 4.5, and 8 

MK. A noticeable effect occurs, however, only when 

T=3 MK, which manifests itself in the inability to define 

TXL, XS(R) and T
*

QD, XL(R) in the vicinity of this point as 

inverse and in the need to complete them through addi-

tional considerations. At the same time, the temperature 

of the hard spectral component of ~3 MK corresponds 

to the quiet Sun, i.e. to the situation when the spectrum 

is largely determined by the extrapolation model adopted. 

For the soft component, this value is too high. It was 

reached in none of the cases considered. Thus, a certain 

voluntarism in determining these functions do not affect 

the final result. 
The difference of this realization from the described 

theoretical model is that, as experience has shown, the 
consideration of the correction J

*
XS/JXS at low THXR 

yields a greater error of the energy flux integral as com-
pared to the version when this correction is not made. It 
was therefore decided to take K(T)=1 for kT<EK(O), i.e. 
the contribution of WXL, HXR to WXL (Figure 6) for tem-
peratures to the left of the left jump corresponds to the 
lower curve, not to the upper one. 

As stated above, GOES experimental data corre-
sponds to two determinations of the XS range (0.05–0.4 
and 0.05–0.3 nm), so the support functions TXL, XS(R) 
and K(T) dependent on the channel width are presented 
in Appendix 2 for both the determinations. The main 
volume of SDO experimental data falls, however, in the 
period of operation of GOES satellites with equipment 
corresponding to 0.05–0.4 nm, so all the results reported 
in this paper relate to this case. 

It is also important to remember that according to 
[GOES_XRS_readme], to obtain real values of fluxes 
the archival data from satellites with numbers 8–15 
should be rescaled by dividing the read value of the XL 
channel by 0.7; and of the XS channel, by 0.85. 

In most cases, at the same time two or more GOES 
satellites worked. This made it possible to obtain a con-
tinuous series of experimental data even when one of the 
satellites was in Earth’s shadow or was shut down for 
maintenance. However, simultaneous measurements 
made by different satellites differ. The greatest differ-
ences are observed at low solar activity. Data analysis has 
shown that as basic measurements we should take those 
from GOES-15. The lower limit of archival values from 
XS13 (subscript is the satellite number) is 2·10

–8
 W/m

2
, 

therefore there is a 20-fold difference from XS15. It is not 
recommended to use the XL14 and XS14 values if they are 
below 10

–7
 W/m

2
. The data from satellites 8–12 was not 

analyzed. 
When using satellite data, we should remember that 

GOES measurements are assigned to Earth’s orbit, 
whereas almost all SDO material and all RHESSI and 
Fermi data are assigned to 1 AU. Daily average factors 
of conversion to 1 AU (squared distance from the Sun to 
Earth in AU) are held in the GOES archive. Its associated 
correction is not, however, beyond ±3.4 %, therefore its 
consideration can be deemed excessive for geophysics. 

When constructing the experimental model spectrum, it 
does not make sense to consider experimental points far-
ther than ~30 keV, and we should restrict ourselves to the 
part that corresponds to the domain of monotonous de-
crease. 

 

RESULTS AND DISCUSSION 

To assess the quality of the proposed model, we 
have compared the model spectra FSol derived from ac-
tual measurements with RHESSI spectra, as well as 
with the model spectra FNus, calculated by Formulas (1), 
(2) for the same initial data, in a photon energy range 
0.124–12.4 keV. 



J.A. Korsunskaja 

81 

 

 

Figure 9. Comparison of the model spectra FSol and FNus with experimental data 

 

Figure 9 shows spectra corresponding to X2.1, 

M3.2, M2.4, and C1.2 fluxes. We can see that in the 

first two cases, the FSol spectrum agrees well with the 

RHESSI spectrum. The model spectra for energies 

higher than ~1.5 keV coincide or are very close. 

In the situation illustrated in Figure 9, c, the model 

spectrum is slightly lower than the experimental one, 

and extrapolation yields a greater rate of decrease as 

compared to the real one. The reason may lie in the fact 

that, as noted in [Dennis et al., 2006], in some cases the 

low-energy part of the RHESSI spectrum corresponds to 

a multi-temperature approximation. Obviously, in this 

situation approximation (7) in use is not sufficient for a 

correct description of the spectrum. The model spectrum 

FNus is located still lower than FSol. 

The FSol spectrum (Figure 9, d) in the HXR range is lo-

cated slightly higher than the RHESSI spectrum, but its 

decrease rate is close to experimental values. It is also close 

to the hard part of FNus, but better describes the decrease. 
Analysis of the spectra shows that the lower is the 

flux class, the worse is the agreement between model and 
experimental spectra. This is probably due to GOES 
equipment characteristics and the model of conversion of 
measuring results to energy fluxes. Widths of the XL and 
XS channels designated as 0.1–0.8 and 0.05–0.4 nm, are 
only particular effective values. Real transmission win-
dows calculated for GOES-13 and presented in 

[GOES_XRS_readme] are defined as 0.02–1.6 and 0.01–
0.8 nm respectively. This means that when the temperature 
part of the solar spectrum is relatively small, an increase in 
fluxes in the EHXR range may significantly affect a meas-
ured value. An example of such a spectrum is given in 
Figure 10, a. 

Figure 10, b demonstrates another problem we faced 

with. As follows from the plotted values, fluxes in the 

XS, XL, and QD channels on February 16, 2018 were 

significantly lower than those on September 12, 2017. 

Behavior of the model spectra FSol fully complies with 

them. The RHESSI spectrum on February 16, 2018 in 

an energy range below ~20 keV is, however, well above 

its spectrum for September 12, 2017. This difference 

may be as large as two orders of magnitude. Thus, there 

is a clear inconsistency between measuring results ob-

tained by  different satellites. We do not know the rea-

son for this, but we can assume that it is associated with 

the problems arisen with RHESSI detectors, which were 

shut down because of overheating on April 11, 2018. 

Referring to Figures 9 and 10, a, in the soft X-ray 

the FNus spectrum is considerably lower than FSol. This 

is entirely consistent with the previously made state-

ment that the flux value in the range equivalent to the 

width of the QD channel, calculated with Formula (1), 

is considerably less than actual measurements. There-

fore, to test the proposed model we have adopted the  
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Figure 10. The same as in Figure 9 but for C1.1 at a higher flux in the EHXR range (a). Spectra FSol and RHESSI for two 

moments of time, demonstrating a mismatch between data from different satellites (b). WXS and WXL are uncorrected. Units of 

measurements – W/m2 

 

Figure 11. Comparison between FNus and FSol, constructed from WQD and WXS, calculated by Formula (1) according to WXL. 

Panels (a) and (b) correspond to Figure 9, c, d. WXL is a corrected value. Units of measurements – W/m2 

 

following approach. Given that the model provides a 

wide choice in setting input flux values in the three 

channels, we examine cases when an input parameter is 

WXL, and WQD and WXS are calculated using Formula (1). 

Figure 11 shows two versions of such calculations. 

They correspond to the spectra in Figure 9, c, d, for 

which we obtained the greatest difference between the 

two model spectra. The flux values WXL plotted are cor-

rected; and WQD and WXS are calculated with Formula 

(1). The FNus and FSol spectra in Figure 11, a in fact co-

incide at energies above 0.23 keV, and for the version 

shown in Figure 11, b a significant difference takes 

place only at energies above ~8 keV. 

Concluding the discussion, let us compare the LASP 

Ref.1 spectrum with the model spectra FNus and FSol, 

obtained from integral flux characteristics calculated 

directly from the reference spectrum. Their values, as 

well as spectra themselves, are shown in Figure 12. We 

can see that FSol in the soft X-ray range is closer to the 

reference spectrum than FNus, and in the range 2–8 keV 

all the three spectra are nearly identical. Excess of FSol 

over LASP Ref.1 in a harder part is of no consequence 

since, as seen in Figure 10, even for small fluxes in the XL 

and XS channels RHESSI spectra are above LASP Ref.1. 

 

Figure 12. The LASP Ref.1 spectrum and model spectra 

FNus and FSol, derived from integral characteristics computed 

from the reference spectrum 
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The computation error depending on the accuracy in 
setting support functions needed to calculate parameters of 
the model spectrum has no significant effect on the final 
result. 

The application of the model to real satellite data 
provides spectra that do not contain a significant com-
ponent in the UV band, hence the lower boundary of the 
model spectra constructed from the complete model is 
the boundary of the 100 eV X-ray band. In the absence 
of SDO data, it is possible to build spectra for photon 
energies above 1.5–2 keV. 

The upper limit of the application of the model spec-

trum is determined by the spectral photon flux density. 

The comparison of this spectrum with RHESSI spectra 

has shown that this limit may be set at 10
–2

 pho-

ton/keV/s/cm
2
. The energy value corresponding to such 

a flux varies from 10 to 100 keV. To examine the im-

pact of the hard solar spectrum component on Earth’s 

atmosphere in detail, we should study the experimental 

model spectrum (the method of its construction is also 

discussed in this paper). 
The presented approach for constructing spectrum from 

satellite measurements leaves the possibility of its refine-
ment, one of the ways of which reduces to determination of 
FXUV parameters from real measurements in an UV band. 

It should be added that the developed model is funda-
mentally a version of the construction of the multi-
temperature spectrum. 

All experimental satellite data used in this study was 
taken from electronic resources from January to May 2018. 

 

CONCLUSION 

The paper describes the general principles of con-
struction of X-ray solar spectrum components from 
GOES XS, XL and SDO QD measurements in the mul-
ti-temperature approximation based on the temperature 
spectrum in the Mewe approximation [Mewe et al., 
1986]. The comparison of the model spectrum with 
RHESSI data allowed us to determine the boundary of 
the conversion of the temperature spectrum into the 
power one. 

The algorithm and approximation expressions of 
support functions for calculating spectral parameters are 
given in Appendix. 

During the preparation of the article, it was reported 
that after 16 years of operation instead of the planned two 
the RHESSI satellite ceased to exist as a scientific instru-
ment. 

The work was carried out under State task No. 0146-
2019-0010. 
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(1 W/m
2
=6.25∙10

11
keV/s/cm

2
), E is the photon energy in 

keV. The short version does not use SDO measure-

ments. 

Results of the calculations are the spectral photon 

flux density in photon/s/cm
2
/keV corresponding to E. 

The spectrum consists of two parts: temperature (at 

E<E0) and non-temperature (at E≥E0). The value of E0 

depends on input data. 

The model uses support functions: JXL(T), J
*
XL(T), 

TXL, XS(R), T
*
QD, XL(R), RQD, XL(T), R

*
QD, XL(T), K(T), σ(E); 

approximation expressions for their calculations are 

given in Appendix 2. Arguments and functions of T are 

expressed in K. In addition to these functions, to obtain 

G(E, T) the model employes the software code in 

FORTRAN presented in [Mewe et al., 1986], where G 

is considered as a function of wavelength λ (in Å) 

(λE=12.38) and temperature T in MK. 

Formulas and sequence of computations 

The basic formula for calculating spectral density 

has the form: 

F(E, CME, T)=CMEE
–1

T
–1/2

exp(–E/(kT))G(E,T), 

k=8.617∙10
–8

, 

The temperature part of the spectrum (E < E0) 

● short model: 

T = TXL, XS(WXL/WXS), 

CME = WXL/JXL(T), 

FXR, XS(E) = F(E, CME, T), 

E0=6.5kT. 

● complete model: 

TXUV ≡ 0.7e6, 

W0 = 2e5∙6.25e11 = 1.25e7, 

CXUV=W0 /RQD, XL(TXUV)/JXL(TXUV),(CXUV ≈ 6.147e11), 

FXUV(E) = F(E, CXUV, TXUV), 

THXR = TXL, XS(WXL/WXS), 

CHXR=WXL/JXL(THXR)/K(THXR), 

FHXR(E) = F(E, CHXR, THXR) exp(–σ(E) / σ(kTHXR)), 

WXL, HXR=CHXR∙J
*

XL(THXR), 

WQD, HXR=WXL, HXR∙R
*

QD, XL(THXR), 

WQD, SXR= WQD – WQD, HXR– W0, 

WXL, SXR= WXL – WXL, HXR, 

TSXR = T
*
QD, XL(WQD, SXR / WXL, SXR), 

CSXR = WXL, SXR / J
*

XL(TSXR), 

FSXR(E) = F(E, CSXR,TSXR)exp(–σ(E) / σ(kTSXR)), 

FSol(E) = FXUV(E) + FSXR(E) + FHXR(E), 

E0=6.5kTHXR, 

Non-temperature (extrapolated) part of the spectrum 

(E ≥ E0): 

ΔE=0.01, 

E1=E0, 

E2=E0+ΔE. 

For λi{1.4, 4.6, 6.1, 9.1, 14.2}find the minimum val-

ue of i satisfying the condition 12.38/λi≤ E0. 

If i>1 and 12.38/λi–1 ≤ E2, then E2 = E0 – ΔE. 

Calculation 

● short model: 

F1 = FXR, XS(E1), F2 = FXR,XS(E2), 

F0=F1. 

● complete model: 

F1 = FHXR(E1), F2 = FHXR(E2), 

F0=F1exp(–σ(E0) / σ(kTHXR)). 

A = (ln(F2) – ln(F1)) / (ln(E2) – ln(E1))    (A < 0), 

Fext(E)=F0(E/E0)
A
. 

Given that spectral parameters are independent of 

photon energy, they can be computed in a separate pro-

gram block. Then, once obtained values can further be 

used to determine the desired spectral density at a given 

energy E. This approach significantly reduces the com-

putation time. 

 

Appendix 2. Approximation of support functions 

of the HMSXS model  

The argument of desired function may be: E – ener-

gy in keV, T – temperature in K, R –dimensionless 

quantity. 

For all the functions considered, we use the polyno-

mial approximation
0

( ) .
N

i

N i

i

P x a x


  In all the cases, 

except for K(T), polynomials approximate the decimal 

logarithm of desired function. For K(T), we use the ap-

proximation of the function itself. The polynomial ar-

gument is the decimal logarithm of the argument of de-

sired function. An exception is TXL, XS(R) when R<10, 

where the polynomial argument x = R. Domains of def-

initions of the desired functions are divided into inter-

vals in which polynomials are determined. Boundaries 

of the intervals are given by one of the following ver-

sions: argument of desired function, decimal logarithm 

of this argument; and for the functions of T, by kT 

(k=8.617e-8 keV/K is the Boltzmann constant). Bounda-

ries of the ranges, polynomial degrees and coefficients are 

listed in Tables A.1–A.10. Each table line represents one 

interval and lists the values in increasing order of the ar-

gument of desired function. The line shows the upper 

boundary of the range. Its lower boundary corresponds to 

the upper boundary of the previous range or to the lower 

boundary of the function domain. The Tables use the fol-

lowing notations: EK(O)=0.53728 keV, EK(Si)=1.8285 

keV, EK(Fe)=7.0834 keV. 

 

Table A.1. Coefficients of σ (E) approximation in the range 0.05–200 keV 

 N a0 a1 a2 a3 a4 

 lgσ = PN ( lg E ) 

E <EK(O) 1 –22.014 –2.677 – – – 

E <EK(Si) 1 –21.77 –2.58 – – – 
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E <EK(Fe) 2 –21.58 –2.843 0.346 – – 

E ≤ 200 4 –17.59 –13.54 10.493 –3.614 0.459 

 

Table A.2. Coefficients of K(T) approximation (0.4–0.05 nm XS) 

 N a0 a1 a2 a3 

 K = PN ( lgT) 

kT<EK(O) 0 1 – – – 

lg T < 7.2 3 199.062 –87.5525 12.9103 –0.635077 

kT<EK(Si) 2 –53.8482 15.6238 –1.11363 – 

lg T < 7.6 3 –301.849 114.822 –14.3516 0.58954 

kT<EK(Fe) 3 –540.196 213.24 –27.8684 1.20712 

lg T < 8.1 2 120.048 –28.9866 1.75287 – 

lg T < 8.3 3 998.077 –356.617 42.508 –1.69006 

lg T < 8.5 3 620.494 –218.296 25.6186 –1.00269 

lg T ≤ 9.0 3 85.1592 –29.0526 3.31511 –0.126334 

 

Table A.3. Coefficients of K(T) approximation (0.3–0.05 nm XS) 

 N a0 a1 a2 a3 

 K = PN ( lgT) 

kT<EK(O) 0 1 – – – 

lg T < 7.2 3 146.34 –63.9588 9.3879 –0.45963 

kT<EK(Si) 2 –40.7695 11.8416 –0.83991 – 

lg T < 7.7 3 101.314 –48.4152 7.6527 –0.397818 

kT<EK(Fe) 2 1.5471 1.1305 –0.162286 – 

lg T < 8.1 2 134.603 –32.4009 1.95317 – 

lg T < 8.3 3 1032.76 –367.285 43.5751 –1.72439 

lg T < 8.5 3 650.159 –228.143 26.7066 –1.04268 

lg T ≤ 9.0 3 100.152 –34.0886 3.88033 –0.147517 

 
Table A.4. Coefficients of TXL,XS(R) approximation (0.4–0.05 nm XS) 

 N a0 a1 a2 a3 

 lg T = PN ( R ) 

0.72 ≤ R < 0.85 3 41.56 –115.3 135.520 –53.99 

R < 1.3 3 13.045 –10.9 8.1 –2.16 

R < 3 3 9.3 –1.72 0.521 –0.0586 

R < 7 3 7.9745 –0.3695 0.0496 –2.484e–3 

R < 10 3 6.627 0.1774 –0.02577 1.051e–3 

 lg T = PN ( lg R ) 

lg R < 2.5 3 7.454 –0.7665 0.209 –0.02282 

lg R ≤ 8.0 3 6.996 –0.258 0.0243 –9.706e–4 

 

Table A.5. Coefficients of TXL, XS(R) approximation (0.3–0.05 nm XS) 

 N a0 a1 a2 a3 

 lg T = PN ( R ) 

0.72 ≤ R < 1 3 34.6 –82.12 87.16 –31.4 

R < 1.9 3 10.39 –3.563 1.71 –0.3017 

R < 4 3 8.705 –0.79 0.1697 –0.0137 

R < 10 3 7.95 –0.214 0.0211 –7.89e–4 

 lg T = PN ( lg R ) 

lg R < 3.3 3 7.754 –0.8157 0.2172 –0.02345 

lg R ≤ 8.0 3 7.09 –0.197 0.0149 –5e–4 
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Table A.6. Coefficients of T
*

QD,XL(R) approximation 

 N a0 a1 a2 a3 

 lg T = PN ( lg R ) 

0.64 ≤ lg R < 1.7475 3 7.116 –0.655 0.2487 –0.045 

lg R < 5.0 3 6.9035 –0.3096 0.0420 –0.00255 

lg R ≤ 7.95 2 6.5849 –0.123 0.0047 – 

 
Table A.7. Coefficients of RQD,XL(T) approximation 

 N a0 a1 a2 a3 

 lg R = PN ( lg T ) 

6.5e5≤ T < 3e6 3 3342.13 –1520.14 231.342 –11.7747 

lg T < 7.1 3 888.463 –369.335 51.3451 –2.38583 

lg T < 8.0 3 121.656 –43.981 5.31888 –0.21498 

lg T ≤ 9.0 3 38.7631 –13.0515 1.47102 –0.05537 

 
Table A.8. Coefficients of R

*
QD,XL(T) approximation 

 N a0 a1 a2 a3 

 lg R = PN ( lg T ) 

6. ≤ lg T < 6.2 2 609.025 –185.646 14.1969 – 

T < 3e6 3 3551.05 –1617.25 246.431 –12.559 

kT<EK(O) 2 228.258 –64.708 4.5928 – 

lg T ≤ 7.32 2 116.47 –31.678 2.1546 – 

lg T ≤ 9.0 0 0 – – – 

 

Table A.9. Coefficients of JXL(T) approximation 

 N a0 a1 a2 a3 

 lg J = PN ( lg T ) 

5.6 ≤ lg T < 6 3 –5201.24 2422.86 –378.004 19.73 

lg T < 6.1 2 –824.12 253.513 –19.652 – 

T < 3e6 3 –2868.62 1277.343 –190.524 9.5042 

lg T < 7.2 3 –498.87 198.792 –26.773 1.21014 

lg T ≤ 9.0 3 –116.82 38.077 –4.2348 0.15645 

 

Table A.10. Coefficients of J
*

XL(T) approximation 

 N a0 a1 a2 a3 

 lg J = PN ( lg T ) 

5.77 ≤ lg T < 6 3 –6087.54 2881.33 –456.986 24.2617 

T < 3e6 3 –2956. 1319.33 –197.247 9.8629 

kT<EK(O) 3 –912.763 382.865 –54.0406 2.5555 

kT<EK(Si) 3 –207.381 68.845 –7.458 0.25287 

kT<EK(Fe) 3 1105.34 –448.034 60.3084 –2.70509 

lg T < 8.4 3 –1165.44 434.003 –53.8797 2.22234 

lg T ≤ 9.0 3 799.748 –275.972 31.617 –1.20947 

 

 


