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ABSTRACT

This paper discusses Lhe tetrieval scheme associated with the gas correlated radiometer—
MOPITT which will be on board of EOS—AM!1 o measure the global vertical profiles of car-
bon monoxide, The vertical resolution and retrieval errors caused by errors in the temperature
profiles and in the surface temperature have been assessed, The main results are:

a. Assuming the noisc equivalent radiance (NER} of J.B % 10° W m ™ sr™'_ the surface tem-
perature can be deduced from the wide band signals with uncertainty less than 1 K, and the
atmospheric term of the modulated signal can be deduced with ercars almost equal to the NER
which does not significantly increase errors in the retrieved CO profiles, .

b. With typical uncertainty in temperature profiles, errors in the retrieved profiles at favi-
tudes fower than 7(° are generally less than 20% with the first guess of 100 ppbv. (If a better
first guess was used, the errors may decrease),

c. By incorporating the total column CO amount derived from the reflected solar radiation
in 2.3 um spectral region into the retrieval, the accuracy of the retrieved CO profile below 6 km
may be greatly improved,

d. In the retrieval experiment with 10 CQ profiles representing the lypical CC profiles. the
r.m.s. relative / absolute errors of the retrieved CO profiles are about 10% / 1520 ppbv,
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1. Introduction

Measurement of CO profiles in the troposphere is of primary importance for im-
proving our understanding of the global system. This opinion has been put forward in the
report of the World Meteorological Organization (1985): " Definition of trends and distri-
bution for tropospheric CO is essential” (World Meteorological Organization, 1985). This
is because Carbon monoxide (CO) plays a very important role in the chemistry of the
troposphere and lower stratosphere through its influence over hydroxyl radical (OH) and
ozone concentration. Because of its short atmospheric residence time (2-3 months) and
nonuniform geographical distribution, it is necessary to monitor the lemporal-spatial
change of CO around the globe. For this purpose, a gas correlation radiometer—
Measurements of Pollution in the Troposphere (MOPITT} was proposed by Drummound at
University of Toronto and selected for EOS—AM] platform. The operation of this instru-
ment is based on the correlation spectroscopy technique which has been used successfully
for radiometers on board Nimbus 4,5,6 and 7 (Abel et al,, 1970; Curlic et al., 1974; Ellis et
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al,, 1973; Drummond et al,, 1980). Technical improvements include the combination of
two modes of modulation: pressure modulation radiometer (PMR)} and length modulation
radiometer (LMR). The former has been used in several applications while the latter is a
new design suitable for the detection of lower troposphere where the atmospheric pressure
is higher.

As an initial study of the retrieval schemes for MOPITT project, this paper describes
the retrieval scheme using the gas correlation signals in two spectral regions: the CO fun-
damental band around 2140 em™ (4.7 pm) and the first overtone around 4260 cm”
(2.4 xm), the achievable accuracy and other related problems, CO profiles measured by
Seiler and Fishman (1981) are used in a line—by—line code to simulate the upward propa-
gating atmospheric radiation and the signals measured by the PMRs or LMRs. A
non—linear iteration scheme is proposed to retrieve CO profiles from these signals. The to-
tal column CO amount derived from the 2.3 um reflected solar radiation is used to im-
prove the retrieval accuracy in the near—surface layer, The effects of the absorption by
other gases such as methane, ozone, water vapor and nitrous oxide on the measurement as
well as the retrieval in the presence of solid clouds will be discussed in a separate paper.
Discussing the basic retrieval scheme and corresponding limits and accuracy, this study
will lay a basis for further operational retricval algorithms.

2. Basic equations

The principle behind correlation spectroscopy is that of spectral selection of radiation
emitted or abserbed by a gas using a cell containing a sample of the same gas as the filter.
Using two cells containing different amounts of the gas concerned, the differential
transmittance of the two cells will be zero in the whole spectral interval except at the center
or near the wing region of the absorption lines of this gas, This is equivalent to a filter
which can selectively pass the radiation modulated by certain gas, but eliminate the inter-
ference by other gases, The modulation of gas in the cell can be achieved by many
methods. For tropospheric detection, Drummond at the university of Toronto proposed to
use combinatively LMRs and PMRs. Technically, LMR can be modulated to higher cell
pressure. It is more suitable for the detection of lower troposphere. Due to a first approxi-
mation, it is the product of the mass of gas and the half width of absorption line that af-
fects the transmittance of the cell, PMRs may be equivalent to LMRs in the discussion of
retrieval scheme. The radiative transfer equations in a plane—parallel atmosphere for a two
state correlation radiometer (PMR or LMR) are:

Py k
Suo= %G“, j 1, - j‘ a(p)I, — B2 o)aplay, (1
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where S, is the wide band radiance (W m™ sr™'), §,,, is the side band radiance (W s
or modulated signal, G, and G, are the electronic gains of the wide band and side band
channels, respectively, p_ is the pressure at the ground surface, p is the atmospheric pres-
sure, {, is the surface emission which is a function of the surface temperature, B, is the
Planck function as a function of atmospheric temperature (pressure), ¢, {p} is the atmos-
pheric transmittance, k,(p)is the CO absorption coefficient, gip) is the CO mixing
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ralio, g is ihe acceleration of the gravity, t, = 1z, + t,land ¢, = t,[r,— 1,] are the
transmittances of the insrumeni, 1, is the overall optical filter transmitiance, z; and 7, are
the monochromatic gas transmittances of the cell for the two states, respectively.

S, and §,; are the measured signals. Both of them have contributions from the sur-
face and atmosphere, but most of the wide band signal § ; comes from the surface emis-
sion because the aimospheric {ransmission in the 4.6 pm spectral region is close 1o unity
except near the spectral line center while S, mainly comes from the atmosphere. In the
retrieval, the surface term [, is deduced from the wideband signal §,, and then intro-
duced in the calculation of the surface term of the modulated signal S, . The following
equations are thus constructed:

Eq. {2) may be written as:

P kr (P) Py ‘
Swe~ S = G, G| qlpddp) U~ B Fg—f.‘i?k.-m dv="\ qIR,@¥p, 3)
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where a quasi—weighting function is defined as follows:
k {p)
R, =G, G,,,f (1- B, )—g("f—zx, (), dv. )
Ay

As mentioned above, §, . can be derived if the surface term ! is known, The left
hand side of Eq. (3} is thus known. Eq. (3} is a Fredholm integral equation of the first
kind. The retrievai of the CO profile based on Eq. (3} is a non—linear probiem because the
atmospheric transmittance ©, {p} is a function of aimospheric compositions including CO.
R, is not the classical weighting function in temperature retrieval because it depends on
€O mixing ratio also. Therefore, the relative contribution of each level to the received sig-
nal is determined by both R and g(p). To retrieve CO profile from the signals, auxiliary
information on the temperature profile is needed, The sensitivity of the retrieval to errors
in temperature measurement should be assessed. In order to calculate the surface emission
the surface temperature should also be known. Besides, there are some inherent problems,
e.g., the measurement is not sensitive to CO change in the near surface layer and
isothermal layer, etc, (Zeng, 1974),

3, Retrieval experiment

In analyzing the signals and designing the retrieval scheme, the line—by—line code
{GENLIN) developed by Drummond was used. In this code the atmosphere path is ex-
pressed in terms of N layers each confaining only a singie gas. In the following calculation,
the atmospheric path is divided into 30 layers. Typical temperature profiles for low, mid
and high latitudes and CO profile measurements are used to define the atmospheres con-
sidered. The spectral region covered is from 2140 to 2192 em™ (4.56—4.67 pm} which is
futher divided into several subranges with a width of 2 ¢!, The spectral step for calcula-
tion is 0.005 cm™! in each subrange.

3.1 The vertical resolution and channel selection

To analyze the spatial resolution of this non—linear retrieval problem, the weighting
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function for the variation of the modulated signal is calculated. The variation of the modu-
lated signal with respect to g(p) is

i
38, = 68,,— 88 ..= j K’ (p)‘zﬂ&) dp, (6)
0 q4p)
where the weighting function for 85, is

K= - U= Bk )+ k,‘r,e))ﬂ;’—’J %f‘”a(p)dplcwcmr.-m, ™
P

where 7, (p,) is the vertical transmittance of the whole atmosphere, B,, is the Planck func-
tion at the surface temperature. The characteristics of the weighting functions for the ini-
tial set of channels are listed in Table 1. A constant CO mixing ratio of 100 ppbv and tem-
perature profile at 40°N are used in this calculation for a 10 mm cell pressure modulated
radiometer (PMR),

The weighting functions for several sets of channels were compared, As the equivalent
width of an absorption line is a function of the product of the half width a of the
absorption line and the mass of the gas, the shape and value of the weighting functions are
determined by the product of the pressure in the cell and the mass of absorbing gas in the
cell. There are about 4 distinct channels among all tested sets. The
10 mm PMR channel with different pressure differences is one of the representative sets for
all the combinations. Therefore, the 10 mm PMR channel with different pressure differ-
ences is one of the representative sets for all the combinations, Therefore, the 10 mm PMR
channels with various pressure differences are selected in the following retrieval experi-
ments.

Even with the variation of PMR and LMR, the peaks of the weighting functions can
not be separated very much in altitude {other technical developments, such as double pas-
sing the LMRs, may improve this in future). The widths are also similar, and there is clear-
ly a large amount of overlap of the weighting function. However each channel still con-
tributes to the total information available, It is clear that the vertical resolution of this
technique is limited. Although the peaks of weighting functions for the four chanrels
shown in Table 1 are at about the same altitude, their half widths and shapes are not iden-
tical. That means that they are not totally correlated, There is still new information
brought about by each channel. Because of all the weighting function peak in the range
from 6 to 10 km, the channels are not sensitive to CO changes in the near—surface layer,
Complementary information should be used in this layer, In this study, the reflected solar
radiation at 2.3 ym is used to increase the retrieval accuracy in the near—surface layer.

Table 1. The Halfwidth, Peak ¥alue and Peak Position of the Weighting Function

Channel Halfwidth Peak value Peak position
(km) Wm™ s {km)
200—400 hPa 11.2% —5.79E-30 6.75
100—200 hPa 11.01 -7.18E-30 6.75
50—-100 hPa 10.34 —6.25E-30 B.2%

25-50 hPa 2.15 -3.96E-30 9.75




No. 3 W u Beiving and John Gille 347

3.2 The retrieval scheme using signals in the 4.6 um spectral region

For this non—linear problem, Chahine method (Twomey, 1977} was adopted for its
relative simplicity and accuracy. By this method, the CO mixing ratio at pressure p; is
obtained by the following iteration:

Se— S

7)) 5 ) (8)
Smg - Smﬂ

where j is the index of height, k is the number of iterations, The surface term of the modu-
lated signal S, is derived from the wide band measurement. The wide band signal S 4
consists of almost entirely the surface emission because the atmospheric transmission in
the 4.6 um spectral region is close to unity except near the spectral line center. The first
term of the Eq. (2) (S, ) can thus be obtained from the total wide band signal. Two kinds
of retrieval experiments were carried out, One is for a known surface temperature, The
other uses the surface temperature deduced from the wide band signal, The r.m.s. ¢rrors in
the retrieved CO profiles and the residual in the signals are calculated,

3.2.1 Rerrieval with a known surface temperature

Table 2. The r.m.s. Error in the Retreived Profile and the Residual (Chahine Method, first guess: 100 ppbv,
Measurement error=18 ¥ 107 W m™ sr™". for CO profile: 58°N. 42°N and 53°8), §, is the measured
signal. g is the first guess of CO profile, g™~ " is the CO profile for {i~1)th iteration

Profile (ppbv) Signal (W m? s
Case With respect 10 ¢ (p) With respect to ¢ With respect to 5,
r,ms. ab r.ms.rela r.ms. ab r.m.s.rela r.ms.ab r.m.s.rela
SE'N 1.82¢-9 00163 l.11e—-8 0,122 1,155 0.0098
42°N 8.46e—10 0.0094 2.45e—-8 0,137 1.58e—5 0.0133
531°§ 1.44e-9 0.0230 6.99e—9 0.138 1.6Be—5 0.0218

Retrieval experiments were conducted with 2 known surface temperature. Three CO
profiles were used in this test, They are: profiles measured in 53°S, 42°N and 58°N by Seil-
er and Fishman (Seiler and Fishman, 1981). The temperature profile of June in 40°N was
used in this calculation. The r.m.s. errors of the resulis are shown in Table 2. The defini-
tions of the absolute and relative r.m,s. errors are:

_j1lx 032
rm.sab= v E(x,-— %),

r.m.s.rela=

where & is the number of levels, x; and xf.] are the retrieved and the true CO mixing ratio,

respectively for the case of CO profile (ppbv); & is the number of channels, and x, and x°
are the derived signal and true signal (W m™* sr™') for the case of measured signal.
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3.2.2 Retrieval results with surfuce temperature derived from the wide band signals

As discussed above, the surface term in the modulated signals may be derived from
the wide band signal This is meore realistic because both signals can be obtained
simultaneously in practice. The regression relation between S, and §,, and the
regression relation between S, and T (the surface temperature) may be caleulated with
a first guess of the CO profile. Then, retrieval can go on as described in the following par-
agraph using §,,, and T, derived from those regression relations. After the true values of
the integrated (S, = 5,0 — S ) surafce (5,,,) and total (5, ) terms of the modu-
lated signal and the total term (S, ) of wide band signal are calculated using the assumed
true temperature, CQ profiles and the surface temperature, the iterations are carried out at
following steps:

a. Calculating a set of §, and §,, corresponding to the surface temperatures in the
normal climate range with a first guess of CO profile q"‘_ " k= 1,2,+= is the number of
iteration,

b, Finding the regression relation between the wide band signal S, and the suface
term of the modulated signal §,,, and the regression relation between 5, and the surface
temperature T, .

c. Finding the estimated values of the surface term of (he modulated signal (S, ) and
the ground temperature (Tg,) from the above calculated regression relations using the
simulated measurement value 87, = S, + AS where AS is the measurement error which
is assumed to distribute randomly with the normal distribution of standard deviation AS
over all the channels,

d. Finding the difference between the measured modulated signal 57,4, and the esti-
mated surface term S, 1S 0 = 8 g — St

g. Calculating the weighting function using the first guess CO profile, temperature
profile and the estimated T, ,

f. Retrieving a new CO profile fromthe §,, .

g. Repeat steps a—g using the retrieved CO profile as a new guess,

The same 3 CO profiles as in Table 2 were selected in this experiment, The r.m.s. er-
rors are shown in Table 3.

Table 3. The r.m.s. Error in the Retrieved Profile and the Residual with the ground temperature T, being
derived. AT, is the difference of the retrieved and true surface temperature, AS,,, is the difference of
the derived and true integrated term of the modulated signal Other symbols are the same as Tabie 2.

Profile (ppbv) Signal (W m™ ')

Case AT, (K) A5, (max} With respect to ¢ (p) With respect 1o g™ With respect to 5
ab rela ab rela ab rela
58°N  0.58 1.62e—5 4.44e—9 0.044 1.28e-8 0,125 1.46e—5 0.014
42°N 0.49 1.95¢-$ 3.19e-9 0.023 2.9%e-8% 0.171 1.59¢—5 0.015
53°%%  0.69 1.92e-5 8.83e—10 0.012 6.96e—9 0.132 1.37e—3 0,020

Table 3 indicates that the uncertainty in the estimated surface temperature is less than
0.7 K and the uncertainty in the resulting S, is less than 20x 10° W m™ sr™'. Com-
pared with errors shown in Table 2, errors shown in Table 3 are not significantly larger.
This experiment verifies the feasibility of the above proposed retrieval scheme.
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3.2.3 Retrieval with ervors in the temperature profile

Table 4. The r.ms, Error in the Retrieved Profile and the Residual (Same as Table 3 except for Using Tempera-

ture Profile: 10°N with | XK Errors)

[
. Profile Signal
Case AT, (K] AS,,(max) With respect to g™®(p) With respect ta ¢ With respect to 5,
ab rela ab rela ab rela
58°N Q.45 1.60e—5 3,2%¢—9 0.0287 1. 18=—8 0.126 6.44e—6 0.0072
42°N 043 1.60e-5 4.63e—9 00354 3.7%:-3 0.211 9.53—6 .06
33°8 083 2.2%3e-5% 2.7e-9 0.04397 6.74¢—9 0.136 1.77¢-3 0.0273
Table 5. The r.m.s. Error in the Retrieved Profile and the Residual {(Same as Table 3 except for Using Tempera-
ture Profile: 40°N with 1 K Errors)
Profile Signa!
Case AT (K} AS,,{max) Withrespect to g™ () With respect to 4 With respect 105,
ab rela ab rela ab rela
58°N 054 1.75e-5 2.60e~9 0.0232 1.17¢-8 0.124 5.99¢—6 0.0454
42°N  0.45 2.02e—5 167e9 0,0257 2.68e-8 0.171 1.53¢-5 0.0152
53°8 0.68 1.8%e~5 9.69¢—10 0.0136 6.46e—2 0.133 1.36e—5 {0196
Table 6. The r.m.s. Ercor in the Retrieved Profile and the Residual {Same as Table 3 except for Using Tempera-
ture Prafile: 70°N with 1 K Errors)
Profile Signal
Case AT, (K) AS,,{max) Withrespect to ¢*'{p) With respect to g With respect 1o 5,
~ ab rela ab rela ab rela
:g 58°N 0.65 1.43e-3 1.96e-9 0.0178 1.19e-8 0.125 5.88e—6 0.0041
b2y 42°M 056 2,895 1269 00211 2.44e—8 0,186 1.75e-5 0.0136
': 537§ 0,75 1.82e—5 8.3%e—10 a.0112 6999 0,145 1.59e~5 0.0170
§ Table 7. The r.m.s. Error in the Retrieved Profile and the Residual (Same as Table 3 except for Using Tempera-
; ture Profile: 10°N with Typical Winter Errars}
: Profile Signal
Case AT (K) AS,,(max} Withrespect to 75 (p} With respect to g™ With respect 1o S,
j ab rela ab rela ab rela
64°N 045 1.56e—5 4.68e—9 0.03%9 2.55e-8 0.188 1,74¢--5 0.0162
S8°H 0,53 1.79e—~5 2.04c-9 0.0204 1.43e-8 0.133 9.53e—6 0.0102
42°N 051 1.76e—5 4.05¢—9 0.0405 4.62¢—8 0.240 1.10e—5 0.0135
53°8 068 2.40e-5 3.17e-9 0.0510 9.21e—9 0.154 1395 0.0205
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Table 8. The r.m.s. Error in the Retrieved Profile and the Residual {Same as Table 3 Excepl for Using Tempera-
ture Profile: 75°N with Typical Winter Errors)

Profile Signal
Case AT, (K} AS,,(max) Withrespect to g™ (p) With respect to ¢ With respect 10 §,
ab rela ab rela ab rela
58N .78 4.03e-3 1,22e-9 0,0130 1.67e—8 0,352 3.84e-5 0.0210
42°N 071 5.05e¢-3 1.52e—9 0.0154 2178 0.358 4.05e-3 0.0233
53°S 0482 2.93e-3 1.24e—% 0.0196 1,28e~8 0,361 1.77e=5  0.0153

In practice, lemperature is measured with errors. In order to assess the induced errors
in the retrieval, three temperature profiles with errors randomly distributed over the alti-
tude range with the normal distribution of standard deviation 1 K were used. They are the
temperature profiles for 10°N, 40°N, and 70°N, respectively. The r.m.s. errors of the re-
sults are shown in Tables 4, 5 and 6. Tests were also carried out (Tables 7 and 8) using
temperature profiles for 10°N and 75°N with typical temperature errors in winter which
are usually larger.

Comparing Tables 4, 5 and 6 with Table 3, it can be found that errors in the tempera-
ture profiles slightly increase the retrieval errors, Besides, the latitudinal variation of the
temperature profile can also slightly affect the retrieval results. As the errors in the tem-
perature profile are larger in winter, they present the worst situation in the temperature
profile. It can be found that retrieval errors increase very much for the case with the tem-
perature profile of 75°N because the Planck function is more sensitive to errors in the
temperature at lower temperature,

3.3 Scheme using the additional reflected solar radiation in 2.3 pm spectral region

As shown in Table 1, the sensitivity of the retrieval is limited in the near—surface
layer, In order to improve the retrieval accuracy at levels near the surface, the additional
information on the reflected solar radiation in 2.3 um spectral region is used 1o derive the
total columnar CO amount. The following scheme was designed to utilize this information,
When the total columnar CO amount is known and the columnar CO amount above 6 km
(2, is calculated from the retrisved CO profile, the CO amount below 6 km (dQ) can be
oblained. It is found by numerical simulations that 4Q is highly correlated with the CO
mixing ratio at levels below 6 km. Figs. 1{a}-1{e) show the correlations between 4@ and
ag. 4.5, Tr0, Ga5 and gg o (the true CO mixing ratio at surface, 1.5 km, 3.0 km, 4.5 km and
6.0 km level, respectively) with the global mean CO profile as the first guess. It can be seen
that the values of CO mzxing ratio below 4.5 km level are highly correlated, but the CO
value above 6 km is not well correlated with the CO value below.

The relation between 42 and CO mixing ratic changes slightly with the first guess
(Fig. 2). This is not surprising because @Q depends on the retrieved profiles which rely
heavily on the first guess.

The regression relations between d@= Q,,,,—Q,, and CO mixing ratio at several lower
levels can be calculated beforehand based on certain first guess of the CO profile, In the
retrieval experiment, when the total columnar CO amount (Q,.) is known, ¢2 can be cal-
culated by integrating the retrieved CO profile over the height range from 6 km up. The re-
trieved CO values at each of those levels may be corrected based on the found regression
relations.
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Fig. 1 (a). Correlation between 42 and gg: (b) Correlation betsieen 40 and g, : {c) Correlation
between dQ and g, o; (d) Correlation befween dQ and g,5; () Correlatin between a2 and ggp.

3.4 Retrieval results

The accuracy of the retrieval depends on the first guess. To improve the retrieval accu-
racy, the first guess should be made to be close to the real CO profile. Therefore, instead of
the constant CO profile used in Section 2. a global mean CO profile was calculated by av-
eraging over a set of 24 typical CQ profiles measured by Seiler and Fishman {1981). As the
concentration and shape of CO profiles change with latitnde, the average was weighted ac-
cording lo the area covering the corresponding latitudes.

Following the retrieval steps described in Section 2, two types of experiments were
conducted, In type (a), only signals in the 4.6 ym spectral region were used with the global
mean CO profile as the first guess. In type (b), besides using the global mean as the first
guess, the total columnar CO amount was used tirough the linear regression reigtions to
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Fig. 3a and 3b. 10 CO profiles used in the retrieval experiment,

correct the CO values at level below 4.5 km in the final retrieved profile when the residual
met the criterion. 10 typical CO profiles (Fig. 3a and Fig. 3b} were used in this experiment.
The errors in measurements were assumed to be 1.8 x 107°W m™ sr™". The average abso-
lute and relative errors in the 10 retrieved profiles as a function of height are shown in Fig.
4 and Fig, 5. The standard deviation of the 10 profiles is also shown fot compatison. By
using the global mean CO profile as the first guess, the retrieval errors are less than that
shown in Table 2 through Table 4. Cleatly the retrieved profiles are substantially more ac-
curate than the average of the 10 profiles. In the upper troposphere, the retrieval errors are
generally less than 10%, i.e, 1520 ppbv. Errors increase rapidly in the layer below 2 km
and reach 30% at the surface. By using the regression relation to correct CO values below
6 km, the retrieval accuracy improves further. Therefore, it is very important to obtain the
CO columnar amount from the additional 2.3 um reflected solar radiation detection.
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4. Summary

In this paper, the scheme of retrieving CO profiles has been discussed, The retrieval
etrors induced by errors in the temperature profiles and in the surface temperature have
been assessed. The following conclusions may be drawan from the above study:

a. Assuming the noise equivalent radiance (NER}of 1.8 x 107 W m™ sr™', the surface
temperature can be deduced from the wide band signals with uncertainty less than 1 K,
and the atmospheric term of the modulated signal can be deduced with errors almost equal
to the NER which does not significantly increase errors in the retrizved CO prefiles,

b, Errors in the temperature profile may increase errors in the retrieved CO profile.
With typical uncertainty in temperature profiles, ecrors in the retrieved profiles at latitude
lower than 70° are generally less than 20% with the first guess of 100 ppbv, (If a better first
guess was used, the errors may decrease). An exlreme case was caleulated with temperature
profile at 75°N plus typical winter e¢rrors, In this case the error was about 35%, much
greater than other cases,

¢. By incorporating the total column CO amount derived from the reflected solar ra-
diatien in 2.3 ym spectral region into the retrieval, the accuracy of the CO profile below 6
km may be greatly improved.

d. In the retrieval experiment with 10 CO prefiles representing the typical CO profiles,
the r.m.s. error of the retrieved CO profiles is about 10% or 15-20 ppbv.
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information on CO observations,
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