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Abstract. The paper reports the results of calcula-

tions of the center-to-limb intensity of optically thin line 
emission in EUV and FUV wavelength ranges. The cal-
culations employ a multicomponent model for the qui-
escent solar corona.  

The model includes a collection of loops of various 
sizes, spicules, and free (inter-loop) matter. Theoretical 
intensity values are found from probabilities of encoun-
tering parts of loops in the line of sight with respect to the 
probability of absence of other coronal components. The 
model uses 12 loops with sizes from 3 200 to 210 000 
km with different values of filling factor and pressure at 
the loop base and apex. The temperature at loop apices 
is 1 400 000 K. The calculations utilize the CHIANTI 

database. The comparison between theoretical and ob-
served emission intensity values for coronal and transi-
tion region lines obtained by the SUMER, CDS, and 
EIS telescopes shows quite satisfactory agreement 
between them, particularly for the center of the solar 
disk. For the data acquired above the limb, the en-
hanced discrepancies after the analysis refer to errors 
in EIS measurements. 
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INTRODUCTION 

Measurements of coronal plasma characteristics are 
important for understanding various processes occurring 
in the solar atmosphere, such as coronal heating and 
coronal mass ejections, as well as structure and physical 
characteristics of active regions, prominences, and cor-
onal holes. The solar corona in the ultraviolet wave-
length range has been studied for a long time. Nowadays, a 
number of excellent satellite-borne spectrographs allow 
detailed diagnostics of the electron density and temperature 
of solar plasma. The diagnostics based on observed intensi-
ties of optically thin lines [Mason, Monsignori Fossi, 1994; 
Laming et al., 1997] employs calculations of emission 
from transitions of excited ionic levels. Established in 1997 
and continuously updated atomic database CHIANTI 
[Dere et al., 1997; Landi et al., 2012] also contains a soft-
ware package for such calculations.  

By now, a fairly large number of studies have been 
published on plasma of solar quiescent and active re-
gions. The analysis of UV emission lines provides in-
sight into plasma characteristics, but at the same time it 
allows us to identify problems arising from inaccurate 
atomic data and errors in spectroheliogram processing. 
Atomic data are obtained largely via calculations, and 
the accuracy of calculations can be verified against a 
stable emission source – the emission from quiescent 
regions of the solar atmosphere. The quiescent corona 
above the limb at distances 1.03–1.3 solar radius has 
been studied in [Feldman et al., 1998, 1999; Warren, 
1999; Allen et al., 2000; Landi et al., 2002a, 2002b; 
Warren, Warshall, 2002; Feldman, 2009; Mohan et al., 
2003; Parenti et al., 2003; Warren, Brooks, 2009], in 
which the coronal plasma at such heights is assumed to 
be isothermal. 

In [Warren, 2005; Brooks, Warren, 2006; Brooks et 
al., 2009], the plasma observed at the solar disk center is 
examined. The temperature of the emitting layer was 
taken here to be equal to the temperature of ionization 
maximum of a given ion. Validity of such approxima-
tions can be assessed by calculating the emission line 
intensity with a quiescent solar corona model.  

This paper employs a multicomponent model of the 
quiescent solar corona [Krissinel, 2015], which allows 
us to obtain equatorial center-to-limb distributions at 
wavelengths from 1 to 100 cm. These distributions 
agree well with experimental ones. In this model, the 
distribution of components over the solar disk is a ran-
dom process with constant variance and averages. In 
this case, solar emission can be represented by the emis-
sion of a discrete set of corona components.  

The purpose of this paper is to compare emission in-
tensity calculations made with a solar corona model 
developed from radio observations to the reported ob-
servations of EUV and FUV emission lines obtained 
with the SOHO/CDS, SOHO/SUMER, and HI-
NODE/EIS spectrographs. When adapting the model to 
calculations of the equatorial distribution of the coronal 
line intensity, special attention is paid to the choice of the 
type of fractional ionization and to height density and 
temperature profiles in the transition region of loops. 

 
1.  FUNDAMENTALS 
To calculate the emission line intensity in quiescent 

coronal regions, a technique is used which was pro-
posed by Krissinel [2015] for centimeter and decimeter 
wavelengths.  

According to this technique, the entire set of coronal 
loops is represented as a set of loops ranked by their 
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size, with plasma parameters average for loops of a giv-
en size range. Similarly, the presence of spicules – rap-
idly changing structures in the solar chromosphere – is 
taken into account. Given height profiles of temperature 
and electron density of loops and spicules as well as 
parameters of free (inter-loop) matter, we can find the 
total coronal emission intensity by integrating emission 
from parts of loops and spicules, and also from free 
matter along the line of sight. The contribution of emis-
sion from each part of loop, spicule or free matter is 
determined by plasma parameters of this part as well as 
by the probability of appearance of these parts along the 
line of sight. 

Determination of height profiles of temperature and 
density of loops and free matter is closely related to a 
quiet atmosphere model for the solar disk center, here-
inafter referred to as “initial” and obtained by combin-
ing the coronal part (starting at h0=2275 km) of the 
model, described in [Getman, Livshits, 1996], and com-
binations of FALA and FALF models of the chromo-
sphere and transition region [Fontenla et al., 1993] in 
the relation FALA·0.965+FALF·0.035.  

The loop structure is represented as a set of 10 
loops with sizes proportional to the mean size of the 
chromospheric network, i.e. with radii Rloop from 15 000 
to 210 000 km, and also with significantly smaller siz-
es: Rloop=7 200, 3 100 km. The loop thickness is also 
assumed to be constant over the entire length and is 
Rloop/15. By comparing calculated and experimental 
data, Krissinel [2015] has found the main parameters of 
the loop structure: Tmaxloop is the temperature of loop 
apices, p0 is the pressure at h0, p1 is the pressure at the 
loop apex, the filling factors αr (the number of loops of 
a given size located in a 2Rloop×2Rloop area).  

The h dependence of the coronal part of loop is giv-
en by  

Tlp(h)=Tmin+(Tmaxloop–Tmin)×  
×(sin(π/2·(h–h0)/(Rloop –h0)))alp,  (1) 

where alp is the parameter determining the degree of 
profile squareness, Tmin is the temperature in the initial 
model at h0. Below h0, the loop temperature profiles 
correspond to the initial model.  

The electron density of the coronal part of loop is 
found from 

nelp(h)=p0exp(–(h–h0)/λp0)/(2kBolzTlp(h)),  (2) 
where kBolz is the Boltzmann constant, λp0=(Rloop)/ln(p0/p1). 
In the region of loop feet, the electron density is deter-
mined from the initial model profile ne(h): 

nelp(h)=ne(h)p0/psh,  (3) 
where psh is the pressure in the initial model at h0.  

For spicules, stratification (the relative area of the 
solar disk covered with spicules reaching a certain 
height) proposed in [Lantos, Kundu, 1972] is taken as a 
basis, supplemented with a more detailed ranking of 
spicules in size and probability of location at certain 
heights.  

To calculate probabilistic characteristics of parts of 
loops along the line of sight, all loops are divided in 
height into separate segments, the upper of which is the 

loop apex. Then, the probability of encountering a line 
of sight in these segments Pvk is computed from their 
projections on the horizontal plane. This allows us to 
find Δhgr corresponding to vertical projections of the 
mean free path in these segments, and probability Pvl of 
encountering a line of sight in such a loop layer. The prob-
abilities Pvsp for spicules can be found in a similar way. 

The obtained sequences Δhgr for loops and spicules 
form a height grid husd, which then is used for calculat-
ing emission intensity. When calculating the resulting 
intensity along the line of sight, we should account for 
the probability of absence of other atmospheric details 
Bls in a loop segment under study. These values are de-
termined for each interval Δhgr and represent the prod-
uct of probabilities of absence of other loops and spic-
ules in this interval. For the free matter the probability 
of absence of loops and spicules Nbls is found at each 
height husd as a product of probabilities of absence of 
parts of loops and spicules in the vicinity of this height, 
which are equal to the nearest interval Δhgr of these 
elements. 

Hence, the emission line intensity I(i) of quiescent 
solar regions can be derived from the formula 

( ) ( ) ( )
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∑       (5)  

Here Ilp(i, j) is the emission intensity of the jth loop 
between husd(i–1) and husd(i); Isv(i) is the emission inten-
sity of free matter in the same height interval. The emis-
sion intensity of each jth loop is calculated from its own 
height grid Δhgr(l, j), therefore, when calculating by (4), 
the j1 loop emission whose lower boundary Δhgr coin-
cides with husd(i) is taken into account at each height 
husd(i).  

As is known [Mason, Monsignori Fossi, 1994; Dere 
et al., 1997], the emissivity (power per unit volume, erg 
cm–3s–1) for an optically thin spectral line of wavelength 
λi,j is 

( ) pmε ,
λij j ji

ij

h c
N X A+=   (6) 

and the intensity  

( ) p 2 1 1λ erg cm s sr ,
4π

ij
ij j ji

h v
I N A dh − − − =  ∫   (7) 

where hp is the Planck constant; 
λij

ij

cv =  is the frequen-

cy; i, j are the lower and upper levels; Aji is the probabil-
ity of spontaneous transition; Nj is the density of the 
upper level j of an emitting ion; and h is the line of sight 
through the emitting plasma. The level population j can 
be expressed as 
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+

 is the ratio of the ion density X+ m to the 

total density of the element X; Ab(X)=N(X)/N(H) is the 
abundance of the element relative to hydrogen; N(H)/Ne 
is the hydrogen density relative to the density of free 
electrons (≈0.83).  

For plasma density diagnostics, the contribution 
function is used  
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related to the intensity by the following expression 

( ) ( ) ( )e e Hλ , λ , .ij ijI Ab X C T N N N dh= ∫   (10) 

The level population j can be calculated by solving 
equations of statistical equilibrium comprising all im-
portant mechanisms of collisional and radiative excita-
tion and deexcitation: 
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where e
jiC  and p

jiC  are the coefficients of the rate of 
excitation by electron and proton collisions (cm–3s–1), 
Rji are the coefficients of the rate of stimulated absorp-
tion (s–1). 

  
2.  RESULTS OF COMPARISON  
 BETWEEN CALCULATED AND 
 OBSERVED VALUES 
2.1. Coronal emission line intensity 
The evaluation of the quiet corona model in the form 

proposed by Krissinel [2015] has shown that it needs a 
little refinement in the UV range. This was due primarily 
to the need to reconcile calculated and experimental 
parameters of emission lines emitting in different tem-
perature ranges.  

The temperature distribution along the length of loop in 
formula (1) is determined by alp. Given small alp, the pre-
dominant part of loop length has a temperature close to the 
temperature of apices. In this case, the calculated intensity 
of emission lines of high-temperature ions increases, 
whereas the intensity of lines in the transition region de-
creases. This leads to a compromise: alp is considered equal 
to 0.31 at the loop apex and 0.6 at heights where the tem-
perature is below the maximum one by 50 %. 

The second refinement was dictated by the need to 
reduce the irregularity of the intensity profile above the 
limb. Accordingly, the number of loops has been in-
creased to 12. After correction, the base pressures of 
loops p0 (at h0) increase monotonically with decreasing 

loop size from 2.1∙10–8 to 3.2∙10–8 dyn cm–2; and the pres-
sures at apices, from 0.67 to 0.89 relative to p0. At the 
same time, electron densities at loop apices increase with 
decreasing Rloop from 3.6·108 to 8.7·108 cm–3.  

The adjustment of parameters has little effect on the re-
sults of calculations of the intensity of the model of the 
quiescent solar corona. Figure 1, which shows calculated 
and experimental brightnesses at the center of the solar 
disk at wavelengths from 1 to 31.6 cm, demonstrates good 
agreement between theoretical and experimental data. 

The emission line intensity is calculated using the 
CHIANTI database; level populations are found by solving 
the set of equations with (11). The calculations show that 
the closest agreement with observations is reached through 
the fractional ionization from [Bryans et al., 2009].  

Special attention is given to the choice of abundance 
Ab. As a result of the study it was assumed that coronal 
abundance values should be used as in [Feldman et al., 
1992] for all elements except Si and Fe. For these ele-
ments, the abundance as compared to that in [Feldman 
et al., 1992] is reduced by 70 %, which correlates well 
with the data obtained in [Fludra, Schmelz, 1999; 
Schmelz et al., 2012].  

Experimental data on UV plasma emission intensity 
over quiescent solar regions, obtained in different years 
and with different instruments, have a considerable, up 
to three times, spread in magnitude, which is caused by 
instrument calibration errors and differences in signal 
processing techniques. In this regard, this paper com-
pares the data with SUMER, EIS, and CDS data [War-
ren, 2005; Brooks, Warren, 2006; Brooks et al., 2009; 
Warren, Brooks, 2009] acquired using the same signal 
processing technique. 

Table 1 lists calculated (by (4)) Ith and observed Iobs 
intensities of 162 emission lines at the center of the so-
lar disk and above the limb (at a distance of 1.07 optical 
radius of the quiet Sun).  

 
Figure 1. Calculated and experimental brightness values at 

centimeter and decimeter wavelengths. Along the X-axis is the 
wavelength (cm), along the Y-axis is the brightness tempera-
ture (K). Observable values from [Zirin et al., 1991] are 
marked with asterisk; from [Borovik et al., 1992], with dia-
mond 
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For the analysis, I have selected emission lines with 
formation temperature above log(T)=4.9, corresponding 
to the emission from the corona and upper part of the 
transition region. The 10th and 11th columns show ratios 
of calculated values to observed ones (for measurements 
made with several telescopes, a mean value is taken).  

The accuracy of measuring the intensity is deter-
mined by the accuracy of calibrating a spectrograph and 
by the error in identifying emission lines, which de-
pends on a number of circumstances. For example, 
Brooks and Warren [2006] have noted that in some lines 
the spread of intensity when two independent processing 
techniques are employed significantly exceeds normal 20 
%. The accuracy of calibrating instruments is also about 
20 %, therefore the total error in intensity measurements 
cannot be less than 30 %. The far right column of Table 1 
shows emission lines with identified blends; the blends 
decrease the accuracy of determining the intensity.  

Let us first consider the calculated and observed val-
ues for the center of the solar disk. Observations are 
available for 136 lines. Figure 2, a is a histogram of ratios 
between calculated and experimental values. From the 
total number of lines the emission lines are excluded for 
which the calculated level is more than twice lower than 
the observed one and the blend (Mg VII 365.1 Å, Mg VIII 
335.23 Å, and Fe XI 349.04 Å) is identified, as well as the 
O V 758.67, 759.44, 760.23, 760.44, and 762.00 Å lines 
whose low calculated level in [Doschek at el., 1999] is 
attributed to the inaccuracy of atomic data. The main part 
of the discrepancies is within 0.5–1.5. This indicates good 
agreement between the results.  

 

 
Figure 2. Histograms of ratios between calculated emis-

sion line intensities and experimental ones for the center of the 
solar disk (a) and above the limb (b) 
 
 
 
 
 
 
 

Table 1 
Calculated Ith and observed Iobs emission line intensities 

λ, Å Ith Iobs Ith/Iobs Com. 
 kR kR kR  
 0.0 1.07  0.0 1.07 0.0 1.07  
   Br06 Br09 W05 W05 W09    
   CDS EIS CDS SUM EIS    

1 2 3 4 5 6 7 8 9 10 11 
Ion Si VII 

275.3 17.84 8.960  10.52   11.54 1.69 0.77  
275.6 3.17 1.59     1.81  0.88  
278.4 5.69 2.86     2.95  0.97  

Ion Si VIII 
314.3 17.51 39.85 22.39  27.32   0.71   
316.2 34.88 79.32 41.81  45.92   0.79   
319.8 52.07 118.2 49.92  69.20   0.87   
944.4 3.107 6.13   2.43   1.28   

Ion Si IX 
258.0 2.94 9.23     5.08  1.82  
341.9 11.69 40.01 16.11  20.3   0.64   
345.1 24.37 81.94 45.7  48.1   0.51   
349.8 30.39 100.2 38.2  43.3   0.74  bl(6) 
676.5 0.385 1.25   0.71   0.54   
694.6 0.946 3.07   1.74   0.54   

 
 
 
 

a 

 b 
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Ion Si X 
253.7 10.33 38.1     12.84  2.97  
258.3 52.43 193.3  31.84   71.3 1.65 2.71  
261.0 22.60 84.12  16.61   43.34 1.36 1.94  
271.9 19.15 71.25  15.57   37.62 1.23 1.89  
277.2 15.72 58.50  10.06   28.83 1.56 2.03  
347.4 40.17 149.8 46.84  44.68   0.88   
356.0 25.31 92.69 27.85  24.33   0.97  bl(6) 

Ion Si XI 
303.3 90.92 344.4 112.1  124.6   0.76   
580.9 2.622 9.938 4.03  4.09   0.64  bl(4) 

Ion Si XII 
502.6 4.516 17.08 4.73  4.98   0.93   

Ion Mg VII 
365.1 5.12 0.43 6.13  9.95   0.64   
367.6 19.41 1.50 14.53  20.96   1.09   

Ion Mg VIII 
313.7 24.52 28.12 23.81  30.10   0.91   
315.0 68.48 77.26 59.15  71.83   1.04   
317.0 17.31 19.85 15.61  20.54   0.98   
335.2 11.82 13.49 24.75     0.48   
338.9 15.77 17.99 10.44  14.91   1.24   

Ion Mg IX 
368.0 277.1 769.5 220.7  279.4   1.11   
706.0 11.54 30.68   7.26   1.59   
749.5 1.97 5.47   1.15   1.71   

Ion Mg X 
609.7 137.9 485.9 93.87  101.2 78.47  1.51   
624.9 68.40 240.9 34.08  36.91 30.47  2.02   

Ion Al IX 
680.2. 0.02 0.061    0.85  0.02   

Ion Al XI 
550.0 6.84 25.89   2.88   2.37   

Ion Ca X 
557.7 16.49 41.03 7.16  9.08   2.03   
574.0 8.14 20.22 6.18  6.57   1.28   

1 2 3 4 5 6 7 8 9 10 11 
Ion O III 

525.7 17.07  17.56  17.75   0.97   
599.5 38.57  35.47  35.71   1.08   
702.3 9.086     9.26  0.98   
702.9 11.13     27.32  0.41   
703.8 34.16     43.46  0.78   
832.9 14.24     17.72  0.80   
833.7 34.35     51.02  0.67   
835.0 10.71     11.69  0.92   
835.2 63.97     78.59  0.81   

Ion O IV 
553.3 31.37  21.43  22.40   1.57   
554.0 60.93  37.32  40.12   1.48   
554.5 156.7  103.2  111.7   1.46   
555.2 31.54  22.54  24.50   1.34   
608.9 29.5  16.28  17.73   1.73   
779.8 1.758     2.54  0.69   
787.7 89.12     58.46  1.52   
790.2 163.7     108.2  1.51   
1399.7 5.106     6.05  0.84   
1401.1 27.8     36.14  0.77   



B.B. Krissinel 

17 
 

Ion O V 
629.7 647.2  308.1  338.4 415.7  1.82   
758.6 0.84     6.07  0.14   
759.4 0.644     4.73  0.14   
760.2 0.481     4.16  0.11   
760.4 2.498     18.77  0.13   
761.12 0.743     0.71  1.05   
762.0 0.795     6.25  0.13   
774.51 2.52     1.66  1.52   
1218.3 52.58     89.66  0.59   

Ion O VI 
183.93 2.356 2.647     2.81  0.94  
184.11 4.736 5.321     4.82  1.10  
1031.9 186.2 68.09    353.9  0.53   
1037.6 92.79 33.93    192.0  0.48   

Ion S IV 
744.90 1.185     1.48  0.80   
748.39 2.144     2.89  0.74   
750.22 5.571     6.89  0.81   
753.76 1.193     1.49  0.80   
1072.9 4.529     9.66  0.47   
1073.5 0.452     0.57  0.79   

Ion S V 
696.62 1.288     0.88  1.46   
786.46 32.72     32.06  1.02   
Ion S VI   
706.4 0.196     0.46  0.43   
712.6 0.348     0.90  0.39   
933.3 6.926     19.11  0.36   
944.5 3.465     9.43  0.37   

Ion S X 
264.2 13.17 49.02  14.26   34.77 0.92 1.41  

Ion Ne IV 
357.8 2.388  5.49     0.43   
541.1 2.84  2.43  2.39   1.14   
542.0 5.681  4.72  4.64   1.21   
543.8 8.498  7.35  8.34   1.08   

1 2 3 4 5 6 7 8 9 10 11 
Ion Ne V 

358.4 4.521  4.35     1.04   
569.8 6.803  5.27  5.40   1.27   
572.3 12.29  8.21  8.81   1.44   

Ion Ne VI 
558.6 11.47  8.44  9.59   1.27   
562.7 20.49    15.60   1.31   
1005. 1.169     0.85  1.37   

Ion Ne VII 
559.9 0.798    0.99   0.81   
561.3 0.591     0.85  0.69   
561.7 2.937     3.07  0.96   
564.5 0.959     2.2  0.44   
895.1 4.058     4.51  0.90   

Ion Ne VIII 
770.4 53.49 75.93    73.11  0.73   
780.3 26.79 37.88    36.78  0.73   
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Ion N IV 
765.1 88.35     80.7  1.09   

Ion N V 
1238. 27.07     81.53  0.33   
1242. 13.53     38.51  0.35   

Ion Ar VIII 
713.8 1.304 1.294    1.26  1.03   
Ion Na IX 
681.7 5.86 14.47    3.2  1.83   

Ion Fe VIII 
185.2 34.30 16.13  19.73   18.54 1.74 0.87  
186.5 21.53 10.35  14.77   14.6 1.46 0.71  
194.6 9.946 4.14     5.38  0.77  

Ion Fe IX 
171.0 570.2 1141.     921.2  1.24  
188.4 27.49 57.68  14.13   31.28 1.94 1.84  
189.9 16.50 33.97  8.24   15.36 2.00 2.21  
197.8 18.91 42.94  8.78   21.02 2.15 2.04  

Ion Fe X 

174.5 411.2 1348.     572.5  2.35 bl(6) 
177.2 226.8 743.4  109.7   308.2 2.06 2.41  
184.5 88.28 287.3  57.21   142.1 1.54 2.02  
190.0 24.82 80.78  20.34   52.74 1.22 1.52  
193.7 5.46 17.72  4.72    1.16   
195.1 3.09 9.94  4.35    0.71   
207.4 7.51 24.19     24.09  1.00  
257.2 36.6 122.9  47.66   122.6 0.77 1.00 bl(6) 
345.7 20.00 63.87  28.65   24.37 0.75   
365.5 8.36 26.69  12.3   17.59 0.56   

Ion Fe XI 
180.4 315.7 1164.  190.5   432.2 1.66 2.69  
182.1 48.41 176.5  21.95   58.50 2.20 3.02  
188.16 152.4 561.4  93.95   224.9 1.62 2.49  
188.21 89.96 331.6  64.03   153.1 1.40 2.17  
192.8 31.01 114.2     57.73  1.98 bl(7) 
257.5 10.94 30.61     24.29  1.63  
257.7 6.38 23.12     11.72  1.97  
341.1 9.83 35.94 11.96  11.62   0.84   
349.0 2.55 9.14   9.51   0.27  bl(3) 
352.6 37.81 138.5 30.16  30.51   1.25   
369.1 11.39 41.76 8.55  7.97   1.38   

1 2 3 4 5 6 7 8 9 10 11 
Ion Fe XII 

186.8 23.83 89.01     35.17  2.53 bl(1) 
192.3 51.69 195.7  36.96   79.48 1.4 2.46 bl(1) 
193.5 108.5 410.8  79.57   177.5 1.36 2.31  
195.1 160.4 607.2  135.3   274.6 1.18 2.21 bl(1) 
196.6 7.57 28.26     11.0  2.57 bl(7) 
203.7 8.07 30.31     20.32  1.49  
256.4 6.03 22.78  13.62   39.09 0.44 0.58  
346.8 9.16 34.65 10.0  10.27   0.90   
352.1 17.71 67.01 21.0  19.52   0.87   
364.4 29.66 112.2 31.42  34.06   0.90  bl(1) 
1242. 2.19 8.24    4.14  0.53   
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Ion Fe XIII 
196.5 1.51 5.64     2.71  2.08  
197.4 2.94 11.17     7.10  1.57  
200.0 5.76 21.57     9.43  2.29  
201.1 14.28 54.22     45.14  1.20 bl(1) 
202.0 46.27 177.3  82.05   157.6 0.56 1.12  
203.7 7.99 29.94     25.0  1.2 bl(6) 
204.9 4.39 16.68     8.19  2.04  
246.2 8.32 31.54     9.36  3.37  
251.9 15.96 60.52     19.33  3.13  
320.8 4.03 15.12 8.65     0.47   
348.1 8.67 33.17 10.43  10.24   0.84   

Ion Fe XIV 
211.3 15.95 60.37     39.47  1.53  
264.7 6.69 25.25  9.43   20.72 0.71 1.22  
270.5 4.13 15.61     6.96  2.24  
274.2 9.035 34.20  11.26   18.31 0.80 1.87  
334.1 6.45 24.41 8.52  8.87   0.74   

Ion Fe XV 
284.1 11.46 43.23  13.16   21.20 0.87 2.04  

 

Note: units of intensity – erg cm–2 sr–1.  
 
Notation: kR is the distance from the center of the solar disk in fractions of the solar radius; Br06 is the work by Brooks and 

Warren [2006]; Br09 is the work by Brooks et al. [2009]; W05 is the work by Warren [2005]; CDS is the Coronal Diagnostic 
Spectrometer, SOHO; EIT is the Extreme Ultraviolet Imaging Telescope, SOHO; SUM is SUMER (Solar Ultraviolet Measure-
ments of Emitted Radiation, SOHO); EIS is the EUV Imaging Spectrometer, Hinode; bl(1) is the blend according to [Binello et 
al., 2001], bl(2) is the blend according to [Brown et al., 2008], bl (3) is the blend according to [Landi et al., 2002a; b], bl(4) is the 
blend according to [Brooks, Warren, 2006], bl(5) is the blend according to [Warren, 2005], bl(6) is the blend according to 
[Young et al., 1998], bl(7) is the blend according to [Young et al., 2007]. 
 

2.2. Equatorial distribution  
of emission intensity 
Center-to-limb distributions in the UV range has 

been examined so far mainly when studying the effect 
of emission line broadening nearby and above the limb 
[Kjeldseth Moe, Nicolas, 1977; Mariska et al., 1978, 
1979; Hassler et al., 1990; Erdely et al., 1998; Peter, 
1999; Wilhelm et al., 1998; Lee et al., 2000]. These 
studies were generally not aimed at determining param-
eters of distribution over quiescent solar regions – mag-
nitude of the peak above the limb, its position and 
width, and slope of the intensity decay above the limb. 
Parameters (angular and temporal resolutions, exposure 
time, and pointing accuracy) in these observations were 
inconsistent with the problem as posed.  

Table 2 lists calculated ratios of the intensity maxi-
mum for a number of transition region lines on the limb 
to the intensity at the solar disk center χ, the position of 
the maximum intensity relative to the optical limb X 
(arcsec), and the angular distance R01 (arcsec) at which 
the intensity becomes lower than 0.01 (the C III and C IV 
lines were calculated regardless of the intensity decay). 
Some numerical values derived by Wilhelm et al. 
[1998] are also given for reference. 

The equatorial distribution of emission lines was 
computed with a step of 0.25″ on the limb, and then 
smoothed on an interval of 2″ to approach technical con-
straints of real observations. Table 2 suggests that χ rises 
as the emitting region approaches the chromosphere. This 
is not seen in the data acquired by Wilhelm et al., [1998], 
which indicates technical difficulties in measuring limb 

Table 2  
Parameters of intensity distribution of   
transition region lines near the limb 

Ion Wavelength, 
Å 

Tmax, K Calculation Wilhelm-1998 
χ X R01 χ X 

C III 977.02 79432.8 26.33 +2.37 +4.57 3.25 +1.8 
C IV 1548.19 100000. 22.23 +2.37 +4.77 10.5:12.8 +2.8 
O IV 787.71 158489. 10.21 +2.37 +4.57 3.7:3.99 +2.5 
S V 786.47 158489. 9.42 +2.37 +4.57 3.38 +2.5 
S VI 944.52 199526. 6.28 +2.37 +24.17 10.2 +2.6 
O V 629.73 251189. 6.28 +2.17 +5.17 4.59:4.95 +2.5 
Ne VIII 770.41 630958. 5.09 +2.5 +300   

 

Notation: Tmax is the temperature of the maximum ionization of 
the element ion; χ is the ratio of the intensity of the peak on the limb 
to the intensity at the disk center; χ is the position of the peak relative 
to the optical limb (arcsec); R01 is the distance from the optical limb at 
which the intensity becomes lower than 0.01 of the emission intensity 
above the disk center (arcsec); Wilhelm-1998 are the measurements of 
center/limb parameters according to [Wilhelm et al., 1998].  
 
parameters in transition region lines, where the width of 
the intensity peak is several angular seconds.  

As the temperature of ionization maximum increas-
es, the brightening on the limb expands, and the intensi-
ty decay above the limb becomes slower. Figure 3, a 
demonstrates this through equatorial distributions of Fe 
emission intensities. Notice that the lower is the ioniza-
tion temperature in the emission line, the higher is the 
peak on the limb and the rate of intensity increase be-
fore the limb. This is because with decreasing tempera-
ture of line formation, the height of the emitting region 
decreases and its size increases along the line of sight on 
the limb versus the size at the disk center.  
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Figure 3. Normalized equatorial distributions of emission 

line intensity (a): Fe IX 197.8 Å, Fe X 190.0 Å, Fe XI 180.40 
Å, Fe XII 193.50 Å, Fe XIII 202.04 Å. Along the X-axis is the 
distance from the center of the solar disk in fractions of the 
solar radius. Along the Y-axis is the normalized emission 
intensity at the solar disk center. Normalized Fe XIII intensity 
at the solar disk center as a function of height above the limb 
(b); along the X-axis is the distance from the solar disk center 
in fractions of the solar radius 

 
The rate of intensity decay in lines of the same ion 

depends on the degree of density sensitivity: the larger is 
the sensitivity, the greater is the contribution to the total 
emission from middle and lower parts of loops and small 
loops being denser than large ones. Therefore, with dis-
tance from the limb when these emitting elements are out 
of the line of sight, the total intensity decreases more sig-
nificantly. Figure 3, b plots normalized intensities of sev-
eral Fe XIII lines at the solar disk center as a function of 
distance above the limb. As we can see, the difference in 
the rate of intensity decay may be significant.  

  
3.  DISCUSSION 
Theoretical data on emission line intensity have been 

assessed using CDS, SUMER, and EIS observations 
made by different groups of researchers. However, for 
technical reasons there are only few observations of the 

same emission line made with different instruments. 
Table 1 shows that CDS observations of emission from 
the solar disk center, obtained in [Warren, 2005; 
Brooks, Warren, 2006], basically coincide within ~10 
%, but there are differences up to 60 %. SUMER obser-
vations are made at a long wavelength, and the rare cases 
of agreement with CDS data do not allow us to evaluate 
the relative accuracy of measurements. 

Of particular interest are the measurements made 
with EIS whose frequency range does not overlap with 
frequencies of other instruments. Meanwhile, the most 
thorough study of the quiet Sun above the limb based on 
a large number of emission lines has been carried out 
with this instrument. The results of comparison between 
calculated and experimental data for the emission above 
the limb, given in Table 1, show a wide spread of ratios – 
from 0.6 to 3.3. The discrepancies can be caused by 
different reasons: inaccurate atomic data, fractional ion-
ization, errors in determining the level population and 
height dependence of element abundance, calibration 
errors and its variations with time.  

The discrepancies can be analyzed from the spread 
of intersections of curves of emission measure versus 
temperature plotted for lines of different ions. In the 
case of isothermal corona, formulas (9, 10) yield an 
expression for the EM emission measure: 

( )
2 λ
e

e

4π
( ) ,

,
IЕМ T n dh

C n T
= =∫  

where Iλ is the emission line intensity. As is known [Al-
len et al., 2000], the EM(T) curves calculated at fixed 
density for emission lines of different ions intersect at a 
point corresponding to plasma temperature. Let us make 
such calculations for the data above the limb, taking, by 
analogy with [Warren, Brooks, 2009], log(ne)=8.3.  

Figure 4, a presents the EM(T) dependences for theo-
retical data. From all the wavelength ranges listed in Table 
1, emission lines are excluded here whose calculated emis-
sion measure changes by more than 10 % with density 
changing by a factor of 10. These lines are Si IX 258.08 Å; 
Si X 253.78, 258.37 Å; S X 264.23 Å; Fe IX 189.94 Å; Fe X 
257.26 Å; Fe XI 182.16 Å; Fe XII 186.88, 196.64, 203.72 Å; 
Fe XII 196.52, 200.02, 202.04, 203.79 Å; Fe XV 284 Å. All 
these lines differ in their increased sensitivity to density. 
The observed intensity, used to determine the emission 
measure, is proportional to the emissivity integral along the 
line of sight and for most lines corresponds to the product 
of emission measure and contribution function at a fixed 
density. If the density changes considerably along the line 
of sight, the integral emissivity for some lines turns out to 
be different, such that with the same emission measure the 
contribution function requires another density value. This 
is illustrated in Figure 4, c, which depicts maximum rated 
emissivity of one of the model loops for several Fe XII lines 
as a function of height. The 186.88, 196.64 и 203.72 Å 
emission lines exhibit a more abrupt change of emissivity 
with height than the 192.3, 193.5, and 195.11 Å lines. 

In Figure 4, a, the intersection of the EM(T) curves cor-
responds to log(T)=6.11 and log(EM)=27.1. Fluctuations 
of the intersection position do not exceed 0.05 (7 %) and 
refer largely to estimated errors in calculating fractional 
ionization for the emission lines whose ionization peak 

a 

b 
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temperature is far removed from the intersection tempera-
ture (Si VII, Fe XIV).  

Figure 4, c presents temperature and density distri-
butions in the longest loop of the corona model over the 
height from 0.07 R. Obviously, these parameters vary 
with height within relatively narrow limits. For smaller 
loops, these variations are lower still. Thus, the corona 
along the line of sight can be considered almost iso-
thermal at a height of 1.07R above the limb. 

Figure 4, b shows the EM(T) dependences derived 
from observations of the same set of wavelengths above 
the limb as in Figure 4, a. The intersections of the 
curves are seen to cover a vast area. The central point of 
intersection refers to logT=6.07 and log(ne)=27.0. These 
values agree with the results obtained by Warren and 
Brooks [2009], if it is remembered that they have used 
other fractional ionizations and abundances. The spread 
of intersection positions corresponds to the difference 
between calculated and observed intensities.  

The EM(T) dependences have been studied in many 
works (for example, [Allen et al., 2000; Landi et al., 

2002a, b; Landi, Feldman, 2003, Warren, Brooks, 
2009]). In some papers, the wide spread of intersections 
is attributed to the non-isothermal nature of the corona 
at the height where measurements have been made. It 
should, however, be noted that if along the line of sight 
in the corona there are atmospheric regions differing 
sharply in temperature, all emission lines of the same 
ion have nearly identical deflection from the intersec-
tion. In fact, these deflections are completely different. 

For ions with line intensities measured throughout 
the EIS wavelength range, the calculated and observed 
values above the limb vary greatly: from 1.2 to 2.2 for 
Fe IX; from 1.0 to 2.4 for Fe X; from 1.6 to 3.0 for Fe XI; 
from 0.6 to 2.5 for Fe XII; and from 1.12 to 3.3 for Fe XIII. 
This was discussed by Warren and Brooks [2009] who 
made an assumption about technical reason for this 
effect – the difference in calibration between detectors 
employed to measure long-wavelength and short- wave-
length lines. 

 

 
Figure 4. Analysis of the emission measure of Si and Fe lines in the corona model (a) and from EIS observations (b) (along 

the X-axis is log(T), along the Y-axis is log(EM) (cm–5)); emissivity of loop parts with Rloop=210 000 km for a number of Fe XII 

lines as a function of height (c); temperature and density distributions over the longest loop of the corona model at heights from 
0.07 R (d). Along the X-axis is the distance from the photosphere, Mm 

 

b 

c d 

ne lp·10–3, cm–3 
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Figure 5. Spectrum of differences between calculated and experimental data above the limb. Along the X-axis is wavelengths 

(Å); along the Y-axis, the ratio between calculated and observed values 
 

In Figure 5 that presents ratios between calculated 
and observed data for the entire EIS wavelength range, 
this reason is not primary. 

The analysis of data for the solar disk center 
shows that line intensities of one ion measured with 
CDS or SUMER generally exceed calculated values, 
whereas intensities measured with EIS are always 
lower than calculated ones. 

All the above details of the differences between the 
experimental and calculated values suggest that the 
wide spread of differences above the limb and the con-
siderable excess of errors over normal values result 
from inaccurate EIS measurements. 

In [Warren, 2005; Brooks, Warren, 2006], the exper-
imental values listed in Table 1 are checked against the 
calculated values obtained from the emission measure 
of a line group. For some lines, these estimates agree 
well with the differences given in Table 1 for the solar 
disk center. Thus, we can exclude cases where ratios 
between calculated and observed values exceed 2, if this 
has been established in [Warren, 2005; Brooks, Warren, 
2006]. This is the case of the following lines: Al IX 
680.39 Å, Ne IV 357.88 Å, O VI 1037.6 Å, N V 1238.3, 
1242.8 Å, S VI 706.5, 712.68, 933.40, 944.55 Å. After 
these exclusions as well as those discussed in Section 
3.2, there remain 119 of the total number of lines. Nev-
ertheless, only in five lines the calculated values are 
from 0.5 to 0.38 of the observed ones, and in three lines 
the theoretical values are 2–2.2 times larger than the 
experimental values obtained with EIS.  

In general, the results of calculation of the EUV and 
FUV emission line intensities with consideration of EIS 
measurement errors agree with the experimental data. 
Thus, the multicomponent model of the quiescent solar 
corona proposed in [Krissinel, 2015] is applicable to a 
wide wavelength range.  

It should be noted here that there is a significant dif-
ference between radio and EUV emissions in terms of 
the contribution of free-matter emission. If in the short 
wavelength range (1–5 cm) the contribution of the free-
matter emission is decisive (80–95 %), in the decimeter 
range it does not exceed 10 %. In the EUV range, this 

contribution does not exceed 16 % for transition region 
lines and 10 % for coronal lines; i.e. the primary EUV 
emission in quiescent solar regions is associated with the 
emission from loops. This means that motions of matter 
in quiescent coronal regions, which are driven by motions 
of free matter, can be studied (with respect to broadening 
and shift of the line profile) only for a high signal-to-
noise ratio. At the same time, in coronal holes where the 
contribution of loop emission is much smaller, conditions 
for such studies appear to be more favorable.  

In this paper, calculations of the emission line inten-
sity allowed us to clarify temperature and density distri-
butions over loops of the corona model, mainly in the 
transition region of loops. This is important for the theo-
ry of heat because these parameters characterize the 
heating rate.  

On the other hand, the results of the study have 
shown a rather high level of measurement errors, espe-
cially for the EIS spectrograph. This complicates the 
diagnostics of solar plasma and the study of abundance 
[Feldman et al., 2009]. 

 
CONCLUSION 
In this paper, calculated intensities at EUV and FUV 

wavelengths have been compared with experimental 
ones, using the multicomponent model of the quiescent 
solar corona proposed for studying emission at centime-
ter and decimeter wavelengths. The corona model has 
been slightly modified: the number of loops was in-
creased and the height temperature and density profiles 
were corrected. The calculated values were compared 
with the CDS, SUMER, and EIS observations made by 
different groups of researchers. 

The calculation was carried out using fractional ion-
ization from [Bryans et al., 2009]. This provided satis-
factory agreement between calculated and observed 
values, especially for the center of the solar disk. The 
analysis of discrepancies between data above the limb, 
where these discrepancies often exceed expected errors, 
has shown that they are most likely to be caused by EIS 
measurement errors. 
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The corona model makes it possible to estimate equato-
rial distributions of emission intensity. Because of the ab-
sence of center-to-limb observations with high spatial reso-
lution, this paper demonstrates center-to-limb distributions 
of a number of coronal Fe lines and estimates distribution 
parameters for transition region lines. These estimates are 
consistent with those obtained in well-known experimental 
studies when technical constraints are taken into account.  

Thus, the model of quiescent coronal regions is ade-
quate to observe intensities both in optically thin emis-
sion lines and in the 1 cm – 1 m wavelength range. It 
appears that this model or the probabilistic approach to 
the corona emission used in the model can be employed 
to study the quiet Sun’s atmosphere at all latitudes, cor-
onal holes, and nonthermal motions in the corona. At 
the same time, this model is inadequate to describe 
chromospheric emission with insufficiently studied spa-
tial characteristics of its components.  

The results indicate difficulties in interpreting data 
from EUV telescopes. The problems of calibrating and 
controlling measurements can be solved to some extent 
by regular test observations of quiescent solar regions. 
The results can also be directly used to make appropri-
ate adjustments.  
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