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Water vapour column abundances in Sydney were derived
from Multifilter Rotating Shadowband Radiometer
(MFRSR) solar transmittance measurements in the 0.934
pm band using the modified Langley technique. The atmos-
pheric models LOWTRAN 7 and MODTRAN 3 were used
to calculate the water vapour transmittance in the region
centred at 0.934 pm, in order to determine the instrument
coefficients required for water vapour retrieval. We also
propose the use of eigenvalue analysis to predict aerosol
optical thickness at the water vapour channel, in comparison
to the quadratic form relationship.

Long-term measurements were used to study the diurnal
and temporal variability of water vapour column abun-
dances. An apparent seasonal pattern of maximum water
vapour column values during the summer season and mini-
mum values during the winter season was observed during a
whole year of measurements.

Introduction

Water vapour plays a crucial role in atmospheric
processes, from global climate to micrometeorology.
It is the most variable major constituent of the atmos-
phere and the largest contributor to the greenhouse
effect. It affects the global climate system directly, by
absorbing and radiating energy from the sun, and
indirectly, by its effect on cloud formation, aerosol
growth, and the chemistry of the lower atmosphere. It
plays a critical role in many of the chemical reactions
that occur in the atmosphere.
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For many years, radiosondes were the main means of
measuring the water vapour column throughout the
atmosphere, however they are labour intensive and,
because of the high costs, are only launched twice a
day thus seriously under-sampling temporal variabili-
ty. Sun photometers or radiometers, which are usual-
ly used for aerosol measurements, offer an alternative
to radiosondes for retrieving column abundances of
water vapour, when an appropriate filter is used, such
as the 0.940 um band. They are easily operated and
provide continuous measurements during the day-
time, with a minimum cost. The disadvantages of
these instruments are that they can provide data only
under clear sky conditions, and they do not recover
vertical profile information. In recent times, radiome-
ters increasingly have been used to measure atmos-
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pheric transmission in the visible and near IR. Several
studies have been made estimating the column water
vapour amount using the absorption in the A = 0.940
um region (e.g. Bruegge et al. 1992; Thome et al.
1992, 1993; Frouin et al. 1990; Michalsky et al. 1995;
Shiobara et al. 1996).

The next section outlines the methods used in this
study. We discuss the water vapour column abun-
dance retrieval from the Multifilter Rotating
Shadowband Radiometer (MFRSR) (Harrison et al.
1994) for solar transmittance measurements in the
0.934 mm band, using the modified Langley tech-
nique of Bruegge et al. (1992). A new method for
retrieving aerosol optical thickness at A = 0.934 um
using eigenvalue analysis is proposed, and compared
with aerosol optical thickness predicted using the
quadratic form proposed by King and Byrne (1976).
The use of the atmospheric transmission models
LOWTRAN 7 and MODTRAN 3 for determining the
instrument coefficients required for water vapour
retrieval is also investigated.

Results of the inferred temporal and seasonal vari-
ations of the water vapour column abundance in
Sydney are presented and analysed, along with a com-
parison between a subset of the radiometer data and
corresponding radiosonde data. The final section pro-
vides a summary of the results, conclusions and rec-
ommendations for further work.

Methodology

Aerosol spectral optical thickness was measured on a
daily basis using an MFRSR located on the
Kensington campus of the University of New South
Wales, in Sydney’s eastern suburbs, at 33° 55" 11.6” S
and 151°13" 40.7" E, and 85 m above sea level. It has
one broad band, and six narrow bands (A = 0.4154,
0.5017, 0.6155, 0.6727, 0.8698 and 0.9336 wm), of
which the first five are used to extract aerosol optical
thickness data. On all suitable days, a Langley analy-
sis was performed on both the morning and afternoon
data to obtain the atmospheric optical depth at each of
these wavelengths.

Modified Langley plot

In order to compute the water vapour transmittance, it
is necessary to first remove the influence of molecu-
lar and aerosol scattering. In narrow band filters,
which are usually used in radiometers to measure the
direct solar irradiance under clear sky conditions,
spectral attenuation of light is described by

Vy = V5 R exp(~tym) =

or

In(V;) =1In(V,, R2)—tym )

where V;, is the instrument output voltage, Vjy, is the
instrument calibration constant, R is the Earth-Sun
distance in astronomical units, T, is the optical thick-
ness and the airmass, m, is the secant of the solar
zenith angle, 6. However, in regions of strong spectral
variation of molecular absorption, the relationship
must be modified to include water vapour effects:

Vo = V,, RZ exp(—t,m)T,, .3
where T, is the water vapour transmittance. Since
gaseous absorption is not linear in air mass, it cannot
be resolved using the standard Langley method.
Bruegge et al. (1992) used a modified Langley
approach. For measurements of the 0.934 um chan-
nel, the argument of the exponential term in Eqn 2 is
modified so that

THm —> (Tp + T, + k(um)b

where T, and T, are the Rayleigh and aerosol optical
thickness components respectively, u is the column
water vapour, and k and b are constants of a particu-
lar filter. The modified equation is then displayed in
logarithmic form as

In(V) + (tg +Tppy) m = In(V,R?) — k(um)P .4

with the subscripts A omitted for simplicity.

A plot of In(V) + (v + T,,,)m against mb for clear
and stable days, with assumed homogenous water
vapour distribution, will yield a straight line with a
slope ku? and a y-intercept of ln(VOR'Z). Usually inter-
vals in the morning and the afternoon, when m lies
between 2 and 6, are used. In order to solve this equa-
tion for u, we need to determine k and b from trans-

mittance modelling, and taer from measurements.

Prediction of aerosol optical thickness

In order to apply the modified Langley technique,
aerosol optical thickness, T qer needs to be known. At
A =0.934 um, T, may be predicted from other opti-
cal thickness measurements, after corrections for
Rayleigh scattering and ozone absorption are made,
using both the eigenvalue analysis technique, and the
quadratic form. Eigenvalue analysis has been suc-
cessfully used to separate the aerosol and ozone con-
tributions for the A = 0.502, 0.615 and 0.673 um
channels with one to two per cent accuracy (Taha and
Box 1999). Here we are proposing the use of the same
technique to predict the aerosol contribution at A =
0.934 wm.
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The eigenvalue analysis technique is based on the
fact that aerosol optical thickness,t_, (A), is related to
the size distribution by

aer

Taer V) = [0 2O\ m)n(r)dr .5

where Q is the Mie extinction efficiency, m is the
complex refractive index, r is the particle radius and
n(r) is the number of particles per unit area per unit
radius in a vertical column through the atmosphere
with radii between r and r + dr. Twomey (1974, 1977)
has shown that, because the kernels of this equation
are not independent of one another, one kernel (or
measurement) can be predicted as a linear combina-
tion of the others within the measurement error. The
coefficients for this linear combination are derived
from the eigenvectors of the kernel covariance matrix
(Box et al. 1996; Taha and Box 1999).

After correcting for ozone absorption using eigen-
value analysis, the aerosol contribution at 0.934 um,
T,,» Was calculated from the measurements at the other
wavelengths, T;, using

The coefficients, bj, were calculated for three differ-
ent types of aerosol, using the eigenvector associated
with the smallest eigenvalue. Values of these coeffi-
cients are given in Table 1.

King and Byrne (1976) proposed a method,
referred to here as the quadratic form, to predict the
total ozone column, assuming a quadratic dependence
between the natural logarithm of the aerosol optical
thickness, and the natural logarithm of the wave-
length. After corrections for ozone absorption were
made using this method, the same quadrature form,
Eqn 7, was used to extrapolate for T, at 0.934 um, as
proposed by Michalsky et al. (1995), namely

In(t,,) = a+bln() + c[In(W)]? Y/

aer

Both of these methods are used in the results section.

Water vapour transmittance modelling

To convert measured water vapour transmittance, 7,
into u, theoretical models are used to determine T,
centred at a particular filter wavelength, A, along a
slant path of m by

Ly TOY £ (M)
\) = T TOT O .8

[y f (.

T,, is the transmittance due to the gas absorption,
calculated with respect to the equivalent total
absorber amount, which is accumulated along the
slant path m, and f(}) is the filter function or spectral
response. The relative response for the MFRSR
water vapour filter was measured by the manufactur-
er at 24 different wavelengths using a monochroma-
tor. To perform more accurate integration of the
above equation, 275 more wavelengths were
obtained by interpolating between measurement
points using a polynomial fit to selected parts of the
curve. T, is usually calculated using atmospheric
transmittance models. In this work we have used
LOWTRAN 7 (Kneizys et al. 1988) and MOD-
TRAN 3 (Berk et al. 1989; Anderson et al. 1993).
The main difference between the two models is the
spectral resolution: 20 cm™! and 2 cm™! respectively.
Figure 1 is a plot of the transmittance modelled
using LOWTRAN 7 and MODTRAN 3 along a ver-
tical path through the midlatitude summer atmos-
phere, with a 2.92 cm vertical column of water
vapour, and the spectral response for the MFRSR
channel.

LOWTRAN 7 and MODTRAN 3 calculations
were performed in the transmittance mode with no
aerosol loading and midlatitude summer conditions.
Water vapour transmittance was calculated from sea
level to the top of atmosphere, in the spectral region A
=0.920 to 0.960 um, for solar zenith angles, 6 . =0°
to 85°, which corresponds to m = 1 to 11. Other stud-
ies showed differences of less than one per cent
between midlatitude summer, winter and tropical
model atmospheres (Michalsky et al. 1995; Halthore
et al. 1997). Therefore there was no need to repeat

Table 1. Coefficients used for prediction of 0.934 pum measurement for MFRSR wavelengths.

Wavelength, A (um)

Aerosol Type 0414 0.502 0.616 0.673 0.870
Average Continental -0.001 -0.018 0415 -0.709 1.301
Urban -0.047 0.093 0.423 -0.865 1.391
Dust-like 0.009 -0.056 0.459 -0.709 1.282
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Fig. 1 The MFRSR narrow-band filter transmittance
superimposed on atmospheric water vapour
transmittance for midlatitude summer with a
water content of 2.92 cm of precipitable water,
as computed by LOWTRAN 7 and MOD-
TRAN 3.
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this calculation for other conditions.

The next step was to calculate the wavelength inte-
grated transmittance, T, , using Eqn 8. Results of the
calculation may be expressed in a two-parameter
model as

T,, = exp[-k(um)P] -9

Figure 2 is the water vapour integrated transmittance,
T,,. plotted versus slant path water vapour amount, in
cm, determined using LOWTRAN 7 and MODTRAN
3. In order to obtain coefficients k and b, Eqn. 9 needs
to be rearranged into logarithmic form as

In(In(1/7,,)) = In(k) + b In(um) .10

A plot of In(In(1/ 7)) versus In(um) should give a
straight line with slope b, and y-intercept In(k). Figure
3 is a plot of In(In(1/7,)) versus In(um), determined
by LOWTRAN 7 and MODTRAN 3. Both curves
show a regression fit R2 very close to 1.0. Table 2 is a
summary of the coefficients k and b obtained, and the
reconstructed 7, is also shown in Fig. 2. It is obvious
that there is a small difference between the values of
the coefficients obtained by LOWTRAN 7 and MOD-
TRAN 3, which is caused mainly by the different
spectral resolution of the models. We believe that the
values obtained by MODTRAN 3 are more accurate,

Fig. 2 Water vapour integrated transmittance T,
determined using LOWTRAN 7 (plus) and
MODTRAN 3 (circle), versus slant path water
vapour amount. The reconstructed T,, was
determined using k = 0.5739 , b = 0.4862
(LOWTRAN 7, solid curve) and k = 0.6053, b
=0.5184 (MODTRAN 3, dotted curve).
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and we chose to use only these coefficients.

Schmid et al. (1996) compared modelled and empir-
ical approaches for retrieving column water vapour
from solar transmittance measurements in the 0.940
um region. They found that, with respect to experi-
mental data, LOWTRAN 7 and MODTRAN 3 result-
ed in an overestimation in T, retrieval of 18-30 per
cent and 7-20 per cent respectively. Michalsky et al.
(1995) used MODTRAN 2 for their water vapour col-
umn retrieval from MFRSR data and comparison
between a microwave radiometer and the MFRSR
resulted in a root-mean-square difference of 12 per cent
compared to the mean value, with the MFRSR having
a small positive bias relative to the microwave
radiometer.

Results

Table 2. Coefficients k and b obtained for the MFRSR
using LOWTRAN 7 and MODTRAN 3, mid-
latitude summer, R? is the regression coeffi-
cient for the line of best fit.

Model k b R?2
LOWTRAN 7 05739 0.4862 0.998
MODTRAN 3 0.6053 0.5184 0.9993
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Fig. 3 A plot of In(In(1/T',), determined using LOW-
TRAN 7 (cross) and MODTRAN 3 (circle),
versus In(um). The slope of the line is b, while
k is the log of the y-intercept.
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Both the eigenvalue analysis and the quadratic rela-
tionship were used to predict the aerosol optical thick-
ness, T, at A =0.934 um, using the measurements of
an MFRSR for 155 days, with a clear period in either
or both the morning and afternoon. The coefficients
given in Table 1 for average continental aerosol were
used to predict the aerosol component of the 0.934
wm channel. Figure 4 is a plot of the predicted T,
using eigenvalue analysis, versus T, using the qua-
dratic form, for the morning and afternoon data. Both
curves showed a slope = 1, and a y-intercept = 0.0,
with a regression coefficient of RZ = 0.99. The values
of T, predicted by the two methods differed by less
than one per cent and thus, because of the minimal
effect of the aerosol optical thickness compared to the
water vapour contribution in the 0.934 um channel,
either method can be used for the aerosol correction.

Column water vapour retrieval
The continuous water vapour column can be estimat-
ed by combining Eqns 3 and 9

1

11 V,R? -
”zﬁ[f(lﬂ( Vv )_m(raer+TR))] 1l

In order to solve this equation, it is necessary to know
the value of the MFRSR channel calibration constant
V,. This was found using the modified Langley tech-
nique as described above. Figure 5 is a Langley plot

Fig. 4 Predicted aerosol optical thickness, T, at A =
0.934 pm for both the morning (cross) and
afternoon (circle), using eigenvalue analysis
versus Tgep predicted by quadratic form.
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Fig.5 Modified Langley plot for the morning of 29
April 1997. T4er = 0.0422, T = 0.012. Solid
line is the least square best fit line.

0T
£ 04+
t o081
¥ 12§
% o
£ 16+
_2 _||||=||||I||||=||||=||||

14 1.6 1.8 2 22 24

and the least squares best fit line for the morning of
29 April 1997, which was a fairly clear and stable day.
Accurate determination of V,, requires that the water
vapour in the atmosphere be stable over the measure-
ment period and this was generally not the case. Since
V, should not vary from day to day, an average value
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Fig. 6 Water vapour column retrieval, u (gm cm-2),
on 10 June 1997. Local time is UTC + 10h.
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Fig.7 Water vapour column retrieval, u (gm cm-2),
on 29 April 1997. Local time is UTC + 10h.
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of V, was determined for the entire set of measure-
ments. The estimated V,, did not show any apparent
trend with time. The computed average value of the
calibration constant was V,, = 0.689 V with a standard
deviation o = 0.083 V. This error reflects errors due to
the nature of the analysis rather than day-to-day fluc-
tuations. Errors introduced by an error in V,, are com-
plex and depend on both the air mass and the amount
of water vapour, ranging from up to 40 per cent for m
=2and u=0.5 gcm? to 13 per cent for m = 6 and u
=2 gcm. If the value of V,, used is too low, the value
of u will be underestimated.

Figures 6 and 7 show temporal variation of the
water vapour column, # (gm cm'2), as observed by the

Fig. 8 Temporal variation of the averaged water
vapour column, u (gm cm-2), as observed by
the MFRSR From 25 September 1996, to 16
September 1997, for the morning (cross) and
afternoon (circle) periods.
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MFRSR 0.934 um channel, for 10 June and 29 April
1997 respectively. Variability of the water vapour col-
umn with time was relatively small during 10 June,
with a fairly low value of u = 0.5 gm cm2. On the
other hand, it was reasonably unstable during 29
April, with a higher average water vapour column of
u=09gmcem?2,

Figure 8 is a plot of the averaged water vapour col-
umn retrieval, u (gm cm2), derived using the
Modified Langley technique, for the morning and
afternoon periods, measured from 25 September 1996
to 16 September 1997. It shows an apparent seasonal
variation, where the maximum observed values of u
were measured during the summer season (December,
January, and February), while the smallest values of u
were measured during the winter season (June, July,
and August). A similar seasonal pattern was observed
by Halthore et al. (1997), who presented results of the
amount of precipitable water derived from a narrow-
band Cimel sun photometer network around the
world. Water vapour retrieval showed a similar sea-
sonal variation with high values during summer , and
low values during winter.

Comparison with radiosonde measurements

In order to validate the radiometer water vapour col-
umn retrievals we obtained radiosonde profile data
for Sydney Airport from the Bureau of Meteorology.
This data included pressure, P, geopotential height, Z,
dew-point temperature, 7, and air temperature, T ;.
Using this information the mixing ratio, r in g/kg, was
calculated at each pressure level. Using the Clausius -
Clapeyron equation for the partial pressure of water
vapour, e, we have:
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e 6.11 x 622
r=g¢— = ————

L 1 1

e 7 exp[ %, (273— Td)] .12
where pressures are in hectopascals, € = 0.622 is the
ratio of the molecular weight of moist air to the mole-
cular weight of dry air, L = 2500 kJ kg-! is the latent
heat of vapourisation, and R, = 461.5 Jkg-1K-1 is the
gas constant for water vapour. Air density at each pres-
sure level was determined using the ideal gas equation
and the mixing ratio was converted to gm-3 by multi-
plying by the air density at that level. The total precip-
itable water was then found by integrating the mixing
ratio over geopotential height using a simple trape-
zoidal scheme. The radiosondes were launched at
2000 UTC and 0500 UTC (6 am and 3 pm local time).

Comparisons between radiosonde data and
radiometer data for the months of February, April,
June and August showed that the radiosonde values
were generally higher than the radiometer values.
This can be seen in Fig. 9 which is a scatter plot of the
afternoon radiosonde water vapour values against
those derived from the radiometer using both MOD-
TRAN 3 and LOWTRAN 7. The parameters and sta-
tistics for the afternoon regression fits are given in
Table 3. Although the radiosonde and radiometer val-
ues are clearly correlated, there is a large degree of
scatter. It should be noted that the radiometer values
used in the scatter plot are effectively averages over
the whole afternoon, which, given the variability of
water vapour, may provide a partial explanation for
the observed discrepancies. Similar results were
obtained for the morning although the correlations
were lower, which is to be expected, because the
morning radiometer measurements generally do not
overlap the morning radiosonde launches.

Fig. 9 Radiosonde derived water vapour column ver-
sus radiometer derived water vapour column
for afternoon, February 1997, April 1997,
June 1997 and August 1997.
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Table 3. Parameters and statistics for regression of
afternoon radiosonde vs afternoon radiometer
measurements using both LOWTRAN 7 and
MODTRAN 3.

Model Slope Intercept R2

LOWTRAN 7 1.673+0.217 0.045+0.203 0.525

MODTRAN 3 1.963 £0.255 -0.049 +0.215 0.523

Comparison between radiosonde values and the con-
tinuous trace values also showed that the radiometer
values were often lower than the radiosonde values. It
was difficult to draw firm conclusions about this
because the radiometer trace did not always overlap
the radiosonde launch times, and the number of days
for which the continuous trace is available is small.

Comparison of radiosonde data and radiometer
data is complicated by a number of other factors,
which are outlined below. Sydney Airport is several
kilometres from the University and, because it is on
the coast, it is likely that there will be differences in
the water vapour profile at the two locations, with
higher water content most likely at the airport. In
addition, the radiosonde profiles start at 5 m whereas
the radiometer is 85 m above sea level, and this would
result in lower values from the radiometer. No attempt
was made to correct for these factors because any
assumptions made in doing so would introduce addi-
tional errors which would be difficult to quantify. The
use of co-located instruments would reduce this type
of error.

Another likely source of discrepancy is the trans-
mittance modelling, since the accuracy of the model-
ling depends on how well the water vapour is para-
meterised in the model. It is beyond the scope of this
paper to investigate this potential source of error,
however there are several ways of improving the
transmittance modelling in future studies. Water
vapour profiles derived from on-site data rather than
standard models should result in better parametrisa-
tion and this is recommended for further studies. In
this work two transmittance models have been used,
other models should also be investigated to see if they
are more appropriate.

It is clear that there is reasonable correlation
between the radiometer and radiosonde derived values
for the water vapour column, although there are a num-
ber of steps which should be taken to improve future
work. What has been demonstrated here, however, is
the potential of multispectral radiometer based retrieval
methods for providing information about the temporal
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behaviour of water vapour, even if it is largely qualita-
tive. This will complement radiosonde measurements
and, with co-located instruments and improved trans-
mittance modelling, it should be possible to establish a
stronger cross calibration between the two.

Summary and conclusions

The Multifilter Rotating Shadowband Radiometer
(MFRSR) solar transmittance measurements in the
0.934 um band were used to retrieve the water vapour
column abundance, using the modified Langley tech-
nique. Atmospheric transmittance models LOW-
TRAN 7 and MODTRAN 3 were used to calculate the
water vapour transmittance, centred at A = 0.934um,
for different solar zenith angles, in order to obtain the
instrument coefficients k and b.

An alternative method to predict the aerosol opti-
cal thickness at A = 0.934 um, using eigenvalue
analysis was introduced and compared with the
aerosol optical thickness predicted using the quadrat-
ic form relationship, proposed by King and Byrne
(1976). Both methods produced similar results for
aerosol optical thickness. The difference between the
two predicted values was less than one per cent, and
insignificant compared to the effect of water vapour
transmittance. However, the eigenvalue analysis tech-
nique will provide a fast, reliable, and easy to use
alternative for such predictions.

Temporal and seasonal variations of the water
vapour column abundance were investigated. An
apparent seasonal pattern of maximum water vapour
column values during summer and minimum values
during winter was observed during a whole year of
measurements. Long-term measurements will help in
building up a comprehensive database of the seasonal
and inter annual variations of the water vapour col-
umn in Sydney, and lead to improvements in model-
ling efforts to determine its direct radiative impacts on
climate.

In this paper we have outlined a technique using
multispectral radiometers to retrieve column water
vapour and also provide a continuous trace of its vari-
ation throughout the day. This technique has the
potential to complement the twice daily radiosonde
measurements. A number of steps which should lead
to better correlation between the radiometer and
radiosonde measurements in the future have been
identified. The two most important are the use of a co-
located radiometer and radiosonde to minimise differ-
ences resulting from spatial variability of the water
vapour column, and a detailed analysis of the trans-
mittance modelling. The transmittance modelling
should be site specific, using a locally determined

water vapour profile, and other models besides those
used here should be considered.
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