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Abstract

The SCIAMACHY instrument onboard the ESA satellite ENVISAT allows the retrieval
of column densities of various trace gases, among them NO,. As only instrument of
its kind, SCIAMACHY measures in an alternating limb/nadir mode. The limb mea-
surements allow a direct determination of stratospheric column densities, which are
needed to extract tropospheric from the total column density measurements performed
in (quasi simultaneous) nadir geometry.

Here we discuss the potential and limitations of SCIAMACHY limb measurements
for estimating stratospheric column densities of NO, in comparison to a simple ref-
erence sector method, and the consequences for the resulting tropospheric column
densities. A direct, absolute limb correction scheme improves spatial patterns of tro-
pospheric NO, column densities at high latitudes compared to the simple reference
sector method. However, it results in artificial zonal stripes at low latitudes. Thus,
also a relative limb correction scheme was defined, which turned out to successfully
reduce stratospheric artefacts in the resulting tropospheric data product without intro-
ducing new ones. This relative limb correction scheme is rather simple, robust, and, in
essence, based on measurements alone.

The effect of the different stratospheric estimation schemes on tropospheric column
densities is discussed with respect to zonal and temporal dependencies. In addition,
error quantities are defined from the nadir/limb measurements which indicate remain-
ing systematic errors as function of latitude and day.

Our new suggested stratospheric estimation scheme, the relative limb correction,
improves monthly mean tropospheric slant column densities significantly, e.g. from
—1x 10"° molec/cm? (using a simple reference sector method) to ~ 0 in the Atlantic
ocean, and from +1 x 10"® molec/cm? to ~ 0 over Siberia, at 50° N in January.
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1 Introduction

Satellite-borne UV-vis spectrometers, like the Global Ozone Monitoring Experiment
(GOME 1 & 2), the SCanning Imaging Absorption Spectrometer for Atmospheric CHar-
tographY (SCIAMACHY), or the Ozone Monitoring Instrument (OMI) (e.g. Burrows et
al., 1999; Bovensmann et al., 1999; Levelt et al., 2006), which have originally been de-
signed for monitoring stratospheric ozone, allow also the retrieval of various additional
atmospheric trace gases like NO,, SO,, H,O, OCIO, BrO, 10, HCHO, or Glyoxal, on
global scale (e.g. Burrows et al., 1999; Martin et al., 2008; Wagner et al., 2008). In par-
ticular the retrieval of tropospheric NO, column densities has been demonstrated and
analyzed in several studies with numerous scientific applications over the last years
(see for instance Martin et al., 2008, and references therein).

From the spectrally resolved nadir measurements, total slant column densities
(SCDs), i.e. concentrations integrated along the effective light path, can be derived
by differential optical absorption spectroscopy (DOAS) (Platt and Stutz, 2008) or sim-
ilar techniques. SCDs can be transformed to vertical column densities (VCDs) by ac-
counting for radiative transfer in the atmosphere. Note that in the following we use the
inspecific term “column densities” (CDs), but define and discuss the matter of vertical
versus slant column densities in detail in Sect. 2.4 and 2.5.

If one is interested in tropospheric CDs of trace gases that are present both in strato-
sphere and troposphere, the stratospheric fraction has to be removed from the total
atmospheric CDs. This is a particularly challenging task in the case of O3, since the
bulk of the total CD is located in the stratosphere. Different methods estimate strato-
spheric ozone CDs e.g. from nadir measurements over clouded scenes (“cloud slicing”,
Ziemke et al., 2001), or from additional measurements in limb or occultation geometry
like SAGE (Fishman and Balok, 1999).

In this study, we focus on stratospheric estimation schemes (SES) for NO,. The
choice of the SES has significant impact on the retrieved tropospheric CDs of NO,
and leads to systematic differences between different retrievals. Generally, there are
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three different approaches for the estimation of stratospheric CDs, using (1) atmo-
spheric chemistry models, (2) a subset of the satellite measurement which represents
the stratosphere, and (3) additional (more or less) direct measurements of the strato-
spheric CD.

(1) Atmospheric chemistry models directly provide information on stratospheric CDs
which can be used for the retrieval of tropospheric CDs. Richter et al. (2005) take
stratospheric CDs of NO, from the SLIMCAT model for their stratospheric estimation.
Boersma et al. (2007) use a data assimilation approach with the TM4 model.

While stratospheric NO, chemistry is in general understood quite well, the utiliza-
tion of chemistry models for the stratospheric estimation nevertheless has its draw-
backs. First, models and measurements generally show no perfect agreement, but
typically systematic biases which depend on time, latitude, and/or observation geom-
etry. Hence, model CDs have — somehow arbitrarily — to be “tuned” to match the
observations (see Richter et al., 2005). Second, in the case of data assimilation, a-
priori knowledge on the global tropospheric NO, distribution is needed; in case of a
(faulty) stratospheric classification of a signal of tropospheric origin, it would be assim-
ilated in the stratosphere. Third, the resulting tropospheric CDs are no independent
measurements any more.

(2) Several approaches of stratospheric correction schemes use the satellite mea-
surements themselves and define subsets, which can be assumed to represent the
stratospheric CD, and inter/extrapolate these subsets to global fields afterwards.

A quite simple stratospheric correction scheme for NO, is the reference sector
method (RSM) (e.g. Richter and Burrows, 2002; Martin et al., 2002; Beirle et al., 2003):
The stratospheric CD at a given latitude is estimated from measurements over the re-
mote Pacific (at the respective latitude), which can be considered to be unpolluted.
Note that this approach is only applicable for satellites operated in sun-synchonous
orbit, so that the local time of measurements in- and outside the reference sector is
the same. The RSM generally results in tropospheric excess CDs w.r.t. the reference
sector. Within the RSM approach, longitudinal variations of stratospheric NO, are ne-
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glected, which generally works well for low and mid-latitudes, but may fail especially
at higher latitudes, in particular close to the polar vortices (e.g. Richter and Burrows,
2002; Martin et al., 2002; Boersma et al., 2004; Sierk et al., 2006).

Some refinements of the simple RSM have been discussed, which also allow for
longitudinal variations of stratospheric CDs, but still estimate them from the measure-
ments alone. Leue et al. (2001) and Wenig et al. (2004) define unpolluted reference
regions around the globe (instead of just one stripe in the Pacific) and interpolate the
stratospheric 2D field. Bucsela et al. (2006) perform a Wave-2 fitting along zonal bands.
While these refined RSM methods account for longitudinal variations, they have to de-
fine (arbitrarily) “unpolluted” regions which must neither be too small (which could lead
to interpolation errors and possibly to overshoots of the interpolated stratosphere over
the large “polluted” area) nor too large (which could lead to the false classification of a
smooth continental tropospheric background in the “unpolluted” region, e.g. from soil
emissions, as stratospheric NO,). These difficulties are amplified in the case of SCIA-
MACHY due to its poor spatial coverage (compared to GOME/GOME-2 or OMI).

(3) SCIAMACHY is the first satellite instrument which combines limb and nadir mea-
surements. The viewing geometry is alternating between nadir and limb states in such
a way, that the atmosphere is first scanned in limb (allowing the retrieval of strato-
spheric profiles), and afterwards in nadir geometry (giving total CDs for approximately
the same air mass) (see Bovensmann et al., 1999). This “Limb-Nadir-Matching” was
intended to provide direct measurements of stratospheric CDs corresponding to the
successive nadir CD measurements.

For NO, and Og, the potential of SCIAMACHY limb measurements for stratospheric
correction has already been demonstrated exemplarily (Sioris et al., 2004; PROMOTE,
2004; Sierk et al., 2006; Heckel et al., 2007). However, to the authors’ knowledge, no
standard data product of tropospheric NO, is retrieved so far involving limb data for
stratospheric correction.

Here we discuss the potential of limb measurements for stratospheric correction of
total NO, CDs. We compare the simple RSM to a direct, absolute limb correction
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(ALC), which improves spatial patterns of tropospheric CDs, in particular over and
around the polar vortex, but introduces artefacts elsewhere. We present in addition
a relative limb correction scheme (RLC), where the RSM is applied to the limb data
analogue to the nadir data, and the longitudinal variations of limb data is used to correct
the tropospheric CDs from simple RSM. This relative correction scheme is simple and
robust with respect to possible systematic errors in nadir and/or limb retrievals and their
potential dependency on location and time. It is, in essence, free of model input, but
based on the satellite measurements.

The RLC scheme is a significant improvement over the simple RSM, yielding more
plausible tropospheric NO, CDs. In particular over the northern Atlantic, where the
RSM in winter results in strong negative tropospheric CDs, the RLC yields realistic
tropospheric CDs close to zero. RLC modifications for lower latitudes are less pro-
nounced (compare e.g. Richter and Burrows, 2002; Martin et al., 2002; Boersma et
al., 2004), but still significant, over large parts of the continents, even over regions of
strong NO, emissions, like Europe or the US Eastcoast. Thus, the choice of the SES
has significant impact of quantitative studies (like emission estimates) based on NO,
CDs from satellite measurements.

2 Data and methods

In this section we shortly describe the characteristics of the SCIAMACHY instrument
(Sect. 2.1) and our retrieval schemes for NO, nadir CDs (Sect. 2.2) as well as limb
profiles (Sect. 2.3).

We discuss different stratospheric estimation schemes in Sect. 2.4: first (Sect. 2.4.1)
the simple reference sector method (RSM), second (Sect. 2.4.2) an absolute limb cor-
rection (ALC) scheme, and third (Sect. 2.4.3) a relative limb correction (RLC) scheme.
From these three stratospheric estimation schemes, we derive three tropospheric prod-
ucts accordingly (Sect. 2.5), which are compared and discussed in Sects. 3 (results)
and 4 (discussion).
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In Sect. 2.6 we discuss to which extent information on statistical as well as system-
atical errors of tropospheric CDs can be gained from the limb/nadir measurements
themselves.

The different SES are illustrated for 28 January 2006 exemplarily. Additional ex-
amples for other times of the year, as well as a more in-depth discussion of error
quantities, are presented in a supplementary document (how to refer?), referred sim-
ply as “Supplement” hereafter (see http://www.atmos-meas-tech-discuss.net/2/2983/
2009/amtd-2-2983-2009-supplement.pdf).

Table 1 gives an overview on the symbols and abbreviations used in this study.

2.1 SCIAMACHY

The Scanning Imaging Absorption Spectrometer for Atmospheric CHartographY, SCIA-
MACHY (Bovensmann et al., 1999), was launched onboard the ESA satellite ENVISAT
in March 2002. ENVISAT orbits the Earth in a sun-synchronous orbit with an inclination
from the equatorial plane of 98.5°. It performs one orbit in approx. 100 min, with a local
equator crossing time of about 10:00 a.m. in descending node.

SCIAMACHY measures Earthshine spectra from the UV to the NIR with a spectral
resolution of 0.22—1.48 nm. It is operated in different viewing geometries, like nadir,
limb, or solar/lunar occultation. In nadir geometry (i.e. directed vertically, perpendicular
to the Earth’s surface), the instrument performs an across-track scan of about +32°,
equivalent to a swath-width of 960 km. The footprint of a single nadir observation is
typically 30 x 60 km?. Global cover of nadir measurements is achieved after 6 days.
In limb geometry (i.e. directed horizontally, tangential to the Earth’s surface), the in-
strument performs scans in flight direction with elevation steps of approx. 3.3 km at the
tangent point. The cross-track swath is 960 km, as for the nadir measurements, and
consists of up to 4 pixels. The field of view at the tangent point is about 2.5 km (ver-
tically) x110km (horizontally). The limb scanning allows the retrieval of stratospheric
profiles of NO, (see Sect. 2.3).
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In standard operation, the measurement state is alternating between limb and nadir
in such a way that the limb measurements probe (almost) the same stratospheric air
mass as the subsequent nadir measurements. Note that the term “state” in the follow-
ing is used to denote the SCIAMACHY measurement mode as well as to summarize
the entity of measurements performed within one nadir/limb state.

2.2 Retrieval of total slant column densities of NO,: nadir

Slant column densities (SCDs) S of NO, are derived from SCIAMACHY nadir spec-
tra using Differential Optical Absorption Spectroscopy DOAS (Platt and Stutz, 2008).
Cross-sections of O3, NO,, O,4, H,O and Glyoxal are fitted in the spectral range 430.8—
459.5nm. In addition, Ring spectra, accounting for inelastic scattering in the atmo-
sphere (rotational Raman) as well as in liquid water (vibrational Raman), an absorption
cross-section of liquid water, and a polynomial of degree 5 are included in the fit pro-
cedure. A daily solar measurement is used as Fraunhofer reference spectrum.

This NO, DOAS retrieval setup is different from previous versions (e.g. Beirle, 2004)
in so far that liquid water absorption and vibrational Raman scattering on liquid water
molecules is now accounted for, which have been shown to affect spectra in the UV/vis
(Vasilkov et al., 2002; Vountas et al., 2007). This modification improves the spectral
fits over oligotrophic oceanic regions (Polovina et al., 2008), where NO, SCDs of the
previous fit version show a systematic negative bias. The remaining (but significantly
smaller) systematic spatial patterns over oligotrophic oceanic regions are subject to
further investigations. These effects are related to this study in so far that large parts
of chosen reference region in the Pacific cover oligotrophic regions. With the current
settings, the remaining biases over oceans are rather small (see discussion); informa-
tion on possible systematic effects is contained in the standard deviation of NO, CDs
in the RS (see Sect. 2.6).

For this study, we only consider measurements of the descending part of the orbit
with solar zenith angles (SZA) a < 80°, since for higher SZA, the sensitivity for the tro-
posphere becomes rather small. No cloud filter is applied, since in this study, our aim
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is an improved stratospheric estimation scheme, and the impact of clouds on strato-
spheric CDs is negligible.

2.3 Retrieval of stratospheric NO, profiles: limb

An algorithm for the retrieval of NO,, BrO and OCIO vertical profiles from SCIAMACHY
limb measurements was developed in our group (Pukite et al., 2006; Kihl et al., 2008).
The retrieval is performed in two steps: In the first step, SCDs are derived from the
SCIAMACHY limb spectra at different tangent heights by DOAS. For NO, the fit-window
ranges from 420 to 450 nm. As reference spectrum we apply a measurement at a
tangent height where the absorption of the considered trace gas is small, i.e. for NO,
at ~42 km.

Second, the trace gas SCDs are converted into a vertical concentration profile by
an inversion scheme based on a least squares approach (see e.g. Menke, 1999). To
increase the signal-to-noise ratio, only one averaged SCD per tangent height is applied
for the inversion (i.e. the SCD results of the four measured spectra per tangent height
are co-added).

For the inversion, box AMFs are calculated with the 3-D fully spherical Monte Carlo
RTM “McArtim” (Deutschmann, 2009), using temperature, pressure and ozone data
from a model simulation provided by Brihl and Crutzen (1993). It should be noted that
in some individual cases the actual temperature, pressure and ozone profile might differ
considerably from the assumed model profiles. No aerosols and clouds are assumed
for the calculation of the box AMFs. The aerosol extinction is much lower compared to
extinction by Rayleigh scattering in the stratosphere. Also, due to the slantness of limb
observations, SCDs derived from measured spectra are practically insensitive to the
atmosphere below the tangent height.

From sensitivity studies it was found that the related errors in the profile retrieval are
of the order of some percents in the upper and middle stratosphere (i.e. where the peak
of NO, occurs) but can be up to 30% for altitudes around 15 km.
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In comparison studies a good agreement of the retrieved BrO and NO, profiles with
correlated balloon validation measurements was found (Dorf et al., 2006; Butz et al.,
2006; Kihl et al., 2008; Pukite et al., 2009a).

For the algorithm details please refer to Pukite et al. (2006) and Kuhl et al. (2008).

2.4 Stratospheric estimation schemes (SES)

The DOAS algorithm as described in Sect. 2.1 yields total SCDs S of NO,. The slant
column density S is the concentration integrated along the effective light path. It is
usually converted into a vertical column density (VCD) V/, i.e. the vertically integrated
concentration, via the air-mass factor (AMF) A:

V =S/A. (1)

The air-mass factor has to be calculated by radiative transfer models and depends on
observation geometry (SZA and LZA), ground albedo, aerosols, clouds, and the trace
gas profile. The dominant dependencies are fundamentally different for stratospheric
and tropospheric trace gases. For the considered nadir observations with SZA below
80°, stratospheric AMFs mainly depend on observation geometry and are thus well
determined. Tropospheric AMFs, however, critically depend on ground albedo, clouds,
aerosols, and the tropospheric trace gas profile, i.e. several parameters which have to
be considered as external input.

In this study, we focus on quantifying the effect of different stratospheric estimation
schemes (SES) on tropospheric column densities. For this purpose, we define V* by
applying stratospheric AMFs to the total SCDs:

V*:= S/AStratf (2)

where stratospheric AMFs Ag;,; are calculated as function of SZA a and LZA ( using
the RTM McArtim (Deutschmann, 2009).
The asterisk should indicate that these VCDs cannot be interpreted quantitatively as
total VCDs, since the tropospheric fraction of the SCD was converted (inappropriately)
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with a stratospheric AMF. This has to be kept in mind for the interpretation of tropo-
spheric residues and will be corrected below (2.5) by multiplication with Agy,,, yielding
tropospheric SCDs.

For the retrieval of tropospheric CDs (see next section), first the stratospheric CD
W has to be estimated and removed from the total CDs. In the following we describe
three different stratospheric estimation schemes: 1. a classical, simple Reference Sec-
tor Method (RSM), and 2./3. two SES involving limb data, i.e. an absolute limb cor-
rection (ALC), and a relative limb correction (RLC). The different SES are discussed
exemplarily for 28 January 2006 below. Additional examples for other days are shown
in the supplement.

2.4.1 Reference Sector Method (RSM)

The basic idea of the simple RSM is that the stratospheric VCD at any place can be
estimated by the total VCD over a remote region (typically the Pacific) of the same
latitude. l.e., the RSM assumes that (a) a sufficiently clean reference sector (RS) with
negligible tropospheric pollution can be defined, and (b) the global stratospheric VCD
field does only depend on latitude A, but not on longitude ®.

We follow this simple approach by defining a RS in the Pacific as indicated in Fig. 1,
showing V" for 28 January 2006. For every day d, we calculate a look-up table (LUT)
Vis(d.A\) by averaging the daily measurements I/ over the RS in latitudinal bins of
1° resolution. R

A smoothed LUT I35(d.A) is derived by convoluting Vig(d, A) with Gaussian func-
tions both in temporal (o =5 days) and in latitudinal (o = 5°) dimension. Both
the non-smoothed (V35(d.A)) and the smoothed LUT Vig(d,A) are shown in
Fig. S1 of the supplement (see http://www.atmos-meas-tech-discuss.net/2/2983/2009/
amtd-2-2983-2009-supplement.pdf). For the sample day 28 January 2006, V,;S and

VF’;S are also displayed as function of latitude in Fig. 3 in direct comparison to the Limb
VCDs in the RS (see next section).
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For the RSM, we define the stratospheric VCD Wgg)y, as function of day d and latitude
A\ as:

Wasm(d . A):=Vg(d A). (3)
2.4.2 Absolute Limb Correction (ALC)

Stratospheric Limb VCDs (LVCDs) L are calculated from the derived limb concentration
profiles (see Sect. 2.2) by simply integrating the profiles from 15km to 42km. Vary-
ing the lower integration limit between 12km and 18 km affects the resulting LVCDs
by less then 5%. We therefore neglect the latitudinal variation of tropopause height
in this study. Errors of L are derived from integrating the uncertainties of the con-
centration in each layer as derived by the limb inversion. A LVCD error threshold of
0.25 x 10"® molec/cm? is defined to eliminate outliers, which mainly occur due to the
South Atlantic Anomaly.

Due to the co-adding of the four horizontal limb scans, one limb VCD L is available
per limb state. Due to the alternating limb/nadir measurements, a single L could be
used as (constant) stratospheric estimation for all measurements within the according
nadir state, as in Sierk et al. (2006). However, in doing so, a single biased L would
affect a complete nadir state. In addition, the assumption of a constant stratosphere
within one nadir state leads to artificial step functions in the latitudinal dependency of
the resulting TSCDs. We thus use the individual Limb VCDs L to calculate a smooth
LUT L(d,A,®) by folding with Gaussian functions G(Oion, Ojat) With 0}, = 20° x cos(A)
and o,,; = 10° ~ 1000 km. These settings for g, force smooth spatial patterns for low
latitudes (o;,, = 20° ~ 2000 km at the equator) and allow strong longitudinal gradients
only at higher latitudes (o, = 10° ~ 500 km at 60° latitude), having in mind that espe-
cially at the polar vortex, strong longitudinal gradients of stratospheric NO, CDs do
occur.

To improve statistics and to avoid large spatial gaps, generally limb measurements
of the previous and following day are included with half weight in the folding procedure.
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In addition, all limb CDs are weighted by the inverse square of their error.

Figure 2 shows a global map of limb VCDs on 28 Jan 2006. The location of the
limb tangent points of individual LVCDs are marked by colour-coded disks, while the
background map displays the smoothed LUT Z(d,/\,dD). Keep in mind that for the
retrieval of the profile at the tangent point, all limb scans within the limb state are used
for the inversion, which cover an area of about thousand km extent both in latitudinal
as in longitudinal direction. The latitudinal dependency of L selected over the RS on
28 January 2006 is added in Fig. 3 for an absolute comparison to the RS VCDs V3¢
from nadir observations.

For the absolute limb correction scheme, we define the stratospheric VCD as

~

Waic(d, N, ®):=L(d,\, D). 4)
2.4.3 Relative Limb Correction (RLC)

As illustrated in Fig. 3, Lrg and Vg, i.e. Wgrgy and W, ¢ over the reference sector,
show generally similar latitudinal dependencies, but still reveal significant differences,
depending on latitude. As will be shown below, this leads to non-realistic zonal stripes
in the corresponding tropospheric CD product. In particular, L is often higher than V/”,
leading to negative tropospheric CDs.

Thus, we also perform a relative limb correction, which by definition eliminates the
deviations of limb and nadir VCDs in the RS. The basic idea is to apply the same RS
correction that was applied for the nadir VCDs also to the limb VCDs: from the limb
VCDs L over the RS we derive a LUT ZRS(d,A), which again is smoothed over time
and latitude.

The difference of L and ZRS at the same day and latitude holds information on longi-
tudinal variations for a given latitude:

AL(d, N\, D)=L(d, A\, D)-Lgs(d,N). (5)
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We thus denote AL as Limb Longitudinal Variation (LLV). Figure 4 displays the in-
dividual AL at the limb tangent points as disks, while the background map shows AL
which was smoothed with the same settings as L (see Sect. 2.4.2). Again, measure-
ments of the previous and following day are included with half weight.

Now we use AL to define the relative limb correction stratospheric VCD as the clas-
sical RSM VCD modified by longitudinal variations as observed by the limb measure-
ments:

W c(d, N, D) := Wagy(d.A) + AL(d, A, D). (6)

Figure 5 compares global maps of stratospheric VCDs W for the three SES for 28
January, 2006.

2.5 Tropospheric SCDs of NO,

With these estimates W for stratospheric VCDs of NO,, we can define the tropospheric
residue as

AV* =V - W, (7)

AV™ represents the tropospheric VCD derived with a stratospheric AMF. Due to
the strong dependency of Ag;,: On observation geometry, AV* strongly depends on
SZA and LZA, which is not realistic for tropospheric VCDs. To correct this inconsis-
tency, we re-transfer AV back to a tropospheric slant column density T:

T:= AV* x Agyar. 8)

From T, a tropospheric VCD could be derived directly by division with the appropriate
tropospheric AMF. Within this study, however, we do not apply tropospheric AMFs,
since we want to focus solely on the effect of different SES, without involving (and
discussing the impact of) external datasets (for ground albedo, clouds/aerosols and
profiles). For orientation, however, note that tropospheric AMFs for cloud free scenes
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are of the order of 1 (Richter and Burrows, 2002), and generally <1 for clouded scenes,
except for cases with substantial NO, within/above the cloud.

So, all total CDs (V") and all stratospheric CDs (W) presented in this study are ver-
tical column densities, while the tropospheric CDs T discussed below are slant col-
umn densities. This differentiation is potentially confusing, but necessary, since strato-
spheric CDs need to be processed in terms of VCDs (e.g. for the averaging of RS
column densities of the same latitude for different SZA/LZA), but the relevant tropo-
spheric CDs, prior to the application of tropospheric AMFs, are slant column densities.
Thus, we discuss the effect of the different SES on tropospheric CDs in terms of SCDs
in Sects. 3 and 4. The stratospheric AMF, i.e. the ratio of T and AV”, is slightly above 2
for low SZA (tropics) up to 7 for high SZA (80°).

The resulting TSCDs for the three different SES are displayed in Fig. 6. Note that
both Trgy and Ty ¢ are by definition tropospheric excess CDs (relative to the reference
sector), while T, ¢ in principle should result in absolute total tropospheric CDs.

2.6 Intrinsical error information

In this section we briefly discuss the potential of detecting and estimating system-
atic as well as statistical errors from the measurements themselves. A more in-
detail discussion of this issue, and the actual definition of the terms we use for
quantitative error information, are given in the supplement (Sect. S3: http://www.
atmos-meas-tech-discuss.net/2/2983/2009/amtd-2-2983-2009-supplement.pdf).
Estimates of the accuracy of TSCDs can be derived from the TSCDs themselves in
so far, that systematic negative TSCDs (on a level beyond possible statistical fluctua-
tions around zero) are definitively unphysical. Also strange spatial patterns of TSCDs
far from known NO, sources may indicate shortcomings of the SES. Finally, if a SES
is insufficient, fluctuations of the remaining stratospheric features lead to enhanced
standard deviations (over time) of the resulting TSCDs. Thus, the success of an ad-
vanced SES has to be demonstrated by an improvement of accuracies, i.e. the re-
moval/reduction of a) systematic negative TSCDs, b) strange spatial features which
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are obviously not of tropospheric origin, and ¢) TSCD standard deviations (over time).

Additional information on both statistical and systematic errors can be derived from
the standard deviation (over longitude) of W in the reference sector. This quantity
comprises statistical errors (e.g. from the DOAS fit error and natural fluctuations of
stratospheric VCDs), but enhanced values clearly indicate additional systematic errors,
e.g. due to fit artefacts over oligotrophic oceanic regions.

From the comparison of individual LLV AL to the smoothed LUT ﬂ, information on
the performance of the smoothing/interpolation procedure can be derived, which is in
particular limited in cases of strong temporal and spatial gradients.

In Sect. S3 of the supplement (see http://www.atmos-meas-tech-discuss.net/2/2983/
2009/amtd-2-2983-2009-supplement.pdf), we define and display the error quantities
6Wgrgm and 6Wp ¢, which are automatically calculated during the TSCD retrieval, and
are provided as function of day and latitude. Thus, though shortcomings of the RLC
SES remain for some regions/times, these can be recognized by enhanced values of
6Wgrgm Or 6WR ¢.

3 Results

In this section, we present TSCDs for the different SES, and analyze their specific char-
acteristics and differences. Again, we focus on wintertime, where the shortcomings of
the RSM are emerging particularly. Results for other times of the year are presented in
the Supplement and also shortly discussed below.

Figure 6 shows the resulting TSCDs Trgy, TaLc, and Ty ¢ for 28 January 2006 ex-
emplarily. Note that the colorscale has been chosen to accentuate small systematic
deviations — in particular negative ones — from 0 over “clean” regions. Polluted regions
like Europe, the US eastcoast, or China, are by far in saturation.

As can be seen in Fig. 4, the simple assumption of a zonally constant stratospheric
CD is not valid. As a consequence, the RSM leads to — unphysically — negative TSCDs
Trsm (Fig. 6a) over the Northern Atlantic down to -2 x 10"® molec/cm?, which is far
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below the statistical uncertainty. In contrast, Trg), over wide areas in remote Northern
Asia is quite high. Similar shortcomings of the RSM in wintertime have been discussed
in e.g. Richter and Burrows, 2002, or Sierk et al., 2006.

The ALC (Fig. 6b) significantly improves the patterns over the North Atlantic, and
the strong negative bias is successfully corrected. However, T, ¢ shows strong zonal
features, both positive and negative: oceanic CDs around the equator are negative
now (in contrast to Trg)y) about —1 x 10"® molec/cm?, and TaLc is unrealistically high
(2><1015 molec/cmz) south of 60° S, i.e. far from any known source of NO,. This is a
direct consequence of the different latitudinal dependencies of Va4 and Lgg (Fig. 3),
which reveals systematic deviations that lead to negative (20°S to 20° N) as well as
positive (south of 60° S) background TSCDs T, . Keep in mind that Fig. 3 displays
VCDs; the differences in TSCD (Fig. 6b) are higher by AMFg,,.:, which is about 2 in the
tropics up to 7 at high latitudes.

The RLC results in the most plausible NO, TSCDs (Fig. 6¢). Ty c shows a clear
improvement of spatial patterns compared to Trgy: the negative Trgy over the North
Atlantic are corrected in Ty ¢, and also other regions with negative Trgy (e.g. South-
East from Japan) are more plausible in Ty c. At the same time, the artificial zonal
features introduced by the ALC are eliminated by the RLC: in contrast to T ¢, Tr.c IS
— per definition — still 0 on average over the RS.

The longitudinal variations in Trgy at about 60° S are reduced in Ty ¢, but could not
be removed completely by the RLC. Generally, patterns at Northern mid— and high
latitudes are corrected successfully by the RLC, but are only lessened in the Southern
Hemisphere (see additional examples in the supplements and discussion).

After illustrating the different TSCDs for a specific day, we compare monthly clima-
tologies (mean 2003-2008) of TSCDs for January (Fig. 7) and additional months in the
supplements (Figs. S11-S16). Obviously, the longitudinal variations of stratospheric
NO,, as observed for 28 January 2006, do not cancel out by temporal averaging, but
instead systematic spatial patterns stand out.

Mean January Trgy (Fig. 7) is negative up to —2 x 10"® molec/cm? over large parts of
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Canada and the North Atlantic, and quite high (> 1 x 10'® molec/cm?) throughout North-
Eastern Russia. As for the individual day, the ALC reduces/removes these longitudinal
variations, but introduces zonal stripes of negative TSCDs around the equator, and
high positive TSCDs south of 60° S (Fig. 7b). Again, Ty ¢ improves the longitudinal
variations while retaining the RS levels to 0 on average (Fig. 7c).

The differences of the mean TSCDs are shown in Fig. 8, directly illustrating the
effects of the different stratospheric estimation schemes. Compared to Trg),, both ALC
(Fig. 8a) and RLC (Fig. 8b) have removed a similar dipolar pattern with a maximum
amplitude of 2.5 x 10'® molec/cm? at northern latitudes. However, the ALC introduces
zonal stripes in the climatology up to 1.2 x 10'® molec/cm? over the RS at the equator
(Fig. 8a and c). In contrast, the difference Trgy — Ty ¢ is negligible for latitudes between
30°N and 60°S.

Note that 75 ¢ and Ty ¢ show different longitudinal dependencies (see the local pat-
tern over South America in Fig. 8c), which would on first view not be expected, since
the longitudinal dependencies of both, Wy, ¢ and Wy, ¢, are derived from the limb mea-
surements only. The reason for the observed differences in longitudinal behaviour is
the calculation of El\/, which is derived from smoothing the individual AV, instead per-
forming the RS correction to V; this is a non-commutative procedure. The difference
over South America is outstanding, since most limb observations are skipped there, as
a consequence of high errors of L due to the South Atlantic Anomaly.

Besides the effect of the different stratospheric estimation schemes on mean values,
we also analyzed the standard deviations s of TSCDs over time for January 2003—2008
(Fig. 9). As expected, standard deviations are generally high over polluted regions,
where mean TSCDs are enhanced, due to variability of tropospheric CDs. Beyond
that, however, s(Tggy) is high (> 3 x 10" molec/cmz) over the Northern Atlantic, in con-
strat to s(T5 c) and s(Tg ¢)- Figure 10, showing the differences of standard deviations,
reveals that both 7, ¢ and Ty ¢ lead to lower standard deviations over large areas at
high latitudes. The consideration of longitudinal variations from limb measurements
thus clearly reduces the standard deviations by about 1 up to 3 x 10"® molec/cm? com-
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pared to the simple RSM. Note that standard deviations of T, ¢ and Ty ¢ are almost
identical (Fig. 10c), despite their differences in mean values. This indicates that s(Tx ¢)
is driven by tropospheric variability and stratospheric dynamics, but not by the zonal
stripes introduced by the ALC, which are thus rather constant in magnitude and location
for a fixed month.

Figures S4-S16 of the Supplement (see http://www.atmos-meas-tech-discuss.net/
2/2983/2009/amtd-2-2983-2009-supplement.pdf) illustrate that the RLC improves the
spatial patterns both on individual days as well as in monthly climatologies also for
other times of the year. Typical values for daily LLVs (in terms of VCD) are below
+0.3 x 10"® molec/cm? for low latitudes, but can reach £0.6 up to 1 x 10"® molec/cm?
for higher latitudes in some months (Figs. S4, S6, S8). Figure S10 illustrates that the
principal shortcoming of the ALC, caused by different latitudinal dependencies of VV*
and L, and L being generally higher than V", is present throughout the year.

For the monthly climatologies, the RLC modifies the resulting TSCDs by less than
0.5 x 10"® molec/cm? for low and midlatitudes, and up to 1 x 10"® molec/cm? at high
northern latitudes (about 60°) in April and October. In October, the difference Tggy —
TrLc is up to 3 x 10" molec/cm? at 60° S, and still unrealistic spatial patterns (negative
TrLc) are present (Figs. S15-16). Thus, especially for the Southern Hemisphere, the
RLC sometimes rather reduced than completely removes the artefacts of the RSM.
Nevertheless, standard deviations of Trg) are always significantly reduced by the RLC
(Figs. S12, S14, S16).

After discussing global maps of TSCDs for the different SES for different
days/months, we also investigate the temporal pattern as well as frequency distribu-
tions of TSCDs for four selected locations: two in the Northern Hemisphere (50° N)
and two in the Southern Hemisphere (50° S) at 20° W and 110° E, respectively. All lo-
cations are remote, far from known sources of NO,, and are considered to be “clean”.
They are marked by crosses in Figs. 6—10.

Figure 11 shows the annual cycles of the different TSCDs. Figure 12 displays the
respective frequency distributions and list means and standard deviations for these
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locations.

The first location (20° W, 50° N) is located in the Northern Atlantic. RSM TSCDs Tggy
(blue) are often negative and generally show a high variability in winter. This variability
is reduced both in T ¢ (green) and Ty ¢ (orange). However, T, ¢ shows systematically
higher CDs in summer. While the mean of Trgy is negative, Ty, ¢ is almost zero. The
standard deviations both of T ¢ and Ty, ¢ are reduced compared to Trgy-

The second location, placed in Russia (110° E, 50° N) far from large cities, wintertime
Tasm is quite high (up to 5x 10'°). On average, Trgy is 0.67 x 10'° molec/cm?. ALC
reduces these high wintertime TSCDs, but introduces too high TSCDs in summertime.
TrLc is close to zero on average and has a reduced standard deviation.

The Southern hemispheric locations, (20°W and 110°E, 50° S) are over Ocean,
far from known NO, sources. The annual cycle and frequency distributions of both
southern locations are similar: Trgy shows high variability and high CDs in SH winter
(NH summer). Ty ¢, is overcorrecting the SH wintertime TSCDs, resulting in negative
TSCDs down to -5 x 10" molec/cm?. Again, Tg is close to zero on average and has
a reduced standard deviation.

For all considered clean locations, mean Ty ¢ is non-negative, close to zero, and its
standard deviation is lowest, indicating RLC being the most realistic SES.

4 Discussion

Estimating the stratospheric column density over a remote reference sector is an easy,
robust method for the retrieval of tropospheric CDs, and has been used successfully in
several studies on tropospheric NO,. In particular, it implies a first-order correction of
any systematic offset in total CDs. The simple assumption of zonal constancy, however,
clearly fails at higher latitudes, in particular close to the polar vortex. We present two
advanced stratospheric estimation schemes (ALC and RLC) involving additional limb
measurements and apply them to 6 years of SCIAMACHY measurements.
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Stratospheric correction by ALC generally improves spatial patterns of TSCDs com-
pared to the RSM with respect to longitudinal variations. However, in the resulting AMTD
TSCDs Ty ¢, systematic zonal stripes (about +1 x 10" molec/cm? in monthly clima-
tologies) show up, as a consequence of different latitudinal dependencies of V,;S and 2, 2983-3025, 2009

s Lpg. Generally, L is higherthan V" for low/mid latitudes most time of the year, resulting

in negative T . Low or even negative tropospheric CDs, resulting from subtraction of Tropospheric NO,

stratospheric limb VCDs, can also be seen in Sioris et al. (2004) (Fig. 6 therein) and in column densities

PROMOTE (2004). from nadir/limb
The following aspects might lead to systematic biases in either nadir or limb data, combination

[N
o

thus potentially causing different latitudinal dependencies:
S. Beirle et al.

— Total nadir SCDs might be biased due to artificial spectral structures in the di-
rect solar reference measurement, caused by the optical system (diffusor plate).
However, the observed zonal stripes can not be eliminated by simply adding a Title Page
constant offset to total SCDs.

Abstract Introduction
15 — In our analysis, we define the limb VCD L as the integrated limb concentration : )
] . a onclusions References
from 15km to 42 km. We thereby neglect latitudinal variations of the tropopause
height (TH), and thus generally tend to overestimate L over the tropics, and un- Tables Figures

derestimate it at high latitude. However, these effects are far too small (< 5% for
TH between 12 and 18 km) to explain the different latitudinal dependencies of VV*
20 and L seen in Fig. 2 and Fig. S10.

— Though limb and nadir measurements are performed from the same platform,
there is a time shift of about 7 min between the limb- and the nadir sounding of
the stratosphere. Shortly after sunrise, this may be long enough for significant Full Screen / Esc
differences of NO, due to changes in photochemistry.

Back Close

s — The effects of clouds and aerosols are ignored in the retrieval of limb profiles. The AR AT

neglection of high clouds (e.g. over the ITCZ) results in an underestimation of box
AMFs in and above the clouds. However, the total limb column would only be
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affected significantly, if there would be high NO, concentrations in/directly above
the cloud.

— Clouds potentially affect the nadir total SCDs by their impact on the Earth shine
spectra, e.g. via their impact on polarization, the probability of inelastic scattering
(Ring effect), or the shielding of light reflected at the ground, carrying spectral
albedo information. The latter could be important especially over the problematic
oligotrophic oceanic regions. However, we find no correlation of TSCDs and cloud
fraction (R = —0.01 for 28 January, 2006, over the RS).

— In addition, clouds lead to increased stratospheric AMFs, which is only a small
effect (< 2%) and thus not considered in this study.

— The limb inversion scheme is based on one dimensional RTM, assuming hori-
zontal homogeneity. In cases of horizontal gradients, this leads to errors in the
resulting profiles, since the effective light paths for low tangent heights do not
reach as close to the tangent point as for high tangent heights. This leads to er-
rors up to 20% for NO, at the polar vortex (Pukite et al., 2008). A SCIAMACHY
operation change request (OCR #38) was approved and performed: In December
2008, several successive orbits have been operated in exclusive limb geometry.
This allows us to investigate and quantify 3-D effects also for midlatitudes and
tropics as well as for the Southern Hemisphere (Pukite et al., 2009b).

These and possibly other factors with latitudinal dependency (which may also be the
consequence of a SZA dependency) have systematic impact on V* and/or L. The in-
detail comparison of the latitudinal dependencies of VV* and L thus can help to indicate
and quantify shortcomings of the nadir and/or limb retrievals in future studies. However,
as shown in this study, the direct ALC is not appropriate for an automatized retrieval of
NO, TSCDs up to now.

A third method, the RLC, was quite successful in removing longitudinal variations
without the drawbacks of the ALC. By applying the RSM to nadir and limb data likewise,
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an absolute calibration of vertical column densities (limb and nadir) is not required, and
systematic biases are first-order corrected. Also possible jumps in the time series (due
to e.g. calibration setting changes) and degradation effects are automatically corrected
for. The RLC thus keeps the heritage of the RSM, i.e. being a simple, robust, and model
independent correction scheme, but clearly improves spatial patterns of the resulting
TSCDs, where longitudinal variation let the RSM fail. Ty ¢ shows generally means
close to 0 and lowest std over clean regions. The RLC introduces changes in TSCD
(compared to RSM) up to 3 x 10"® molec/cm? for some months (January, Fig. 8b; Oc-
tober, Fig. S16a), while in Northern hemispheric summer, changes are generally low
(< 0.5 x 10"® molec/cm? for July, Fig. S14a).

However, while the RLC is a significant improvement over the simple RSM, it is not
capable of eliminating stratospheric features completely. In particular for the Southern
Hemisphere, spatial patterns, that are obviously not of tropospheric origin, remain in
maps of Ty . Possible reasons for these specific SH shortcomings are:

— Especially in the Southern Hemisphere, very localized stratospheric features
occur. For instance, on 24 October, 2005, a small filament of enhanced
NO, CDs is visible in the map of V* south of Africa (see Figs. S8 and
S9 of the Supplement, hitp://www.atmos-meas-tech-discuss.net/2/2983/2009/
amtd-2-2983-2009-supplement.pdf). Limb VCDs L for this region are also en-
hanced, i.e. the observed NO, is located in the stratosphere. Though the limb
measurements are capable of detecting this feature, however, they can not fully
resolve the spatial structure of this filament due to their coarse spatial resolu-
tion (one profile per state). This inevitably leads to an incomplete correction of
TrLc of this structure (see Fig. S9c). However, this shortcoming is reflected by a
high value for Wy, ¢ (and thus 6Ty, ), which regularly occurs in autumn at 60°S
(Fig. S3).

— Limb measurements are performed in forward direction, i.e. southwards for the
descending orbits. l.e., at high northern latitudes, limb measurements “look” from
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high to low SZA, with the sun ahead, and vice versa at high southern latitudes.
This is a systematic difference of the observation geometries of both hemispheres
which may at least partly explain why the RLC works less successful in the SH.

One remaining possible shortcoming of both RSM and RLC are systematic biases
of total nadir SCDs due to spectral interference of water absorption and vibrational
Raman scattering. This potentially affects the stratospheric estimation around 30° S,
with impact on tropospheric CDs over southern South America, South Africa, and Aus-
tralia. From the spatial variations of NO, in and out of oligotrophic oceanic regions,
we estimate this bias to be below 0.5 x 10'® molec/cm? (in terms of TSCDs). Further
improvements of the spectral fit are purpose of ongoing studies.

TSCDs from RSM and RLC are, by definition, tropospheric excess CDs w.r.t. the
reference sector, i.e. neglecting the small, but existent levels of tropospheric NO, SCDs
of the order of 0.3-0.6 x 10'®> molec/cm?, depending on latitude (Martin et al., 2002).
For quantitative interpretation of Trgy and Ty, ¢, this has to be considered by adding
modelled Pacific TSCDs, like in Martin et al. (2002). Alternatively, for comparisons
of Tr ¢ (“pure” measurement) to modelled TSCDs, the same RS correction could be
applied to the latter (Franke et al., 2009).

The changes in TSCDs between the different SES are significant, and have strong
impact of quantitative studies on tropospheric NO,, like emission estimates. In partic-
ular over Siberia, RLC leads to TSCDs that are lower compared to Tggy by about 1 to
2x 10" molec/cm? in a climatology for January 2003—2008. Over Europe, on the other
hand, Ty ¢ is higher by about 1 x 10"® molec/cm? than Trsm- Over polluted European
sites, mean wintertime TSCDs reach values of about 4 x 10" molec/cm? (Paris) up to
> 10 x 10"® molec/cm? (Milano) (on a 0.5° x 0.5° grid), i.e. the RLC SES has significant
impact on TSCDs even at polluted sites. For hemispheric spring and summer, effects
are generally smaller, but still systematic differences of RSM and RLC of the order of
0.2-0.4 x 10'° molec/cm? occur over large areas.
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Though the RSM is an established SES, our study emphasizes the need to account
for longitudinal variations of stratospheric NO,. This affects also studies on relative
signals (e.g. the Sunday reduction/weekly cycle), as the RSM bias is additive, not mul-
tiplicative. In particular, studies on NO, in remote regions at high latitudes with rela-
tively low TSCD levels, e.g. soil emission estimates over deserted regions like Siberia,
have to keep in mind urgently the impact of the stratospheric estimation and the related
uncertainties.

5 Conclusions

In this study, we analyzed different estimation schemes for stratospheric column densi-
ties, involving limb measurements from the SCIAMACHY instrument, for the improve-
ment of tropospheric CD retrievals of NO,.

Estimating the stratospheric CDs by a simple Reference Sector Method (RSM),
which is generally a robust and successful method, leads to systematic errors in strato-
spheric VCDs. Consequently, TSCDs Trgy are negative over the Atlantic (50° N)
down to —4 x 10" (daily extreme)/—1 x 10'> molec/cm? (monthly climatology) in au-
tumn/winter months.

A direct, absolute limb correction (ALC) is capable of correcting longitudinal varia-
tions of stratospheric CDs, thus being an improvement compared to the simple Refer-
ence Sector Method at high latitudes. However, the latitudinal dependencies of limb
and nadir CDs turned out to be systematically different, making an automatized re-
trieval of tropospheric CDs by the ALC inappropriate.

Instead, we developed a relative limb correction (RLC) scheme which successfully
improve the RSM w.r.t. longitudinal features, without introducing artefacts elsewhere,
and suggest to use this scheme for the retrieval of NO, TSCDs. This correction scheme
keeps the heritage of the simple RSM, i.e. it is based on measurements and free of
a-priori assumptions on NO, emissions or modelled stratospheric CDs etc., but sig-
nificantly improves the shortcomings of the RSM. The spatial patterns of the TSCDs
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derived by RLC are much more plausible (i.e. closer to zero for clean regions) than for
RSM and ALC, and show lowest standard deviations of TSCDs w.r.t. time.

However, though the RLC generally works successfully, spatial features of strato-
spheric origin partly remain in tropospheric CDs, especially for high Southern latitudes.
But regions south of 50° S are generally irrelevant for studies of tropospheric NO,.

The definition of error quantities 6W and 6T provides information on statistical and
especially systematic errors, which are calculated automatically in the TSCD retrieval,
and provided as function of day and latitude. In particular, enhanced values of §Wrgy
indicate shortcomings of the DOAS fit over oligotrophic oceans, while enhanced values
of 6Wg ¢ are observed for scenarios with high spatial gradients of stratospheric NO,
which are not resolved by the limb measurements.

The available dataset on limb longitudinal variations can be used to check and im-
prove other SES, in particular advanced RS methods working with 2-D interpolation or
wave fitting. This is important for current and future satellite instruments without the
limb viewing mode.

The RLC was discussed for NO, in this study. Generally, it could also be applied
to other trace gases like O;. For such an adaptation, the specific characteristics of
the different trace gas retrievals and the specific spatial patterns (profiles as well as
global distribution) have to be considered in detail. In particular for BrO, the method
will be probably insufficient, since the regions of interest for BrO are polar, i.e. SZAs
are high, and stratospheric BrO profiles are too low to be fully captured by the limb
measurements.

The alternating limb/nadir geometries of SCIAMACHY are not available for other
satellite spectrometers like GOME-2 or OMI. Nevertheless, the information on the lon-
gitudinal dependency of stratospheric NO, CDs, as provided by SCIAMACHY limb
measurements, could generally be used to also correct RSM stratospheric estimations
of other satellite instruments. However, for such comparisons, differences in local times
of the measurements have to be considered.
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Table 1. Abbreviations and Variables used in this study

AMTD
2, 2983-3025, 2009

Symbol Abbreviation Quantity

a SZA Solar Zenith Angle

B LZA Line of sight Zenith Angle

A lat latitude

P lon longitude

d day (time variable)
CD Column Density

S SCD Slant Column Density

4 VCD Vertical Column Density

v VCD derived with stratospheric AMF

w Stratospheric VCD

A AMF Air Mass Factor

L LvCD Limb Vertical Column Density (integrated profile)

T TSCD Tropospheric Slant Column Density

subscript pg RS (in the) Reference Sector

subscript gyt Stratospheric
SES Stratospheric Estimation Scheme
RSM SES 1: Reference Sector Method
ALC SES 2: Absolute Limb Correction
RLC SES 3: Relative Limb Correction

AL LLV Longitudinal Limb Variation

s std Standard deviation

6 Error

- LUT Smoothed and interpolated look up table
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Fig. 1. Nadir VCD V~ for 28 January 2006. The marked area in the Pacific is the reference

sector used in this study.
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1
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VCD [10'® molec/cm?]

Fig. 2. Stratospheric VCD L derived from integrated limb profiles 27—29 January 2006. Colour-
coded disks indicate the location of the tangent points for the individual limb VCDs L, the map
shows the interpolated and smoothed field L(d, A\, @).
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Fig. 4. Longitudinal Limb Variation (LLV) AL for 28 January 2006. Disks show the LLV for the

individual limb states (AL), the map shows the interpolated and smoothed field E\L(d,/\,db).
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Fig. 6. Tropospheric SCDs for 28 January 2006. (a) Tggy: Reference Sector Method. (b) 7, ¢:

Absolute Limb Correction. (€) Ty : Relative Limb Correction.
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Fig. 7. Mean tropospheric SCDs for January 2003—-2008. (a) Trgy: Reference Sector Method.
(b) Ta c: Absolute Limb Correction. (€) Ty ¢: Relative Limb Correction.
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Fig. 10. Difference of the standard deviations of tropospheric SCDs s(Tggm) — S(Tac) (),
S(Trsm) — S(Tgic) (b), and s(Tg ) — (T c) (¢) for January 2003—-2008.
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Fig. 11. Annual cycle of TSCDs for four selected locations (as marked in Figs. 6—10). Upper
row: 50° N. Lower row: 50° S. Left column: 20° W. Right column: 110° E. The different schemes
are marked by colors: blue (Trgy), green (Ta ), and orange (Tg c)-
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Fig. 12. Frequency distribution of TSCDs for four selected locations (as marked in Figs. 6—10).
Upper row: 50° N. Lower row: 50°S. Left column: 20° W. Right column: 110° E. The different
schemes are marked by colors: blue (Trgy), green (T c), and orange (Tg. c). The numbers
give the respective means and standard deviations (in 10" moIec/cm2).
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