
Astronomy & Astrophysics manuscript no. NGC3227_WA_ms ©ESO 2021
October 18, 2021

Transient obscuration event captured in NGC 3227
II. Warm absorbers and obscuration events in archival

XMM-Newton and NuSTAR observations
Yijun Wang (王倚君)1, 2, 3, 4, 5, 6, Jelle Kaastra2, 1, Missagh Mehdipour10, 2, Junjie Mao (毛俊捷)7, 8, 2,

Elisa Costantini2, 9, Gerard A. Kriss10, Ciro Pinto11, Gabriele Ponti12, 13, Ehud Behar14, Stefano Bianchi15,
Graziella Branduardi-Raymont16, Barbara De Marco17, Sam Grafton-Waters16, Pierre-Olivier Petrucci18,
Jacobo Ebrero19, Dominic James Walton20, Shai Kaspi21, Yongquan Xue (薛永泉)3, 4, Stéphane Paltani22,

Laura di Gesu23, Zhicheng He (何志成)3, 4

(Affiliations can be found after the references)

October 18, 2021

ABSTRACT

The relation between warm absorber (WA) outflows of AGN and nuclear obscuration activities caused by optically-thick clouds (obscurers)
crossing the line of sight is still unclear. NGC 3227 is a suitable target to study the properties of both WAs and obscurers, because it matches
the following selection criteria: WAs in both ultraviolet (UV) and X-rays, suitably variable, bright in UV and X-rays, good archival spectra for
comparing with the obscured spectra. To investigate WAs and obscurers of NGC 3227 in detail, we used a broadband spectral-energy-distribution
model that is built in the first paper of our series and the photoionization code of SPEX software to fit the archival observational data taken
by XMM-Newton and NuSTAR in 2006 and 2016. Using unobscured observations, we find four WA components with different ionization states
(log ξ [erg cm s−1] ∼ −1.0, 2.0, 2.5, 3.0). The highest-ionization WA component has a much higher hydrogen column density (∼ 1022 cm−2) than
the other three components (∼ 1021 cm−2). The outflow velocities of these WAs range from 100 to 1300 km s−1, and show a positive correlation
with the ionization parameter. These WA components are estimated to be distributed from the outer region of the broad line region (BLR) to the
narrow line region. It is worth noting that we find an X-ray obscuration event in the beginning of the 2006 observation, which was missed by
previous studies. It can be explained by a single obscurer component. We also study the previously published obscuration event captured in one
observation in 2016, which needs two obscurer components to fit the spectrum. A high-ionization obscurer component (log ξ ∼ 2.80; covering
factor Cf ∼ 30%) only appears in the 2016 observation, which has a high column density (∼ 1023 cm−2). A low-ionization obscurer component
(log ξ ∼ 1.0− 1.9; Cf ∼ 20%− 50%) exists in both 2006 and 2016 observations, which has a lower column density (∼ 1022 cm−2). These obscurer
components are estimated to reside within the BLR by their crossing time of transverse motions. The obscurers of NGC 3227 are closer to the
center and have larger number densities than the WAs, which indicate that the WAs and obscurers might have different origins.

Key words. X-rays: galaxies – Galaxies: active – Galaxies: Seyfert – Galaxies: individual: NGC 3227 – Techniques: spectroscopic

1. Introduction

Active galactic nuclei (AGN) accrete matter onto a central
supermassive black hole (SMBH) to produce intense broadband
radiation, which can ionize and drive away the surrounding mat-
ter in forms of outflows. Many observational proofs have implied
that outflows might play an important role in affecting the star
formation and evolution of their host galaxies (see the review of
King & Pounds 2015). Ionized outflows can be detected via ab-
sorption features along the line of sight in the ultraviolet (UV)
and X-rays, which usually have different types (Laha et al. 2021,
and references therein) such as broad absorption lines (BALs;
Weymann et al. 1981), warm absorbers (WAs; Halpern 1984;
Crenshaw et al. 2003), and ultrafast outflows (UFOs; Tombesi
et al. 2010). UFOs might have an origin close to the central en-
gine (∼ 0.0003 − 0.03 pc; Tombesi et al. 2012) with very high
velocities (∼ 0.03− 0.3c; Tombesi et al. 2010, 2012). BALs usu-
ally reside outside the broad line region (BLR) with high outflow
velocities reaching ∼ 30000 km s−1 (Trump et al. 2006; Gibson
et al. 2009). Compared with UFOs and BALs, WAs have lower
outflow velocities from about one hundred to a few thousands of
km s−1 (Kaastra et al. 2000; Ebrero et al. 2013), and they might
originate in the accretion disk (e.g., Elvis 2000; Krongold et al.

2007), BLR (Reynolds & Fabian 1995), or dusty torus (e.g., Kro-
lik & Kriss 2001; Blustin et al. 2005). Although different types
of outflows have overlaps in distance scales and outflow param-
eters, the direct connection between these outflows still remains
unclear. In this work, we mainly focus on the properties of the
WA outflows.

According to Tarter et al. (1969), the ionization parameter
can be defined by

ξ =
Lion

nHr2 , (1)

where Lion is the ionizing luminosity over 1–1000 Ryd, nH is
the hydrogen number density of the absorbing gas, and r is
the radial distance of the absorbing gas to the central engine.
WAs might be driven by radiation pressure (e.g., Proga & Kall-
man 2004), magnetic forces (e.g., Blandford & Payne 1982;
Konigl & Kartje 1994; Fukumura et al. 2010), or thermal pres-
sure (e.g., Begelman et al. 1983; Krolik & Kriss 1995; Mizu-
moto et al. 2019), and show a wide range of ionization param-
eter (10−1 ≤ ξ ≤ 103 erg cm s−1) and hydrogen column den-
sity (1020 ≤ NH ≤ 1023 cm−2) (Laha et al. 2014). Investigating
properties of WAs can help us to understand the formation of
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AGN outflows and their feedback efficiency to the host galaxy.
These WAs have been found in about 50% of nearby AGN (e.g.,
Reynolds 1997; Kaastra et al. 2000; Porquet et al. 2004; Tombesi
et al. 2013; Laha et al. 2014), and the properties of WAs show
differences among different AGN, such as the different ioniza-
tion states, column densities, and outflow velocities (Tombesi
et al. 2013; Laha et al. 2014).

Moreover, the X-ray spectra of some AGN present dra-
matic hardening accompanied by flux-drops on short timescales,
which might be due to the X-ray transient obscuration events
(Markowitz et al. 2014). Transient obscuration events can also
cause absorption features in the soft X-ray and UV bands, which
usually appear and disappear on shorter timescales compared
with outflows. These obscuration events might be explained by
discrete optically thick clouds or gas clumps crossing the line
of sight, which are referred to as obscurers. These shielding gas
clumps or obscurers might ensure that the radiatively driven disk
winds in broad absorption line quasars are not over-ionized by
UV/X-ray ionizing radiation and are accelerated further (Mur-
ray et al. 1995; Proga et al. 2000; Kaastra et al. 2014). The ob-
scuration events may be triggered by the collapse of the BLR
(Kriss et al. 2019a,b; Devereux 2021). When the continuum radi-
ation decreases, the BLR clouds will collapse towards the accre-
tion disk; when the continuum brightens again, these collapsed
clouds might be blown away as obscurers (Kriss et al. 2019b).
X-ray obscuration events also have been found in many AGN,
such as NGC 5548 (Kaastra et al. 2014), NGC 3783 (Mehdipour
et al. 2017; Kaastra et al. 2018; De Marco et al. 2020), NGC 985
(Ebrero et al. 2016a), and NGC 1365 (Risaliti et al. 2007; Walton
et al. 2014; Rivers et al. 2015). These obscurers may be located
within the BLR (Lamer et al. 2003; Risaliti et al. 2007; Lohfink
et al. 2012; Longinotti et al. 2013; De Marco et al. 2020; Kara
et al. 2021), or close to the outer BLR (e.g., Kaastra et al. 2014;
Beuchert et al. 2015; Mehdipour et al. 2017), or near the inner
torus (e.g., Beuchert et al. 2017).

Until now the relation between the WA outflows and the nu-
clear obscuration activity is not yet well understood. Whether
the WAs and obscurers have the same origin or how shielding
by the obscuration affects the WAs and their appearance is not
well known. Studying WAs in targets that have transient obscu-
ration enables us to probe these questions. Transient obscuration
events have been studied simultaneously in UV and X-rays in
only a few AGN that have WAs outflows, such as NGC 5548
(Kaastra et al. 2014), and NGC 3783 (Mehdipour et al. 2017),
and also Mrk 335 (Longinotti et al. 2013; Parker et al. 2019).
Studying NGC 3227 (a Seyfert 1.5 galaxy at the redshift of
0.0038591) is a rare opportunity towards a more general char-
acterization. NGC 3227 was one of eight suitable targets se-
lected for the Neil Gehrels Swift Observatory monitoring/trig-
gering programme (Mehdipour et al. 2017), which matches the
following selection criteria: WAs in both UV and X-rays, suit-
ably variable, bright in UV and X-rays, good archival spectra for
comparing with the obscured spectra. Using our target of oppor-
tunity (ToO) monitoring programme of the Neil Gehrels Swift
Observatory, we captured another X-ray obscuration event in
NGC 3227 in 2019 (Mehdipour et al. 2021, hereafter Paper I),
which was observed simultaneously with XMM-Newton, NuS-
TAR, and Hubble Space Telescope/Cosmic Origins Spectrograph
(HST/COS) to get a deeper multi-wavelength understanding of

1 The redshift of NGC 3227 is obtained from the NASA/IPAC Extra-
galactic Database (NED). The NED is funded by the National Aeronau-
tics and Space Administration and operated by the California Institute
of Technology.

the transient obscuration phenomenon in AGN. The studies of
WA and the obscurer are interlinked, so without having a proper
model for the WA, the new obscurer cannot be accurately stud-
ied. In this work (the second paper of our series), we aim to study
a comprehensive model for the WA, and then use this WA model
to investigate the obscuration events appearing in NGC 3227.

It should be noted that photoionization modelling strongly
depends on the ionizing spectral-energy-distribution (SED).
Therefore, to properly derive the ionization structure of the WA,
having an accurate broadband SED model is important. A few
papers have reported studies of the WAs in NGC 3227 (Komossa
& Fink 1997; Beuchert et al. 2015; Turner et al. 2018; New-
man et al. 2021) and its nuclear obscurations activities (Lamer
et al. 2003; Markowitz et al. 2014; Beuchert et al. 2015; Turner
et al. 2018). However, the contribution of the SED components
that dominate in the UV/optical band lacks consideration, which
might affect the fitting results of the WAs and obscurers (see
Paper I). The main effect of using different SEDs is that the de-
rived ionization parameter ξ would be different. The total hydro-
gen column density NH of the WA (i.e. sum of the individual
components) would be similar, but how NH is distributed over
different ionization components depends on the SED. We refer
the readers to Mehdipour et al. (2016) where the effect of using
different SEDs, and codes, is shown. With these considerations,
we firstly built a broadband SED model from the near infrared
(NIR) to hard X-rays for NGC 3227 in our Paper I. In this paper,
we use this broadband SED model and a robust photoionization
code (pion model; Mehdipour et al. 2016) in the SPEX pack-
age (Kaastra et al. 1996) v3.05.00 (Kaastra et al. 2020) to ana-
lyze the archival XMM-Newton and NuSTAR data taken in 2006
(Markowitz et al. 2009) and 2016 (Turner et al. 2018). SPEX is
currently the only code that enables the SED and the ionization
balance to be fitted simultaneously, while all other codes have to
pre-calculate the ionization balance on a given SED. The pion
model is a self-consistent model that can simultaneously calcu-
late the thermal/ionization balance and the plasma spectrum in
photoionization equilibrium. In this work, we focus on proper-
ties of the WAs and obscuration events of NGC 3227 with the
archival 2006 and 2016 data. The detailed analysis of the 2019
obscuration events will be presented in Paper III by Mao et al. (in
prep). The discussion about how the obscurer changes over the
course of the 2019 observations with the XMM-Newton/EPIC-
pn data will be presented in Paper IV by Grafton-Waters et al.
(in prep).

This paper is organized as follows. In Sect. 2, we present the
archival data that are used in this work and the data reduction
process. In Sect. 3, we introduce the spectral analysis based on
the broadband SED model. In Sect. 4, we present and discuss the
results about WAs and obscurer components. In Sect. 5, we give
a summary of our conclusions. In this work, Cash statistic (Kaas-
tra 2017, hereafter C-stat) will be used to estimate the goodness
of fit and statistical errors will be given at 1σ (68%) confidence
level. We adopt the following flat ΛCDM cosmological parame-
ters: H0=70 km s-1 Mpc-1, Ωm=0.30, and ΩΛ=0.70.

2. Observations and Data Reduction

In Table 1, we list the archival data that are used in this work.
These data include six XMM-Newton observations (Markowitz
et al. 2009; Turner et al. 2018) and five NuSTAR observations
(Turner et al. 2018). We do not use the archival XMM-Newton
observations taken in 2000 and on 2016 November 29, because
the spectrum of the 2000 observation has a lower signal to noise
ratio (S/N) owing to its short exposure time, and the observation
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Table 1. Archival XMM-Newton and NuSTAR data used for spectral
analysis.

# Observatory ObsID Date Exposure
(yyyy-mm-dd) (ks)

Obs1 XMM 0400270101 2006-12-03 108

Obs2 XMM 0782520201 2016-11-09 92
NuSTAR 60202002002 2016-11-09 50

Obs3 XMM 0782520301 2016-11-25 74
NuSTAR 60202002004 2016-11-25 43

Obs4 XMM 0782520501 2016-12-01 87
NuSTAR 60202002008 2016-12-01 42

Obs5 XMM 0782520601 2016-12-05 87
NuSTAR 60202002010 2016-12-05 41

Obs6 XMM 0782520701 2016-12-09 88
NuSTAR 60202002012 2016-12-09 39

on 2016 November 29 shows a relatively unstable softness ra-
tio curve (see Fig. 1 of Turner et al. 2018), which may bias the
estimation of WAs parameters.

2.1. XMM-Newton data

The data reduction was done using XMM-Newton Science
Analysis Software (SAS) version 18.0.0, following the standard
data analysis procedure2. The cleaned event files of EPIC-pn
data were produced using the epproc pipeline and flaring parti-
cle background larger than 0.4 count/s was excluded. The EPIC-
pn spectra and lightcurves were extracted from a circular region
with a radius of 30 arcsec for the source and from a nearby
source-free circular region with a radius of 35 arcsec for the
background. Response matrices and ancillary response files of
each observation were produced using the SAS tasks arfgen
and rmfgen. Following the standard procedure, the first-order
data of RGS1 and RGS2 were extracted using the SAS task
rgsproc and flaring particle background larger than 0.2 count/s
was excluded. We then combined the spectra of RGS1 and RGS2
using the SAS task rgscombine. We refer readers to our Paper I
for the detailed data reduction of the Optical Monitor (OM) data.
Only the OM UVW1 filter is available for both 2006 and 2016
observations.

2.2. NuSTAR data

For the two telescope modules (FPMA and FPMB) data of
NuSTAR, level 1 calibrated and level 2 cleaned event files were
produced using the standard procedure of the nupipeline task
of HEASoft v6.27. The level 3 products including lightcurves,
spectra and response files were extracted using the task
nuproducts from a circular region with a radius of 90 arcsec
for the source and from a nearby source-free circular region with
the same radius for the background. Finally, we produced com-
bined spectra of FPMA and FPMB data using tasks mathpha
and produced combined response files using tasks addrmf and
addarf.

2 See https://www.cosmos.esa.int/web/xmm-newton/sas-threads for
details.

3. Spectral Analysis

For the 2016 archival data, we will consider each set of
XMM-Newton and NuSTAR observations taken on the same date
as a single dataset (see Obs2 to Obs6 in Table 1), where XMM-
Newton (OM UVW1 filter at ∼ 2910 Å, RGS data in the 6–37
Å wavelength range, and EPIC-pn data in the 2–10 keV energy
band) and NuSTAR (combined FPMA and FPMB data in the 5–
78 keV energy range) data are used simultaneously for the spec-
tral analysis. For Obs1 that was taken on 2006 December 03,
only XMM-Newton observation is available (see Table 1), and we
used Obs5 to verify that the best-fit parameters of the WAs do not
significantly change without NuSTAR observation. In Figs. 1 and
2, we show the XMM-Newton/EPIC-pn light curves, softness ra-
tio curves (the ratio of count rates between 0.3–2 and 2–10 keV
bands), and the correlation between the softness ratio and 0.3–10
keV count rate for Obs1 to Obs6. According to these results, we
make a preliminary analysis for the state of each observation.

– Obs1: This observation was considered to be in an unob-
scured state by Markowitz et al. (2009). However, compared
with the average softness ratio of the six observations (see
the dashed red line in the bottom panel of Fig. 1), a sig-
nificant spectral hardening (softness ratio below the average
value) occurred in the beginning of this observation (see the
bottom panel of the first column in Fig. 1), which might indi-
cate the existence of an obscuration event. After this spectral
hardening period, the softness ratio of Obs1 returns to the av-
erage value, which might indicate that this obscuration event
has disappeared. These phenomena mean that these two peri-
ods of Obs1 should be analyzed separately. According to the
difference between the softness ratio of Obs1 and the average
softness ratio of the six observations, Obs1 is subdivided into
the following two slices: S1a and S1b (see the first column in
Fig. 1). S1b is consistent with being in an unobscured state
as it follows the correlation of Obs2 to Obs5 (see the right
panel of Fig. 2). However, S1a has a harder spectrum that is
similar to S6a and S6b (see the right panel of Fig. 2), which
might be in an obscured state, but it was not reported in the
previous works.

– Obs2 to Obs5: According to Turner et al. (2018), Obs2 to
Obs5 are in unobscured states, which show a linear correla-
tion between the softness ratio (0.3–1/1–10 keV) and 0.3–10
keV count rate. We confirm this linear correlation for these
observations (softness ratio is calculated between the 0.3–2
and 2–10 keV bands in this work) in the left panel of Fig. 2.
It is worth noting that although Obs2 and Obs3 show a spec-
tral hardening during some periods, these periods still follow
the correlation of unobscured states (see the left panel of Fig.
2). Therefore, these periods might not be in obscured states.

– Obs6: Turner et al. (2018) had observed a rapid obscura-
tion event in Obs6. To restudy this obscuration event using
a broadband SED model and the pion model in SPEX, we
followed Turner et al. (2018) to subdivide Obs6 into three
slices: S6a, S6b, and S6c (see Fig. 1). S6c shows an unob-
scured state as it follows the correlation of Obs2 to Obs5 (see
the right panel of Fig. 2). However, S6a and S6b deviate from
the correlation of Obs2 to Obs5 (see the right panel of Fig.
2), therefore, might be in obscured states.

Next we make the detailed spectral analysis for these ob-
servational data. We begin our spectral modelling by using a
broadband SED model from the NIR to the hard X-ray bands for
NGC 3227. We refer readers to our Paper I for full details about
this SED model and we only give a brief introduction here. The
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Fig. 1. XMM-Newton/EPIC-pn light curves (red points: 0.3–2 keV; blue points: 2–10 keV; black points: 0.3–10 keV) of NGC 3227 (top panel) and
softness ratio curves between the count rates in 0.3–2 keV and 2–10 keV bands (Soft0.3−2keV/Hard2−10keV; bottom panel) with the time bin of 100 s.
The red horizontal dashed line in the bottom panel is the average softness ratio of all the six observations. According to the difference between the
softness ratio of each observation (black points in the bottom panel) and the average softness ratio (horizontal dashed line in red), Obs1 is divided
into two slices that are S1a (orange region of the first column) and S1b (violet region of the first column), and Obs6 is divided into three slices that
are S6a (orange region of the last column), S6b (violet region of the last column), and S6c (cyan region of the last column).

Fig. 2. Correlation between the softness ratio (the ratio of count rates between 0.3–2 and 2–10 keV bands) and 0.3–10 keV count rate, for
Obs2 to Obs5 (left panel), and for Obs1 and Obs6 (right panel). In both left and right panels, the black solid line is the best-fit linear model of
y = (0.06 ± 0.01)x + (1.54 ± 0.13) for Obs2 to Obs5 and the shaded grey region is the associated 1σ uncertainty.

main spectral components that are used in this work are shown
below:
1. The intrinsic broadband SED (see details in Paper I), which

is composed of a disk blackbody component (dbb), a warm
Comptonized disk component (comt) from the optical to the

soft X-ray band, an X-ray power-law component (pow), and a
neutral reflection component (refl) in the hard X-ray energy
band. For pow of NGC 3227, we used 309 keV (Turner et al.
2018) as the high-energy exponential cut-off and used 13.6
eV as the low-energy exponential cut-off.
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Table 2. The best-fit parameters of the intrinsic broadband SED.

Comp. Parameter Obs1 Obs2 Obs3 Obs4 Obs5 Obs6

dbb Normalization A (1026 cm2) 5.87 (s) 7.51 (s) 7.15 (s) 6.87 (s) 7.27 (s) 7.39 (s)

comt Normalization (1054 ph s−1 keV−1) 1.70+0.24
−0.20 1.00+0.21

−0.25 0.50 ± 0.15 1.61+0.30
−0.27 1.06+0.05

−0.16 1.65+3.74
−0.19

pow Normalization (1050 ph s−1 keV−1) 4.02 ± 0.06 2.93 ± 0.06 2.25 ± 0.04 3.60 ± 0.06 4.64+0.07
−0.01 4.59+0.25

−0.10

Photon index Γ 1.81 ± 0.01 1.73 ± 0.02 1.66 ± 0.01 1.78 ± 0.009 1.88 ± 0.01 1.86 ± 0.03

refl Incident power-law Normalization 4.02 (c) 2.93 (c) 2.25 (c) 3.60 (c) 4.64 (c) 4.59 (c)

Incident power-law photon index 1.81 (c) 1.73 (c) 1.66 (c) 1.78 (c) 1.88 (c) 1.86 (c)

Reflection scale s 0.67 ± 0.04 0.54 ± 0.07 0.30 ± 0.03 0.42 ± 0.03 0.68 ± 0.011 0.57 ± 0.05

Luminosity 0.3–2 keV luminosity L0.3−2 keV 1.28 0.90 0.66 1.14 1.42 1.48

(1042 erg s−1) 2–10 keV luminosity L2−10 keV 1.45 1.20 1.00 1.32 1.50 1.54

1–1000 Ryd ionizing luminosity Lion 19.1 17.8 14.6 19.8 19.2 23.5

Bolometric luminosity Lbol 43.3 47.1 42.4 46.6 47.1 52.2

C-stat / C-expt. (SED+WAs) 3439/2794 (S1b)∗ 4456/3621∗ 3834/3584 4105/3588 4121/3570 3762/3638 (S6c)

(Best-fit) (SED+OCL+WAs) 3261/2926 (S1a) 3819/3670 (S6b)

(SED+OCH+OCL+WAs) 3786/3654 (S6a)

Notes. The disk blackbody component (dbb) normalization followed by “(s)” is obtained by scaling the dbb normalization of the 2019 observation
(see Paper I) to match the OM UVW1 flux of each archival observation. Given that the spectral shape of the emission from the outer disc might
not have a strong variability on short timescales, for simplicity, the following parameters are fixed to those of the 2019 observation: the dbb
maximum temperature Tmax = 10 eV, the warm Comptonized disk component (comt) seed photon temperature Tseed = 10 eV, the comt electron
temperature Te = 60 eV, and the comt optical depth τ = 30. The normalization of the neutral reflection component (refl) denoted by “(c)”
is coupled to the normalization of the X-ray power-law component (pow) in the fit, and the photon index (Γ) of the refl denoted by “(c)” is
coupled to the photon index of the pow. The 0.3–2 keV luminosity (L0.3−2 keV), 2–10 keV luminosity (L2−10 keV), 1–1000 Ryd ionizing luminosity
(Lion), and bolometric luminosity (Lbol) present the intrinsic luminosities. The C-stat is the C-statistic value of the final fitting result corresponding
to the best-fit model and the C-expt. is the expected C-stat. The best-fit model is shown as follows: for Obs1 S1b, Obs2, Obs3, Obs4, Obs5, or
Obs6 S6c, it is the intrinsic SED plus the four warm absorbers (WAs), i.e., SED+WAs; for Obs S1a or Obs6 S6b, it is the intrinsic SED plus one
low-ionization obscurer component (OCL) plus the four WAs, i.e., SED+OCL+WAs; for Obs6 S6a, it is the intrinsic SED plus one high-ionization
obscurer component (OCH) plus OCL plus the four WAs, i.e., SED+OCH+OCL+WAs. The best-fit SED parameters of Obs1 is obtained by fitting
the spectra of S1b, and the best-fit SED parameters of Obs6 is obtained by fitting the spectra of S6c. The SED parameters of S1a are fixed to
those of S1b; the parameters of both S6a and S6b are fixed to those of S6c. Compared with other observations or slices, Obs1 S1b and Obs2 have
relatively worse fitting results that are denoted by “*”, which are mainly due to the uncertainties in the intercalibration between XMM-Newton and
NuSTAR.

2. The obscurer components, which heavily absorb the X-ray
spectrum. We used the pion model in SPEX to fit their ab-
sorption features in the spectrum.

3. The warm absorber (WA) components, which produce ab-
sorption features in soft X-rays. We also used the pionmodel
to fit these absorption features.

4. The Galactic X-ray absorption, which was taken into account
by the hot model in SPEX with the hydrogen column density
NH = 2.07 × 1020 cm−2 (Murphy et al. 1996).

Obs2 to Obs5, S1b, and S6c are in unobscured states, so we
will fit their spectra using the spectral components 1, 3, and 4.
S1a, S6a, and S6b are in obscured states, so their spectra will be
fitted with the spectral components 1–4. Next we will present the
details of the spectral analysis for spectral components 1, 2, and
3.

3.1. The intrinsic broadband SED

For the archival data, only the OM UVW1 filter data is avail-
able for all the six observations, so the parameters of the dbb

component might not be well constrained in the fit. Moreover
we do not expect a strong variability in the shape of the emis-
sion from the outer disc on short timescales and commonly the
variability of the flux in long wavelengths is significantly smaller
than that in the X-ray band. Therefore, we assume that the shape
of the dbb component of each archival observation is similar to
that of the 2019 observation which has optical and UV observa-
tional data to constrain the dbb component (see Paper I). That
is to say, we fixed the maximum temperature Tmax of the dbb
component of the archival data to the 10 eV of the 2019 ob-
servation (see Paper I), and scaled the dbb normalization of the
archival observations according to the normalization of the 2019
observation (the scale factor of each archival observation is the
OM UVW1 flux ratio between the 2019 observation and each
archival observation). For the comt component, its normaliza-
tion was free in the fit and the following parameters were fixed
to those of the 2019 observation (see details in Paper I): seed
photon temperature Tseed = 10 eV, electron temperature Te = 60
eV, and optical depth τ = 30. The dbb and comt components
mainly dominate in the energy band below 0.5 keV (see Paper
I), so fixing the shapes of these two components might bring
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Fig. 3. Top panel: The observational data (colored data points) with the
best-fit broadband SED model in the X-ray band (black solid curve) for
Obs5. Bottom panel: Residuals of the best-fit model (“D” is the obser-
vational data and “M” is the best-fit model) for Obs5. Obs5 is taken as
an example (other observations have similar fitting results).

uncertainties to the parameter estimates for the WAs. Even so,
the normalizations of these two components, which are free in
the fits, are still the main factors to affect the fitting result. For
each slice in an obscured state (S1a, S6a, and S6b), we assumed
that it has the same intrinsic broadband SED as the unobscured
slice in the same observation (S1b, S6c, and S6c, respectively).
Therefore, we fixed the parameters of dbb, comt, pow, and refl
components of S1a to those of S1b in the fit. Similarly, these pa-
rameters of S6a and S6b were fixed to those of S6c. For the refl
component, the scaling factor of the reflected spectrum (s) was
free in the fit, the incident power-law normalization and photon
index were coupled to those of the pow component. We sum-
marize the best-fit parameters of the intrinsic broadband SED in
Table 2, which will be discussed in Section 4.1.

3.2. Warm absorber components

The hydrogen column density (NH), outflow velocity (3out)
and turbulent velocity (σ3) of the WAs are not well constrained
simultaneously for the spectrum with low S/N and these parame-
ters might not vary significantly between different observations.
Therefore, we fixed these parameters of Obs1–Obs4 and Obs6 to
the best-fit results of Obs5 (see Table 3), because Obs5 has the
highest S/N. Therefore, for Obs1–Obs4 and Obs6, only ξ was
free in the fit (see Table 3). Actually, NH, 3out, and σ3 are not
expected to be constant, so our assumption will bring extra un-
certainties to the parameter estimates. However, NH, 3out, and σ3
might not vary significantly on short timescales compared with
ξ, so a significant impact on the fitting results with these parame-
ters fixed might not be expected. For simplicity, we assumed that
the WAs fully cover the X-ray source (covering factor Cf = 1)
and have solar abundances (Lodders et al. 2009). The best-fit re-
sults of the WAs are discussed in Sect. 4.2.

3.3. Obscurer components

Parameters 3out and σ3 of the obscurer components were dif-
ficult to constrain owing to the lack of well defined and strong
absorption lines, and we verified that changing their values had

little impact on other parameters. Therefore, we fixed 3out and
σ3 of the obscurer components to their default values (3out =
0 km s−1 and σ3 = 100 km s−1). With that, the obscurer compo-
nents, NH, ξ, and Cf are free in the fit. We will discuss the best-fit
results of obscurer components in Sect. 4.3.

4. Results and Discussion

4.1. Intrinsic broadband SED

The broadband SED model provides a good description for
the observational data (see Table 2 and Fig. 3: Obs5 is taken as
an example). Compared with other observations or slices, Obs1
S1b and Obs2 have relatively worse fitting results (see Table
3), which are mainly due to the uncertainties in the intercali-
bration between XMM-Newton and NuSTAR. The intrinsic unab-
sorbed broadband SEDs of Obs1 to Obs6 are shown in Fig. 4
and their best-fit parameters are listed in Table 2. The intrinsic
broadband SED of NGC 3227 shows a significant variability at
energies ≥ 0.03 keV especially in the X-ray band (see Fig. 4).
According to the Spearman’s rank method, there is a positive
correlation between the photon index of the pow component (Γ;
see Table 2) and the intrinsic 2–10 keV luminosity (L2−10 keV;
see Table 2) (the correlation coefficients rs = 0.94 and the as-
sociated p-values ps = 0.005), which shows a “softer-when-
brighter” behavior. This behavior has been observed in many
Seyfert galaxies (e.g., Markowitz & Edelson 2004; Ponti et al.
2006; Sobolewska & Papadakis 2009; Soldi et al. 2014). Peretz
& Behar (2018) also found a softer-when-brighter variability be-
havior in NGC 3227, which might be driven by varying absorp-
tion rather than by the intrinsic variability of the central source.
The averaged ionizing luminosity over 1–1000 Ryd is around
1.9 × 1043 erg s−1 (see Table 2), which is two times larger than
the results of Beuchert et al. (2015) and Turner et al. (2018).
This might be due to the different SED model in the UV and
soft X-ray bands. The averaged full-band bolometric luminos-
ity (Lbol) is about 4.6 × 1043 erg s−1 (see Table 2), which is
1.5 times smaller than the result of Woo & Urry (2002) based
on the flux integration method. According to the reverberation
mapping method, the black hole mass (MBH) of NGC 3227 is
5.96 × 106 M� for NGC 3227 (Bentz & Katz 2015). The Ed-
dington luminosity (LEdd) of NGC 3227 is 7.45 × 1044 erg s−1,
which is calculated by LEdd = 1.25× 1038 × (MBH/M�) (Rybicki
& Lightman 1979). Therefore, the averaged Eddington ratio of
NGC 3227 is about 6%.

4.2. Warm absorber components

At least four WA components (see Table 3) were required to
improve the fitting result (∆C ∼ 100 for adding WA1, ∆C ∼ 80
for adding WA2, ∆C ∼ 80 for adding WA3, ∆C ∼ 500 for adding
WA4). We added another component (a fifth component), but it
did not improve the fitting result (∆C ∼ 2). Our result is not
consistent with that in Turner et al. (2018), which detected three
WA components. It might be due to the different SED model
and photoionization models between our and their works. The
best-fit model shows some weak residual emission features in
the 0.5–0.6 keV band (see Fig. 3) caused by the oxygen line
emission from distant regions, similar to NGC 5548 (Mao et al.
2018). The quality of our spectrum is insufficient to do detailed
modelling of these emission lines, and they are too weak to af-
fect our modelling of the absorbing wind components. Therefore
they will not be discussed further.
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Table 3. The best-fit parameters of the four WAs (WA1, WA2, WA3, WA4) for Obs1 to Obs6: hydrogen column density (NH), ionization parameter
(ξ), outflow velocity (vout), and turbulent velocity (σv).

03 Dec. 2006 09 Nov. 2016 25 Nov. 2016 01 Dec. 2016 05 Dec. 2016 09 Dec. 2016

Component Parameter Obs1 Obs2 Obs3 Obs4 Obs5 Obs6

S1b S1a∗ S6c S6b∗ S6a∗

NH (1022 cm−2) 2.27 (f) 2.27 (f) 2.27 (f) 2.27 (f) 2.27 (f) 2.27+0.08
−0.19 2.27 (f) 2.27 (f) 2.27 (f)

WA1 log [ξ (erg cm s−1)] 2.96 ± 0.04 2.93 2.92 ± 0.04 3.21 ± 0.06 3.29 ± 0.05 3.29+0.08
−0.04 3.04+0.24

−0.06 3.02 2.94

3out (km s−1) −1270 (f) −1270 (f) −1270 (f) −1270 (f) −1270 (f) −1270+20
−120 −1270 (f) −1270 (f) −1270 (f)

σ3 (km s−1) 20 (f) 20 (f) 20 (f) 20 (f) 20 (f) 20+20
−10 20 (f) 20 (f) 20 (f)

NH (1022 cm−2) 0.25 (f) 0.25 (f) 0.25 (f) 0.25 (f) 0.25 (f) 0.25 ± 0.04 0.25 (f) 0.25 (f) 0.25 (f)

WA2 log [ξ (erg cm s−1)] 2.54 ± 0.02 2.51 2.68 ± 0.03 2.74 ± 0.04 2.65 ± 0.03 2.59 ± 0.02 2.58+0.21
−0.03 2.56 2.47

3out (km s−1) −500 (f) −500 (f) −500 (f) −500 (f) −500 (f) −500+60
−50 −500 (f) −500 (f) −500 (f)

σ3 (km s−1) 140 (f) 140 (f) 140 (f) 140 (f) 140 (f) 140+10
−20 140 (f) 140 (f) 140 (f)

NH (1022 cm−2) 0.12 (f) 0.12 (f) 0.12 (f) 0.12 (f) 0.12 (f) 0.12 ± 0.012 0.12 (f) 0.12 (f) 0.12 (f)

WA3 log [ξ (erg cm s−1)] 1.91 ± 0.07 1.88 2.22 ± 0.09 2.55 ± 0.13 1.84 ± 0.08 1.89 ± 0.07 1.97+0.19
−0.15 1.94 1.86

3out (km s−1) −440 (f) −440 (f) −440 (f) −440 (f) −440 (f) −440+160
−80 −440 (f) −440 (f) −440 (f)

σ3 (km s−1) 50 (f) 50 (f) 50 (f) 50 (f) 50 (f) 50 ± 20 50 (f) 50 (f) 50 (f)

NH (1022 cm−2) 0.16 (f) 0.16 (f) 0.16 (f) 0.16 (f) 0.16 (f) 0.16 ± 0.007 0.16 (f) 0.16 (f) 0.16 (f)

WA4 log [ξ (erg cm s−1)] −1.25 ± 0.11 −1.28 −1.13+0.20
−0.16 −0.69+0.17

−0.20 −1.40 ± 0.16 −1.06 ± 0.11 −1.23+0.12
−0.98 −1.25 −1.28

3out (km s−1) −110 (f) −110 (f) −110 (f) −110 (f) −110 (f) −110+90
−40 −110 (f) −110 (f) −110 (f)

σ3 (km s−1) 260 (f) 260 (f) 260 (f) 260 (f) 260 (f) 260+40
−30 260 (f) 260 (f) 260 (f)

Notes. The parameters followed by “(f)” are fixed to the value of Obs5 that has the highest S/N. The slices followed by “*” mean that they are in
obscured states.

Fig. 4. Intrinsic unabsorbed broadband SEDs of Obs1–Obs6.

4.2.1. Parameters of the warm absorbers

The logarithm of the ionization parameter (in units of
erg cm s−1) of the four WA components is around 3.0 for WA1,
2.5 for WA2, 2.0 for WA3, and −1.0 for WA4 (see Table 3). WA2,
WA3, and WA4 have a similar column density around 1021 cm−2,
while WA1 has a much higher value near 1022 cm−2 (see Table
3). In paper I, we adopt a de-ionization scenario for the WAs
and simultaneous fitted the spectra of the archival unobscured
observation taken on 2016 December 05 and the new obscured
observations taken in 2019. In this work, we fit the spectra taken
on 2016 December 05 alone. Therefore, some different results
between Paper I and Paper II can be expected because of the dif-

ferent spectral modelling. The X-ray transmission of each WA
component in our line of sight to the central region is shown in
the top panel of Fig. 5. WA1 mainly absorbs the continuum radi-
ation between 0.8 and 10 keV. WA2 and WA3 produce absorption
features between 0.7 and 5 keV. WA4 heavily absorbs the con-
tinuum below 5 keV. From WA1 to WA4, the outflow velocity
gradually decreases from ∼ 1300 to ∼ 100 km s−1 (see Table
3), which shows a positive correlation with the ionization pa-
rameter. This correlation is consistent with the results for AGN
samples (Tombesi et al. 2013; Laha et al. 2014). These previ-
ous studies indicated that this correlation cannot be explained
by the radiatively driven or magneto hydrodynamically driven
outflowing mechanism (Tombesi et al. 2013; Laha et al. 2014),
and it might be explained by the equilibrium between the radi-
ation pressure on WAs and the drag pressure from the ambient
circumnuclear medium (see details in Wang et al. submitted).

4.2.2. Radial location of the warm absorbers

We use three methods to estimate the upper or lower limit
of the locations of the various WA components. First, we as-
sume that the thickness (∆r) of the WA cloud does not exceed its
distance (r) to the SMBH (Krolik & Kriss 2001; Blustin et al.
2005). As NH ≈ nHCv∆r, so the upper limit of the distance
rmax = ∆r = NH/(nHCv), where Cv is the volume filling factor.
Combining with Eq. 1, rmax can be estimated by

rmax =
LionCv

ξNH
. (2)

Assuming that the total outflow momentum of the WA cloud is
equal to the momentum of the absorbed radiation (Pabs) plus the
momentum of the ionizing luminosity being scattered (Pscat), Cv
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Fig. 5. Transmission spectra of the four WAs of Obs5 (WA1, WA2, WA3,
WA4; top panel; Obs5 is taken as an example) and obscurer components
of S6a, S6b and S1a (bottom panel). OCL is the low-ionization obscurer
component while OCH is the high-ionization obscurer component.

can be calculated by

Cv =
(Ṗabs + Ṗscat)ξ

1.23mpLionv2
outΩ

(3)

(Blustin et al. 2005; Grafton-Waters et al. 2020). Here, Ṗabs is
given by

Ṗabs =
Labs

c
, (4)

where Labs is the absorbed luminosity, and Ṗscat is calculated by

Ṗscat =
Lion

c
(1 − e−τT ); τT = σTNH, (5)

where τT is the optical depth for Thomson scattering, and σT is
the Thomson scattering cross-section. We use the ionizing lumi-
nosity of Obs5 to estimate the distance as the WAs parameters
are mainly from the spectral fitting of Obs5. The estimated upper
limit (rmax in Eq. 2) of the radial location of each WA component
is summarized in Table 4, which is 0.007 pc for WA1, 0.24 pc for
WA2, 0.71 pc for WA3, and 265 pc for WA4.

The second method is based on the assumption that the out-
flow velocities of winds are larger than or equal to their escape
velocities 3esc =

√
2GMBH/r (Blustin et al. 2005), then we can

obtain the lower limit of r by

rmin =
2GMBH

32out
, (6)

where G is the gravitational constant. The lower limit of the ra-
dial location of each WA component is estimated to be 0.03 pc
for WA1, 0.2 pc for WA2, 0.3 pc for WA3, and 4 pc for WA4 (see
Table 4).

The third method to estimate the radial location of WAs is
based on the recombination timescale. Following Bottorff et al.
(2000), the recombination timescale of the ion Xi is defined as

trec(Xi) =

(
αr(Xi)ne

[ f (Xi+1)
f (Xi)

−
αr(Xi−1)
αr(Xi)

])−1
, (7)

where αr(Xi) is the recombination coefficient (recombination
rate from the ion Xi+1 to Xi), ne is the electron number density
of the absorbing gas, and f (Xi) is the fraction of ion Xi. We se-
lect the ions that contribute significantly to the spectral fit for
each WA component as the indicators of this component. Some
of these parameters can be obtained from SPEX code (Mao &
Kaastra 2016): αr(Xi) and αr(Xi−1) come from atomic physics,
and f (Xi) and f (Xi+1) are estimated from the ionization balance.
Then we can obtain ntrec (see Table 4). The trec of each WA com-
ponent can be estimated by the variation timescale of the ion-
ization parameters between different observations (e.g., Ebrero
et al. 2016b). For WA1, the ionization parameter shows a sig-
nificant variation between Obs2 and Obs3, so its trec might be
lower than the time interval between Obs2 and Obs3 (16 days).
For WA2, there is a significant change for the ionization parame-
ter between Obs3 and Obs5, so its trec might be smaller than the
time interval between Obs3 and Obs5 (10 days). For both WA3
and WA4, Obs3 and Obs4 have a significantly different ioniza-
tion parameter, which indicates that their trec might be smaller
than the time interval between Obs3 and Obs4 (6 days). How-
ever, we cannot make a clear conclusion about the lower limits
of the trec for these WA components because of the low number
of observations. We list the trec of each WA component in Table
4. According to trec, ntrec, and Eq. 1 (we also use the ionizing
luminosity of Obs5 here), the radial distance is estimated to be
. 0.16 pc for WA1, . 0.3 pc for WA2, . 0.6 pc for WA3, . 13 pc
for WA4 (see Table 4). These estimates are consistent with the
results obtained by Eqs. 2 and 6 (see Table 4 and Fig. 6).

The radial location of the optical BLR of NGC 3227 is esti-
mated to be around 0.0032 pc from the time lag between the Hβ
line and continuum at 5100 Å (Denney et al. 2009). The optical
[O III] λ5007 image indicates that the narrow line region (NLR)
of NGC 3227 can extend to ∼ 100 pc (Schmitt & Kinney 1996),
even to ∼ 500 pc (Mundell et al. 1995). According to Nenkova
et al. (2008b), the inner radius of the torus can be estimated by

Rin = 0.4 ×
( Lbol

1045 erg s−1

)0.5(1500 K
Td

)2.6
pc, (8)

with a dust temperature of Td = 1500 K. If Lbol = 4.6 ×
1043 erg s−1 (see Sect. 4.1), Rin is about 0.09 pc. The outer ra-
dius can be estimated by Rout = Y×Rin. Using the clumpy model
(Nenkova et al. 2002, 2008a,b), Alonso-Herrero et al. (2011) es-
timated that the Y of NGC 3227 is about 17, so Rout is around
1.46 pc. The distance estimates for the BLR, torus, NLR, and
each WA component of NGC 3227 are shown in Fig. 6.

As Fig. 6 shows, WA1 lies between the outer region of the
BLR and the inner region of torus; WA2 and WA3 might be in
the torus. WA4 likely resides between the outer torus and the
NLR, and it is the one that is farthest away from the AGN com-
pared with other WAs, which might explain the lowest ionization
parameter of this component (see details in Section 4.2.1 and Ta-
ble 3). For the distance estimation of WA1, the first and second
methods give inconsistent results, which might be due to the fol-
lowing reasons: (1) these two methods use different assumptions,
which can be expected to have different results; (2) we did not
consider the possible contribution from the momentum associ-
ated with other processes (e.g., magnetic field), which might be
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Fig. 6. Distances of the four WAs (WA1, WA2, WA3, WA4) and obscurer components from the center of NGC 3227. OCL is the low-ionization
obscurer component and OCH is the high-ionization obscurer component. Symbols “J” for the WAs represent the upper limits of the distance
estimated by the assumption that the thickness of the WA cloud does not exceed its distance to the SMBH (see Eq. 2). Symbols “7→” for the WAs
represent the lower limits of the distance estimated by the assumption that the outflow velocities of winds are larger than or equal to their escape
velocities (see Eq. 6). Symbols “/” for the WAs represent the upper limits of the distance estimated by the upper limits of the recombination
timescale (see Eq. 7). Symbols “I” and “J” for the obscurer components represent the lower and upper limits of the distance estimated by the
range of the crossing time (see Eq. 10). The radial location of the optical BLR of NGC 3227 is estimated by the time lag between the Hβ line and
continuum at 5100 Å (Denney et al. 2009). The inner radii of the torus is estimated by the dust sublimation radius (see Eq. 8) and its outer radii
is estimated by Rout = Y × Rin (Y = 17 for NGC 3227; Alonso-Herrero et al. 2011). The location of the NLR is estimated by the optical [O III]
λ5007 image (Mundell et al. 1995; Schmitt & Kinney 1996).

not negligible for WA1 and might make Cv (see Eq. 3) and rmax
(see Eq. 2) being underestimated.

4.3. Obscurer components

According to the softness ratio (see Sect. 3), S6a, S6b, and
S1a seem to be in obscured states, which may be caused by the
clouds (obscurer components) crossing the line of sight. Then
we make detailed spectral modellings to check whether the ob-
scurer components are required to explain the significant spec-
tral variation in these slices. Firstly, we fixed the parameters of
the intrinsic SED and WAs of S1a to those of S1b that is in the
unobscured state because we do not expect strong variabilities
in the SED shape and WAs parameters on small time scales be-
tween S1a and S1b. However, the absorption features in the soft
X-rays cannot be explained by WAs alone. Therefore, we add
an obscurer component, which greatly improves the fitting result

(∆C ∼ 785). Similarly, we firstly fixed the intrinsic SED and
WAs parameters of S6b to those of S6c that is in the unobscured
state. One obscurer component is also required to improve the
fitting result with ∆C ∼ 1218. Adding a second obscurer com-
ponent cannot improve the fitting result of both S1a and S6b. For
S6a, we firstly fixed its intrinsic SED and WAs parameters to
those of S6c, which cannot explain the observational data well.
We verified that two obscurer components are required to im-
prove the fitting result: ∆C ∼ 13582 for adding one obscurer
component and ∆C ∼ 31 for adding a second obscurer compo-
nent.

4.3.1. Parameters of the obscurer components

The spectral analysis indicates that S6a has two obscurer
components: a high-ionization component (log ξ = 2.81+0.15

−0.04;
S6a OCH) with Cf of 0.29+0.04

−0.08 and a low-ionization component
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Table 4. The estimated distances (r) of the four WAs (WA1, WA2, WA3,
and WA4) of NGC 3227.

Parameter WA1 WA2 WA3 WA4

Method 1∗: Distance r ≥ thickness ∆r

Ṗabs (1033 erg m−1) a 1.68 1.44 1.54 51.3

Ṗscat (1032 erg m−1) b 9.6 1.1 0.5 0.7

Cv
c 0.049 0.039 0.011 0.006

r (pc) d . 0.007 . 0.24 . 0.71 . 265

Method 2†: Outflow velocity vout ≥ escape velocity vesc

r (pc)e & 0.03 & 0.2 & 0.3 & 4

Method 3‡: Recombination timescale method

〈netrec〉 (1010 s cm−3) 5.6 5.4 3.9 7.2

trec (days) f . 16 . 10 . 6 . 6

〈ne〉 (104 cm−3) g & 4.0 & 6.3 & 7.5 & 14.0

r (pc) h . 0.16 . 0.3 . 0.6 . 13

Notes. (∗) The first method to estimate the distances of the WAs, which
is based on the assumption that the thickness (∆r) of the WA cloud
does not exceed its distance (r) (see Eqs. 2–5).
(a) Momentum outflow rate from the radiation being absorbed.
(b) Momentum outflow rate from the radiation being scattered.
(c) Volume filling factor.
(d) The distances of the WAs that are estimated by the first method.
(†) The second method to estimate the distances of the WAs, which is
based on the assumption that the outflow velocities of winds (vout) are
larger than or equal to their escape velocities (vesc) (see Eq. 6).
(e) The distances of the WAs that are estimated by the second method.
(‡) The third method to estimate the distances of the WAs, which is
based on the recombination timescale (see Eq. 7).
( f ) Recombination time scale.
(g) Electron number density.
(h) The distances of the WAs that are estimated by the third method.

(log ξ = 1.02+0.25
−0.14; S6a OCL) with Cf of 0.46 ± 0.03. S6b and

S1a only have one low-ionization obscurer component respec-
tively: log ξ = 1.89 ± 0.11 for S6b OCL with Cf of 0.35 ± 0.03
and log ξ = 1.55+0.19

−0.30 for S1a OCL with Cf of 0.21 ± 0.02 (see
Table 5). The low-ionization obscurer component (OCL) has a
lower column density (∼ 1022 cm−2) than the high-ionization
obscurer component (OCH; NH ∼ 1023 cm−2) (see Table 5). S6a
OCL has a larger covering factor than S6a OCH, considering 1σ
level uncertainties. Our result for S6a is not consistent with that
in Turner et al. (2018) which only found one obscurer compo-
nent with NH ∼ 1022cm−2, log ξ ∼ 2, and Cf ∼ 60%. It might be
due to the different SED model and different spectral modelling
process. The X-ray transmission of each obscurer component in
our line of sight to NGC 3227 is shown in Fig. 5. OCL compo-
nents can produce absorption features at energies lower than 6
keV, and the OCH component mainly absorbs the continuum at
energies higher than 0.5 keV.

4.3.2. Radial location of the obscurer components

As we mention in Sect. 3.3, we cannot constrain the outflow
velocities of the obscurer components, so we cannot estimate the

Table 5. The best-fit parameters of the obscurer components for S6a,
S6b, and S1a: hydrogen column density (NH), ionization parameter (ξ),
covering factor (Cf).

Comp. Parameter S6a S6b S1a

NH (1022 cm−2) 8.27+7.28
−1.63 · · · · · ·

OCH log ξ (erg cm s−1) 2.81+0.15
−0.04 · · · · · ·

Cf 0.29+0.04
−0.08 · · · · · ·

NH (1022 cm−2) 1.25+0.32
−0.20 1.33+0.27

−0.21 1.98+0.59
−0.42

OCL log ξ (erg cm s−1) 1.02+0.25
−0.14 1.89 ± 0.11 1.55+0.19

−0.30

Cf 0.46 ± 0.03 0.35 ± 0.03 0.21 ± 0.02

Notes. OCL is the low-ionization obscurer component and OCH is the
high-ionization obscurer component.

distance of the obscurer components using the methods for the
WAs. Here we estimate the distance of the obscurer components
based on the crossing time of the obscuring cloud. For simplic-
ity, we assume that an obscuring cloud moves around the central
black hole (MBH) in a circular orbit of radius R, so that the kep-
lerian velocity of the obscuring cloud crossing the line of sight
is 3cloud =

√
GMBH/R. Assuming a spherical geometry for the

obscuring cloud, its diameter is D ∼ NH/nH and the size of this
cloud crossing the line of sight is approximately equal to D, so
that 3cloud can also be given by 3cloud = D/tcross = NH/(nHtcross),
where tcross is the crossing time of the obscuring cloud. There-
fore, we can obtain a relation for nH:

nH =
NH

tcross

√
R

GMBH
(9)

Following Lamer et al. (2003), we combine Eqs. 1 and 9 to ob-
tain R:

R = 4 × 1016M1/5
7

(
L42tdays

N22ξ

)2/5

cm, (10)

where M7 = MBH/107 M�, L42 = Lion/1042 erg s−1, tdays is tcross

in days, and N22 = NH/1022 cm−2.
On the one hand, Obs5 is in an unobscured state, which in-

dicates that OCH and OCL of S6a do not start to cross the line
of sight during the observational time of Obs5. One the other
hand, OCH of S6a disappears in the observational time of S6b.
Therefore, tcross of OCH should be larger than the exposure time
of S6a (39 ks) and smaller than the time interval between Obs5
and Obs6 (309 ks). If we assume that S6a and S6b have differ-
ent OCL components, tcross of S6a OCL should be also between
39 and 309 ks (similar to the case of S6a OCH), and tcross of
S6b OCL should be comparable to the exposure time of S6b (20
ks). Similarly, tcross of S1a OCL should be larger than the ex-
posure time of S1a (20 ks), and smaller than the time interval
(372 days) between Obs1 and an unobscured observation taken
in November 2005 (see Fig. A12 of Markowitz et al. 2014). The
estimated crossing time of each obscurer component is summa-
rized in Table 6. Then we can use Eq. 10 to constrain the location
of each obscurer component, which is shown in Table 6 and Fig.
6. These obscurer components are estimated to be located within
the BLR, which is consistent with the results in previous works
(Lamer et al. 2003; Beuchert et al. 2015; Turner et al. 2018).

The obscurers of NGC 3227 are closer to the SMBH than
the WAs and also have a significantly larger hydrogen or elec-
tron number density than the WAs (see Figure 6). Besides that,
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Table 6. The crossing time (tcross) and distances (R) of the obscurer com-
ponents for S6a, S6b, and S1a.

Comp. tcross R (pc)

S6a OCH 39–305 ks 0.001–0.002

S6a OCL 39–305 ks 0.011–0.02

S6b OCL ∼ 20 ks ∼ 0.004

S1a OCL 20 ks–372 days 0.004–0.07

the obscurers usually appear on a short timescale while WAs can
exist for a long time, and the appearance of the obscurers mainly
affects the ionization state of the WAs on the short timescale.
These results indicate that the obscurers and WA outflows might
have different origin. For example, obscurers might be triggered
by the collapse of inner BLR clouds (Kriss et al. 2019a,b; De-
vereux 2021), while WA outflows might be formed by the out-
flowing of the clouds between outer BLR and NLR under the
drive of the radiation pressure (e.g., Proga & Kallman 2004),
magnetic forces (e.g., Blandford & Payne 1982; Konigl & Kartje
1994; Fukumura et al. 2010), or thermal pressure (e.g., Begel-
man et al. 1983; Krolik & Kriss 1995; Mizumoto et al. 2019).
However, we cannot get a solid conclusion in this work, which
might require more high-quality data to investigate.

5. SUMMARY AND CONCLUSIONS

The relation between WA outflows of AGN and nuclear ob-
scuration activities is still unclear. NGC 3227 is a suitable tar-
get to study the properties of both WAs and obscurers, which
might help us understand their correlation. To investigate the WA
components of NGC 3227 in detail, we use a broadband SED
model (Paper I) and the photoionization model in SPEX software
to fit the unobscured spectra of the archival and previously pub-
lished XMM-Newton and NuSTAR observations taken in 2006
and 2016. Based on the broadband SED and WAs parameters,
we also study the X-ray obscuration events in the archival obser-
vations.

We detect four ionization phases for the WAs in NGC 3227
using the unobscured observations: log ξ (erg cm s−1) ∼
−1.0, 2.0, 2.5, 3.0. The highest-ionization WA component has
a much higher hydrogen column density (NH ∼ 1022 cm−2) than
the other three WA components (NH ∼ 1021 cm−2). The out-
flow velocities of these WA components range from ∼ −100 to
∼ −1300 km s−1, and show a positive correlation with the ion-
ization parameter. Our estimates of the radial location of these
WA components indicate that the WAs of NGC 3227 might re-
side over radii ranging from the BLR to the torus, even to the
NLR.

We find an obscuration event in 2006, which was missed by
previous studies. One obscurer component is required for this
2006 obscuration event. For the previously published obscura-
tion event in 2016, we detect two obscurer components. A high-
ionization obscurer component (log ξ = 2.81+0.15

−0.04; covering fac-
tor Cf = 0.29+0.04

−0.08) only appears in the 2016 observation, which
has a column density around 1023 cm−2, while both the 2006
and 2016 observations have a low-ionization obscurer compo-
nent (log ξ ∼ 1.0–1.9; Cf ∼ 0.2−0.5), which has a lower column
density (∼ 1022 cm−2) than the high-ionization obscurer compo-
nent. Assuming that the variations of flux is caused by the trans-

verse motion of obscurers across the line of sight, we estimate
the locations of obscurers to be within the BLR.

The obscurers of NGC 3227 are closer to the SMBH than the
WAs and have a significantly larger hydrogen or electron number
density than the WAs. In addition, the obscurers usually appear
on a short timescale while the WAs can exist for a long time.
These proofs indicate that the obscurers and WAs of NGC 3227
might have different origins.
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