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The Fe/O elemental abundance ratio in the solar wind 
as observed with SOHO CELIAS CTOF 

M. R. Aellig, 1'2 S. Hefti, 1 H. Gr/inwaldt 3 p. Bochsler I lb. Wurz 1 
F. M. Ipavich, 4 and D. Hovestadt s 

Abstract. Using data of the Charge Time-of-Flight (CTOF) mass spectrometer of 
the Charge, Element, and Isotope Analysis System (CELIAS) on board the Solar 
and Heliospheric Observatory (SOHO) from •80 days of observation around solar 
minimum we derive a value for the Fe/O abundance ratio for the inecliptic solar 
wind of 0.11 q- 0.03. Since Fe has a low first ionization potential (FIP) and O is a 
high-FIP element, their relative abundance is diagnostic for the FIP fractionation 
process. The unprecedented time resolution of the CELIAS CTOF sensor allows a 
fine-scaled study of the Fe/O ratio as a function of •he solar wind bulk speed. On 
average, the Fe/O abundance ratio shows a continuous decrease by a factor of 2 
with increasing solar wind speed between 350 and 500 km/s. This corresponds to 
the well-known FIP effect dependence. Our value at •500 km/s agrees with the 
previously observed Fe/O ratio in the fast solar wind emerging from polar coronal 
holes whereas the value for speeds below 350 km/s is consistent with a remote 
abundance determination in the leg of a coronal streamer. The variability of the 
Fe/O abundance ratio is much larger in the slow than in the fast solar wind. 

1. Introduction 

It is observationally established that in the corona 
and in the solar wind, elements with first ionization 
potentials (FIP) below •10 eV are systematically en- 
riched relative to the high-FIP elements compared to 
their relative photospheric abundances. As the FIP is 
the organizing parameter of this fractionation, it is gen- 
erally believed that this fractionation takes place where 
the species considered are partially ionized, i.e., in the 
upper chromosphere and the lower transition region. It 
has been pointed out by Geiss and Bochsler [1986] that 
the fractionation pattern is even more evident when ob- 
served as a function of the first ionization time (FIT) 
rather than the FIP. 

As for the kinetic properties of the solar wind there 
is a fundamental difference of the strength of that frac- 
tionation between the coronal-hole-associated fast solar 

wind and the interstream solar wind. While the relative 

enrichment (typically compared to oxygen) amounts 
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to •4 in the slow solar wind, it is only •2 or less in 
the fast solar wind. The regime of the fast solar wind 
originating from the large polar coronal holes could only 
be probed when the Ulysses mission made its first polar 
pass. Geiss et al. [1995] reported measurements of the 
solar wind Mg/O relative abundance, a proxy for the 
strength of the FIP fractionation, and the O6+/O z+ 
freeze-in temperature which is a proxy for the coro- 
nal electron temperature. On the basis of a super- 
posed epoch analysis of several crossings of the high- 
speed stream emerging from the southern coronal hole 
they found steep and simultaneous changes of both the 
strength of the FIP fractionation and the freeze-in tem- 
peratures in the daily averages of these quantities. Geiss 
et al. concluded that there is one sharp boundary be- 
tween the source regions of the slow and fast solar wind 
in the corona and in the chromosphere. 

Several models have been set up to explain the ob- 
servationally evidenced FIP effect, but as yon $teiger 
[1996] states, none of them is able to fully and self- 
consistently explain the FIP effect. In his review, yon 
Steiger [1996] notes that most of the models rely on 
ion-neutral separation and assume the solar EUV radi- 
ation as the ionizing agent. Several separation mech- 
anisms were proposed, and sometimes strong assump- 
tions about the model geometry are required. 

Marsch et al. [1995] put forth a model that has not 
very stringent assumptions regarding the geometry but 
still is able to reproduce the observed fractionation pat- 
tern quantitatively by doing the ion-neutral separation 
in a diffusion layer. Extending this diffusion model, Pe- 
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ter [1996] introduced a chromospheric mass flow speed, 
the magnitude of which determines the strength of the 
FIP fractionation. The larger this chromospheric mass 
flow speed is (compared to an ionization-diffusion speed 
characteristic for each element), the shorter the separa- 
tion process can act on the species, thus reducing the 
fractionation strength. We will take advantage of the 
quantitative predictions of this model by linking the 
chromospheric flow speed to the solar wind speed to 
compare this theory with our data. 

Recently, $chwadron et al. [1999] explained the FIP 
fractionation in the slow solar wind by wave heating in 
coronal loops. Thus ions have larger scale heights than 
neutrals. Especially, in the upper chromosphere and the 
low transition region this effect is more pronounced for 
the low-FIP elements than for the high-FIP elements, 
leading to a relative enhancement of the low-FIP ele- 
ments in the region of the loop above the the transition 
region. The fractionated material is then released upon 
reconnection to eventually form the slow solar wind. 

In this paper we will present determinations of the 
FIP fractionation in the interstream solar wind with 

very high time resolution with the CELIAS CTOF sen- 
sor on the SOHO mission. Whereas for the steady fast 
solar wind a good time resolution is not that important, 
it is crucial for the understanding of the FIP fractiona- 
tion in the much more variable slow solar wind. 

We will investigate the abundance of iron, a typi- 
cal low-FIP (and low-FIT) element, relative to oxygen, 
a high-FIP (and high-FIT) element, in different solar 
wind speed regimes rather than considering only long- 
term averages. After a short description of the CELIAS 
CTOF sensor and the data analysis we will present the 
results in section 4. Both the overall properties of the 
Fe/O abundance ratio as well as some special time in- 
tervals are then discussed in section 5. 

2. Instrument 

The CTOF sensor of the SOHO CELIAS experiment 
is a linear time-of-flight (TOF) mass spectrometer. It 
combines an electrostatic analyzer, a TOF measure- 
ment, and a determination of the residual energy at the 
end of the TOF path. From these three measurements 
the energy, the mass, and the mass per charge of every 
ion detected can be derived unambiguously. To achieve 
a sufficient mass per charge resolution and to trigger the 
solid state detector efficiently, a postacceleration volt- 
age is applied between the electrostatic analyzer and the 
TOF path. A more detailed description of the sensor is 
given by Hovestadt et al. [1995]. 

Since the sensor was not calibrated with iron ions, a 
model is used to extrapolate from the calibrated efficien- 
cies of oxygen and argon to the efficiency of iron. While 
the entire instrument was modeled, we present here 
only one element of the instrument response model, i.e., 
the so-called double-coincidence-rate (DCR) efficiency, 
which will be referred to as "efficiency" in the following. 
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Figure 1. The double-coincidence-rate (DCR) effi- 
ciency as a function of the energy per nucleon. Cali- 
bration data (H. Grfinwaldt, personal communication, 
1998) are shown for argon (triangles) and oxygen (cir- 
cles). The agreement between the calibration data and 
the modeled efficiencies for argon (dashed line) and oxy- 
gen (dash-dotted line) substantiate the modeled eft% 
ciency for iron (solid line). 

This is the probability that the TOF of an ion entering 
the TOF section is measured. This e•ciency is not the 
only one that influences the overall response of the sen- 
sor, but we concentrate on the DCR e•ciency because it 
is the most crucial one to model for the analysis of vari- 
ations of the relative abundance of different elements. 

Our efficiency model includes the production of sec- 
ondary electrons at the carbon foil and at the solid state 
detector, the scattering of the ions in the carbon foil, 
the geometric transmission of the multiple grids, and 
the microchannel plate e•ciencies. A detailed descrip- 
tion of the entire instrument response model is given by 
Aellig [1998]. Figure 1 shows the calibrated and mod- 
eled efficiencies for oxygen and argon and the modeled 
efficiencies of iron. The good agreement between our 
model and the calibration curves for both oxygen and 
argon substantiates the extrapolation of our model to 
noncalibrated species such as iron. We estimate the 
relative uncertainty of the double-coincidence-rate e•- 
ciency for iron to be of the order of 10% in the energy 
range typical for solar wind iron ions after postacceler- 
ation within the sensor. 

3. Data Analysis 

The densities of the different iron charge states have 
been derived on the basis of an instrument response 
model together with a maximum likelihood inversion 
algorithm [Aellig, 1998; Aellig et al., 1998]. The densi- 
ties of the oxygen ions have been determined by Hefti 
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[1997]. The total iron density is derived from the charge 
states Fe 7+ to Fe •6+, which covers more than 95% of 
all iron species during non-coronal-mass-ejection (non- 
CME) periods. Lower charged iron ions have upper lim- 
its of 1% or even lower [Geiss et at., 1992]. The total 
oxygen density is estimated from the sum of the den- 
sities of 0 6+ and 0 7+ . This is appropriate except for 
time periods of very high freeze-in temperatures To76 
(derived from the relative density of 0 •+ and 0 7+) of 
2 x 10 • K, where the fraction of 0 8+ is •7% on the ba- 
sis of the assumption of ionization equilibrium [Arnaud 
and Rothenfiug, 1985]. 

The time interval of observation ranges from day of 
year (DOY) 150, 1996, to DOY 229, 1996. During 
this period of low solar activity the solar wind pro- 
ton speed derived from SOHO CELIAS Proton Mon- 
itor (PM) data [Hefti, 1997; Ipavich et at., 1998] ranged 
from 295 km/s to 580 km/s with a mean value of 
385 km/s. The sample standard deviation for this pe- 
riod is 51 km/s. Four intervals with proton speeds in 
excess of 500 km/s are identified during the period ob- 
served. No CME was observed during this interval on 
the Sun-Earth line. 

4. Results 

On the basis of the methods described in section 3, 
ion fluxes were determined for the time interval indi- 

cated. The ratio of the integrated fluxes of iron and of 
oxygen is determined to be 0.11 4-0.03 for the entire 
time period. The rather large uncertainty of this ratio 
is mainly caused by the conservatively estimated uncer- 
tainties of the instrumental efficiencies. Further recali- 

bration of the spare model of the CELIAS CTOF sensor 
is expected to reduce the overall uncertainty. Figure 2 
displays the correlation between the iron flux and the 
oxygen flux in the solar wind. It is seen from Figure 2 
that the Fe/O abundance ratio increases for increasing 
fluxes. Indeed, a linear fit of the logarithm of the iron 
flux with the logarithm of the oxygen fit yields a slope 
which is significantly greater than 1. The latter would 
correspond to a constant abundance ratio of Fe/O over 
the flux range observed. In cases of high iron and oxy- 
gen fluxes, iron is on average more abundant relative to 
oxygen as compared to the long-term average of 0.11. 
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Figure 2. Correlation of the iron flux and the oxygen 
flux in the solar wind. The three solid lines represent 
cases of a constant flux ratio of Fe/O of 0.06, 0.11, and 
0.18, respectively. The Fe/O ratio is not constant in all 
solar wind regimes and increases with increasing flux of 
oxygen. Data were taken between day of year (DOY) 
150, 1996, and DOY 229. N denotes the number of 
spectra processed. 

The linear correlation coefficient is 0.87. To assess a 

possible speed dependence of the Fe/O ratio, the speed 
range observed was first divided into three bins. The 
lowest bin contains speed values of <360 kin/s, the high- 
est bin contains speed values >500 kin/s, and the center 
bin contains all speed measurements between these lim- 
its. Table I summarizes parameters of the distribution 
of the logarithms of Fe/O within these bins and for the 
entire data set. We consider the logarithms of the ra- 
tios because of their robustness with respect to extreme 
cases and because abundance ratios are approximately 
lognormally distributed [Bochster, 1984]. Long-term av- 
erages of Fe/O and the values quoted from the literature 
are given linearly in this paper. The parameters given 
in Table I were calculated from the unweighted val- 
ues of log(Fe/O). Therefore the average value for the 

Table 1. Mean and Standard Deviation $1og(Fe/O) of the Distributions of 
log(Fe/O) for Different Ranges of the Solar Wind Speed Vsw 

Speed, km/s log(Fe/O) 81og(Fe/O) 101Og(Fe/O) Number of Cases 
295 < vsw < 360 -0.94 0.17 0.116 7053 
360 < vsw < 500 -1.04 0.15 0.091 14777 
500 < v,• < 580 -1.21 0.06 0.062 782 

Entire range -1.02 0.17 0.095 22612 

The parameters were derived without weighting log(Fe/O) with the flux. 
convenience, log(Fe/O) is translated back into a linear ratio. 

For 
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Figure 3. Histograms of log Fe/O for three different ranges of the solar wind speed vsw. In 
each histogram the vertical line indicates the mean value, and the horizontal arrows give the 
standard deviation of the sample. The cases in the highest speed range were accumulated during 
four distinct periods which are separated at least by 10 days. 

entire speed range quoted in Table I differs from the 
value of 0.11 that is based on the ratio of the integrated 
fluxes of both species. The histograms of log(Fe/O) 
for the three different speed ranges are shown in Fig- 
ure 3. From Table I as well as from Figure 3 it is 
obvious that the Fe/O ratio is decreasing with increas- 
ing solar wind speed. Furthermore, the variability of 
this ratio decreases with increasing wind speed. During 
four time intervals separated by at least 10 days, solar 
wind speeds above 500 km/s were observed. Thus it 
is unlikely that a selection effect could cause the small 
variability of log(Fe/O) in this speed range. 

To better assess the speed dependence of log(Fe/O), 
a finer binning of the solar wind speed was chosen. In 
Figure 4 the average values of log(Fe/O) are shown for 
speed intervals of 10 km/s width. The bars indica,te the 
standard deviation of log(Fe/O) within each bin and 
thus measure the variability of log(Fe/O) in a narrow 
speed range. There is a continuous decrease of the aver- 
aged value of log(Fe/O) for increasing speed rather than 
a sharp distinction between two regimes. The following 
picture emerges from the data presented in Figure 4: 
At very low speed, i.e., below •350 km/s, the averages 
of log(Fe/O) in each speed bin seem to be compatible 
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Figure 4. Contour plot (linearly spaced) of log(Fe/O) and the solar wind speed Vsw for the 
entire time period analyzed. The average values of log(Fe/O) within speed bins 10 km/s wide 
are plotted (dots) together with error bars that indicate the standard deviation of log(Fe/O) in 
the corresponding bin. For comparison, solar wind in situ measurements of Fe/O [Geiss et al., 
1995; Ipavich et al., 1992], a remote determination of Fe/O at the edge of a coronal streamer 
[Raymond et al., 1997], and the photospheric abundance landers and Grevesse, 1989; Hannaford 
et al., 1992] are shown as well. 

with a constant value of about-0.93. In the intermedi- 

ate speed range between 350 and •-500 kin/s, log(Fe/O) 
decreases monotonically to a value of approximately 
-1.19. Above 500 km/s the average value of logFe/O 
seems to be constant at this level. The observed de- 

crease is not caused by the organization of the data, 
as we illustrate with the following argument. If the 
smooth dependence observed was caused by the com- 
bination of coronal-hole-type solar wind with low Fe/O 
and comparably low speed and by solar wind with high 
Fe/O and comparably high speeds, the observed vari- 
ability in the intermediate speed range between the two 
plateaus would be expected to increase with increasing 
speed, which is not the case. 

Another way to organize the relative abundances of 
iron and oxygen is to plot them against a freeze-in tem- 
perature such as To76, which is derived from the relative 
density of 0 7+ and 0 6+ ions, as is done in Figure 5. In 
this representation there are two distinct regimes. For 
To76 lower than -• 1.4 x 106 K, log(Fe/O) is about -1.19 
with quite a low variability. Above freeze-in tempera- 
tures of 1.4 x 106 K there is, on average, a slight increase 

of log Fe/O from -1.01 to -0.91 with increasing freeze-in 
temperature. 

After the presentation of the overall properties of the 
Fe/O ratio within the period of observation we consider 
special cases. In Figure 6, three selected time intervals 
of two days' duration are shown in detail. Large varia- 
tions in the elemental abundance Fe/O are observed in 
the investigated period of slow solar wind (310 < Vsw • 
370 kin/s) that seemingly are not correlated with the 
proton speed. There is no evident correlation seen be- 
tween the fluctuations of Fe/O and the freeze-in temper- 
ature either. This period illustrates the large variability 
of the slow solar wind, e.g., with the Fe/O ratio chang- 
ing by a factor of 4 between the end of day 154 and 
day 155, 0500 UT. The second case inspected is a tran- 
sition from slow solar wind at •-400 km/s on DOY 227, 
1000 UT, to fast wind with a maximum speed of -•500 
km/s on DOY 227, 2000 UT. The Fe/O elemental abun- 
dance decreases from a value typical for the slow wind 
to a level characteristic for coronal hole solar wind be- 

tween DOY 227, 1200 UT, and DOY 227, 1800 UT. 
On the same timescale, but -• 2 hours earlier, the oxy- 
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Figure 5. Contour plot of log(Fe/O) and the oxygen freeze-in temperature To76. The averages 
of log(Fe/O) for bins of To76 of width 105 K (dots) are given. The error bars indicate the 
standard deviation of log(Fe/O) within the corresponding bin of the freeze-in temperature. For 
comparison, solar wind in situ measurements of Fe/O [Geiss et al., 1995] in coronal-hole-type 
solar wind, a remote determination of Fe/O at the edge of a coronal streamer [Raymond et al., 
1997], and the photospheric abundance [Anders and Grevesse, 1989; Hannaford et al., 1992] are 
shown as well. 

gen freeze-in temperature decreases from 1.8 x 106 K 
to < 1.4 x 106 K. The offset of 2 hours between the 

changes of the elemental abundance and the freeze-in 
temperature is shorter than the timescale of 6 hours 
on which they take place. In this case, the definition 
of the beginning and the end of the changes is some- 
what arbitrary. The transition between the two speed 
regimes takes place on a timescale of ,-8 hours. The 
third case investigated is the beginning of a high-speed 
stream with proton speeds up to 580 km/s, which ex- 
hibits the properties of a coronal hole. Indeed, Hefti et 
al. [1999] showed, by backmapping of the solar wind 
onto the solar surface, that this high-speed stream em- 
anates from an equatorial coronal hole that became 
known as elephant's trunk one solar rotation later. The 
freeze-in temperature steeply decreases in two steps be- 
tween 0500 and 0700 UT on DOY 213 during the pe- 
riod of increasing solar wind speed. The Fe/O ratio 
is reduced by a factor of • 2 on DOY 213, 0100 UT, 
within about half an hour. This very fast change of 
the elemental composition, however, precedes the signa- 
ture given by the freeze-in temperature and the proton 
speed by ,- 5 hours. During this period (shaded area) 

an Fe/O ratio typical for fast solar wind is observed 
simultaneously with freeze-in temperatures and proton 
speeds characteristic of the slow wind. The timescale of 
the change of the solar wind speed on the leading edge 
is ,- 4 hours, and the change of the freeze-in temper- 
ature and the composition take place on even shorter 
timescales. The trailing edge (not shown) of the high- 
speed stream is seen in all three quantities simultane- 
ously with smaller gradients than at the leading edge. A 
closer view of the interesting time period of low Fe/O 
and high freeze-in temperature around the change in 
speed on DOY 213 is shown in Figure 7 together with 
the proton speed, the proton thermal speed, the proton 
density, the N/S flow angle of the solar wind, and the 
He/H abundance ratio. While the proton parameters 
were derived from SOHO CELIAS PM data, the He/H 
abundance was derived from Wind high-resolution mass 
spectrometer (MASS) data and then shifted by a time 
lag derived from the radial separation of Wind and 
SOHO and from the solar wind speed. The proton den- 
sity shows a smooth decrease prior to the steep decrease 
of the Fe/O abundance ratio. Furthermore, the N/S 
flow angle smoothly changes from positive to negative 
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Figure 6. The Fe/O abundance in different solar wind regimes (middle graph in each frame). In 
the lower graph of each frame the solar wind speed Vsw is given and the freeze-in temperature Ti 
derived from the ion pair 0 7+/0 6+ is shown in the top graph of each frame. (left) Slow solar wind 
regime. (center) Solar wind speed increase from -•400 km/s to -•500 km/s. (right) Transition 
from slow to fast solar wind. The shaded region indicates the period of a low Fe/O ratio typical 
for coronal-hole-type solar wind and high freeze-in temperature characteristic for the low-speed 
solar wind. 

values at the same time, while no obvious signature is 
visible either in the bulk or in the thermal speed of the 
protons. The He/H abundance ratio, extrapolated from 
Wind, starts to smoothly increase around the time of 
the jump of the Fe/O ratio. At DOY 213, 0515 UT, the 
freeze-in temperature To76 decreases from 1.5 x 106 K 
to -• 1.4 x 106 K. At the same time, both the bulk and 
thermal speed of the protons increase, and the N/S flow 
angle changes from negative to positive values. Around 
this time, the He/H abundance increases to -•8%. At 
DOY 213, 0715 UT, the freeze-in temperature To76 de- 
creases steeply again from 1.4 x 106 K to -• 1.25 x 106 K. 
No obvious signature is seen in the other particle-related 
parameters shown in Figure 7. We analyzed also the 
magnetic field data (Wind Magnetic Field Investigation 
key parameter data) that were extrapolated from Wind 
to the location of SOHO using a procedure described 
by Aellig [1998]. These data, however, did not allow us 
to clearly classify this interesting event. 

5. Discussion 

Our flux weighted average for Fe/O of 0.11 + 0.03 
is consistent with the value reported by Ipavich et al. 
[1992] for the inecliptic solar wind during a period of 
high solar activity and is, though considerably lower, 
also marginally consistent with the best estimate of 
0.19+ o.•o o.o? derived from the He/Fe abundance ratio re- 
ported by Schmid et al. [1988] for the previous solar 
maximum. A He/O abundance ratio of 75 [Bochsler 
et al., 1986] was used to derive the Fe/O value from 
the He/Fe ratio. As Schmid et al. [1988] anticipated, 
there might have been a slight selection effect in their 
analysis which discriminated periods of low fluxes which 
are characterized, generally, by a lower Fe/O ratio as 
is seen from Figure 2. Compared to the photospheric 

abundance relative to oxygen, iron is enriched in the 
slow solar wind by a factor of -• 3 which is typical 
for low-FIP elements. We calculate the photospheric 
abundance ratio of Fe/O from the iron abundance given 
by Hannaford et al. [1992] and the oxygen abundance 
given by Anders and Grevesse [1989]. The photospheric 
iron abundance of Hannaford et al. [1992] agrees with 
a previous determination reported by Holweger et al. 
[1990]. 

We assess the speed dependence of log Fe/O with the 
averaged values of log Fe/O over narrow speed bins. 
Below proton speeds of 350 km/s we find the bin aver- 
ages of log Fe/O to be compatible with a constant value 
corresponding to a ratio Fe/O of 0.12. This number is 
derived from the mean of the bin averages. For proton 
speeds above 500 km/s the log Fe/O value also seems to 
be independent of the wind speed. In this speed range 
we determine the ratio Fe/O to be -,•0.06 in the same 
manner as before. This value agrees with the value re- 
ported by Geiss et al. [1995] for coronal-hole-type solar 
wind and indicates that the solar wind we observed at 

speeds in excess of 500 km/s emanated either from an 
equatorial coronal hole or an equatorial extension of a 
polar coronal hole. The plateaus of speed-independent 
Fe/O values are separated by the well-known factor of 2 
by which, on average, the strength of the FIP fraction- 
ation effect varies between the different regimes of the 
solar wind. What is new, to our knowledge, is the ob- 
servation of an intermediate regime of FIP fractionation 
strength in the intermediate range of solar wind speeds 
between 350 and 500 km/s. On average, a smooth and 
continuous change between the plateaus outside this 
speed interval is observed. Furthermore, the variabil- 
ity decreases as the speed increases. 

A FIP fractionation model by Peter [1996] which as- 
sumes full stationarity of the chromosphere predicts the 
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Figure 7. The freeze-in temperature To76, the Fe/O abundance, the density Np, bulk speed, 
thermal speed vtn, and the N/S flow angle of the protons during the speed increase shown in 
Figure 6 (right frame). Extrapolated from measurements at Wind, the He/H abundance is given 
as well. The dark shading corresponds to the time interval of 4.5 hours between the steep 
decrease of the Fe/O abundance ratio and the steep decrease of the freeze-in temperature To76 
from 1.5 x 106 K to -,, 1.4 x 106 K. The hatched region is the time interval of 2 hours between the 
jump of To•6 just mentioned and the second steep decrease from 1.4 x 106 K to ,-, 1.25 x 106 K. 
One tick mark on the x axis corresponds to I hour. 

fractionation strength to vary with the chromospheric 
mass flow speed U• according to 

1 -F V/1 -F 4(wFe/U•)2 
f•e,O - (1) 

1 + V/1 + 4(wo/U•) 2 ' 

where WFe and wo denote the ionization-diffusion speeds 
of iron and oxygen, respectively. The model assumes 
diffusion across a horizontal layer as the separation 
mechanism. As in the analytic model by Marsch et 
al. [1995], the ionization-diffusion speed is the govern- 
ing parameter since it is influenced both by the first 
ionization time and the diffusion coefficient in the layer. 
Species with short ionization times and large diffusion 
coefficients are favored. Additionally, in the model by 
Peter [1996] an upward flow speed U• reduces the time 
spent in the fractionating diffusion layer, therefore re- 
ducing the strength of the fractionation. 

Assuming a chromospheric density of 4 x 10 z6 cm -3 
and a temperature of 10 4 K, the speeds WFe and wo were 

calculated to be 0.63 km/s and 0.11 km/s according to 
Marsch et al. [1995]. For these chromospheric con- 
ditions the fractionation factors fFe,O derived from the 
data were used to calculate the chromospheric mass flow 
speeds U• that, in this model, account for the observed 
fractionation. This was done by inverting (1). The 
fractionation factors fFe,O for the entire period of ob- 
servation were calculated from the observed Fe/O ratio 
in the solar wind, adopting a photospheric Fe/O ratio of 
0.0355 +0.0025 [Anders and Grevesse, 1989; Hannaford 
et al., 1992]. A contour plot of the measured solar wind 
speeds Vsw at 1 AU and the mass flow speeds U• derived 
from the fractionation factors is shown in Figure 8. On 
average, an increase of the mass flow speed U• is seen 
with increasing solar wind speed. Corresponding to the 
plateau of the Fe/O ratios for solar wind speeds above 
500 km/s, the mass flow speeds level off at the same 
solar wind speed. The contour plot indicates that there 
is an upper limit of U• of ,-,0.6 km/s. The absolute 
value of this upper limit, however, depends upon the 
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Figure 9. Speed dependence of the fractionation 
factor fFe,O. The modeled fractionation (solid line) de- 
pends on the chromospheric mass flow speed UH (top 
axis) according to (1). The mapping between UH and 
the solar wind proton speed vsw (equation (2)) was fit- 
ted to match the average fractionation factors derived 
from the data (dots). 

assumed density and temperature in the chromosphere. 
A change in the chromospheric density by a factor of 
4 changes this limit by • 50%. Note that the model 
by Peter [1996] in (1) cannot explain fractionation fac- 
tors larger than -• 6, i.e., cases of Fe/O greater than 
0.21. Those cases are not visible in Figure 8. We fitted 
the averages of the derived mass flow speeds over the 
range of observed solar wind speeds with the power law 
relation 

log Vsw = 2.85 + 0.41 log U• (2) 

We achieve a good agreement between the observed 
fractionation and the predicted fractionation (1), as is 
seen from Figure 9. We note that the model, though it 
assumes stationarity, may explain the averaged fraction- 
ation well. For this discussion we assume that the frac- 

tionation solely takes place in the upper chromosphere 
and that the material is supplied from there with virtu- 
ally no elemental fractionation into the solar wind. It is 
important to note that the agreement shown in Figure 9 
is the result of the mapping between the parameter rel- 
evant to the fractionation strength, the chromospheric 
mass flow speed UH, and the solar wind speed Vsw. 
Other models should also be able to account for the 

observed smooth decrease of the fractionation strength 
with the solar wind speed if the parameters relevant to 
the fractionation are tied to the solar wind speed. For 
example, for the model by $chwadron et al., [1999] this 
could be the wave-particle interaction rate. 
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Figure 10. Sketch of a possible situation as encountered during the period covered in the right- 
most frame of Figure 6. The spacecraft, which is moving relative to the (anticlockwise) rotating 
Sun, leaves the region above the equatorial streamer belt and crosses first the boundary of low- 
FIP fractionation associated with the precursor of the "elephant trunk" extension of the northern 
coronal hole. It remains for a few hours in the solar wind which emanates from a relatively hot 
corona before it finally travels into the fully coronal-hole-dominated solar wind regime. A possible 
reason for hot electrons expanding over the low/high FIP interface is magnetic reconnection and 
associated heating of electrons and ions extending somewhat into the high-speed regime. 

Recently, measurements of elemental abundances in 
coronal streamers have been performed with the SOHO 
Ultraviolet Coronagraph Spectrometer [Raymond et al., 
1997]. From their results we derive a Fe/O ratio of 
0.13+ 0.05 0.03 for the leg of an equatorial coronal streamer. 
Raymond et al. address the edge of the streamer, bright 
in O VI, as "leg" (J. Raymond, personal communica- 
tion, 1999). This value is consistent with our average 
value in the speed range below 350 km/s which in- 
dicates that very slow solar wind might emerge from 
the edge of equatorial coronal streamers. Though these 
structures are magnetically closed, plasma could stream 
away when the closed structures are opened from time 
to time by magnetic reconnection. On the basis of the 
model by Peter [1996] we expect the FIP fractionation 
to be strongest for magnetically closed regions since the 
upflow velocities there are smallest. 

The analysis of selected time periods shown in Fig- 
ure 6 confirms the close link between the corona and 

the chromosphere on short spatial scales. This link is 
discussed by Geiss et al. [1995] for the large-scale struc- 
tures, i.e., for the transition between slow solar wind 
and the fast solar wind originating from the polar coro- 

nal holes; we gave a short summary of Geiss et al.'s re- 
suits in section 1. With the improved time resolution of 
the CELIAS CTOF sensor this is also seen in a special 
case (Figure 6, center frame) for a moderate increase 
of the solar wind speed. The Fe/O abundance ratio, 
a measure for the strength of the chromospheric ele- 
mental fractionation, and the freeze-in temperature, a 
proxy for the coronal electron temperature, change with 
a temporal offset which is shorter than the timescale of 
-• 6 hours over which the change takes place. This dif- 
fers for another transition between the slow solar wind 

and coronal-hole-type solar wind (Figure 6, right frame) 
in which the changes are not simultaneous and are much 
faster. The change of the composition takes place in 
< 1 hour whereas the change of the freeze-in temper- 
ature lasts -• 2 hours. More interestingly, there is a 
significant offset of -• 6 hours between the jumps of 
the composition and the oxygen freeze-in temperature. 
From the data presented we can neither conclusively 
classify this event nor explain this offset of 6 hours. In 
Figure 10 a possible scenario which could explain this 
observed behavior is schematically shown. Hot elec- 
trons typical for the coronal source region of the slow 
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wind might be produced on the low-FIP fractionation 
side of the low/high FIP interface because of magnetic 
reconnection taking place in the corona close to the in- 
terface. 

Considerable variations of the Fe/O elemental abun- 
dance are observed within the very slow solar wind on 
short timescales of a few hours with no obvious related 

change of the freeze-in temperature or the solar wind 
speed (Figure 6, left frame). This demonstrates the fil- 
amentary structure of the slow solar wind. The large 
variations observed on short timescales are compatible 
with the picture of the slow solar wind being the re- 
sult of very small coronal mass ejections (CME) that 
take place continuously, or of small but iYequent re- 
connection events. These small-scale events are char- 

acterized by a wide range of observed Fe/O abundance 
ratios and freeze-in temperatures. This large variabil- 
ity of log(Fe/O) is observed for freeze-in temperatures 
To76 greater than 1.45 x 106 K as can be seen in Fig- 
ure 5. Above this temperature there is, on average, 
only a slight dependence of log(Fe/O) upon the freeze-in 
temperature. Moreover, there is only a weak correlation 
between the Fe/O abundance ratio and the observed 
freeze-in temperature for periods of high freeze-in tem- 
peratures, i.e., for the slow solar wind. 

6. Conclusions 

A Fe/O flux ratio of 0.11 4-0.03 in the solar wind 
was determined from SOHO CELIAS CTOF data for 

an extended time period of 80 days, which is compati- 
ble with previous measurements. For solar wind speeds 
below 350 km/s our average values for Fe/O are inde- 
pendent of the speed Vsw. They are consistent with a 
remote determination of Fe/O in the leg of an equa- 
torial coronal streamer, which provides evidence that 
the edges of equatorial streamers are the sources of 
the very slow solar wind. For solar wind speeds above 
500 km/s the Fe/O ratio is, on average, independent of 
the wind speed. In this speed range we derive a ratio 
Fe/O of •0.06 which is consistent with measurements 
of Ulysses of the fast solar wind emerging from the polar 
coronal holes. In the intermediate speed range between 
350 and 500 km/s we observe, on average, a linear de- 
crease of log(Fe/O) with the solar wind speed Vsw. By 
the application of a model by Peter [1996] the observed 
speed dependence in the intermediate speed range could 
be explained if the chromospheric mass flow speed rele- 
vant to his elemental fractionation model relates to the 

solar wind speed via a power law with parameters fitted 
to our data. 

Within the slow solar wind a high variability of the 
Fe/O abundance ratio is observed. Only a weak corre- 
lation between the Fe/O abundance and the freeze-in 
temperature is seen for the slow wind which is charac- 
terized by high freeze-in temperatures. 
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