Aust. Met. Mag. 38 (1990) 181-189

Modelling of temporal variation of
atmospheric moisture at surface level in
the Australian region

William T.M. Dunsmuir
Bond University, Australia

and

David M. Phillips
Surveillance Research Laboratory, Defence Science and Technology
Organisation, Australia

(Manuscript received November 1989; revised April 1990)

Climatic models of atmospheric moisture are derived by analysing ten years of
three-hourly surface readings of mixing ratio at 31 locations in the Australian
region. These models consist of annual and semi-annual cycles, a diurnal cycle, and
interaction terms between the annual and diurnal cycles. Both average and standard
deviation effects are modelled as harmonic functions of time.

For application to a larger study based on daily radiosonde and satellite soundings,
it was necessary to obtain a method of predicting the diurnal and interaction par-
ameters for coastal and island sites from the annual parameters in the climatic
model. The resulting equations also incorporate latitude.

The residual variations in atinospheric moisture are small enough for the climatic
models to have useful predictive capability.

Introduction

Moisture is an important component in the
thermodynamic processes of the marine atmos-
phere. At the sea surface, the water vapour press-
ure is very close to the saturation vapour pressure
at the sea-surface temperature, which is about 2
per cent less than the saturation vapour pressure
over pure water at the same temperature (Roll
1965, pp. 259-262). Therefore, very close to the
sea surface, the atmospheric moisture content re-
flects the horizontal, annual and diurnal vari-
ations in the sea-surface temperature.

At heights of more than a few metres above the
sea surface, the water vapour pressure normally
falls significantly over large regions of the oceans.
Thessize of the change is related to the evaporation
rate and depends on both wind speed and air-
sea temperature difference. Thus, although the
amount of moisture present in a maritime atmos-
phere is strongly related to the local sea-surface
temperature, other factors are also involved.

The spatial and temporal variations in sea-sur-
face temperature have been studied extensively.
The average temperature of the world’s oceans
depends strongly on latitude, changing from
about 28°C at the equator to 0°C at the poles. The
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annual temperature range is small at both the
equator and the poles, and it increases to a max-
imum of 5°to 10°C in the latitude range 30°to 40°
in both hemispheres. The diurnal 'temperature
range is much smaller, and depends on latitude,
season, prevailing winds and cloud; it is typically
0.3° to 2°C (Roll 1965, Sect. 5.1.4). Atmospheric
moisture is likewise expected to exhibit, in de-
creasing order of size, dependencies on latitude,
season, and time of day with a seasonal variation
in the diurnal range. ‘
Experimental studies of the temporal variation
of atmospheric moisture are scant but Roll (1965,
Sect. 5.4) presents the main findings. One study in
the north Atlantic showed that the annual vari-
ation of mean water vapour pressure at the surface
was closely related to that of the saturation vapour
pressure at the mean sea-surface temperature. A
strong coupling is indicated by the observed cor-
relation coefficient of 0.97. Another study in the
south Atlantic showed the diurnal range in absol-
ute humidity at the sea surface to be relatively
small — only about 1 per cent of the mean value.
In that study both diurnal and semi-diurnal com-

ponents are evident, the latter probably being
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associated with a semi-diurnal component of the
wind speed variation.

This paper adds to knowledge of the climate in
the Australian region by modelling the surface
value of atmospheric moisture at 31 locations
throughout the region. The model yields the
annual, semi-annual, diurnal and annual-diurnal
interaction components of the temporal variation
of mixing ratio at each location. The physical jus-
tification for the annual, semi-annual, and diurnal
components is clear, the annual-diurnal inter-
action components represent seasonal changes in
the amplitude of the diurnal variation. The data
used in the analysis were three-hourly surface
values of mixing ratio (which is the ratio of the
mass of water vapour to that of the dry air in a
given volume).

The paper describes the statistical methodology
used to obtain accurate and unbiased estimates of
model parameters in a computationally efficient
manner. This was accomplished in two stages.
First, a pilot study involving minimal compu-
tational effort was used to decide on the most
appropriate model and to determine the inci-
dence of missing data and the presence of auto-
correlation, so that efficient statistical analysis
techniques could be defined. Then, all the avail-
able data were analysed using the techniques
defined in the pilot study to yield accurate and
unbiased estimates of all the parameters in the
specified model.

The results form a vital part of a larger study of
radiosonde and satellite soundings being under-
taken by the authors in which the diurnal effects
are needed to adjust satellite soundings to a com-
mon time and to estimate diurnal variations from
other data when direct information is not avail-
able.

The models

At each of the 31 locations studied, estimates were
made of the parameters in two climatic models:
one for the mean mixing ratio, the other for the
standard deviation of the residual variation. In
addition, a predictive model was derived for esti-
mating the diurnal and interaction terms from the
constant, annual, and semi-annual parameters
plus latitude at maritime locations.

For mean mixing ratio at each location, a cli-
matic model of the following form (which separ-
ates the periodic and random components) is
estimated:

Xydh = p{d,h) + eygn ol
where Xyqn 18 the mixing ratio at day d (= 1, .. .,
365), three-hour interval h (=0, ..., 7) and year
y. The value h =0 corresponds to 2300 UTC.

The climatic average mean term is modelled
as:

u(d,h) =B + B cos(2nd/365)
+ B sin(2nd/365)
+ B3 cos(4nd/365)
+ B4 sin(4nd/365)
+ Bs cos(2nh/8) + B¢ sin(2rnh/8)
+ B7 cos(2nd/365) cos(2rh/8)
+ Bg cos(2nd/365) sin(2rth/8)
+ Bo sin(2nd/365) cos(2nh/8) |
+ B1o sin(2nd/365) sin(2nh/8) ... 2

The standard deviation ogn of the residual vari-
ation eyqn is modelled by
a(d,h) =y + &, cos(2rnd/365)
=+ 83 sin(2nd/365)
+ 83 cos(2rh/8)
+ 84 sin(2nh/8) .3

The meanings of the parameters in Eqns 2 and 3
are summarised in Table 1.

Table 1. Description of model parameters estimated at

each site.
Model for ~ Parameter  Description
Means o Constant
B1  Annual cosine
B2  Annual sine
B3  Semi-annual cosine
Bs  Semi-annual sinc
Bs  Diurnal cosine
Be Diurnal sine
B7  Annual cosine in diurnal cosine
Bs  Annual cosine in diurnal sine
Be  Annual sine in diurnal cosine
- Bio  Annual sine in diurnal sine
Standard 69  Constant
deviations 81 Annual cosine

82  Annual sine
83  Diurnal cosine
84 Diurnal sine

The predictive model, for estimating the diur-
nal and interactive terms in the absence of direct
information, is required for a study being under-
taken by the authors in which mixing ratio is
modelled using radiosonde and satellite data. The
radiosonde data were available only at 2300 UTC
(i.e. h=20), when Eqns 2 and 3 reduce to

1(d.0) = (Bo + Bs) + (B1 + B7) cos(2nd/365)

+ (B2 + Bo) sin(2nd/365)
+ B3 cos(4nd/365)

+ B4 sin(4nd/365) .4
and
6(d,0) = (8¢ + 83) + 8, cos(2rnd/365)
-+ 87 sin(2rd/365) .5

The prediction of diurnal and interaction par-
ameters Bs, ..., Bio, 03 and &4 to augment the
annual variation parameters derived from radio-
sonde or satellite data is achieved with models of
the form
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Bk = Ak + ao(Bo + Bs) + ak (B + B7)

+aka(B2 + Bo)
+ak3P3 + agg Pa
+ags A, k=5,...,10 ...6
and
O =Cx+cko(Bo+83)+cki A, k=34 ...7

where A is the latitude measured in degrees south
of the equator. The coefficients Ay, (ax:j=0,. ..,
5), Cx, (cj: _]— , 1) are determined by least
squares regression using the 21 maritime sta-
tions.

The data

Three-hourly surface data are available from the
Australian Bureau of Meteorology in computer-
compatible form from approximately 50 ground
recording stations in the Australian region.
Because of budget limitations, not all of these
locations could be analysed and it was decided to
consider only the 31 locations at which radio-
sonde soundings are also collected. The resulting
stations are listed in Table 2.

Table 2. Locations of surface stations recording three-
hourly data.

Latitude Longitude : Surface
SC) E() Station code No.

34 S7 138 32 Adelaide 023034
34 57 117 48 Albany 009741
23 49 133 54  Alice Springs 015590
17 57 122 14 Broome 003003
24 53 113 40 Carnarvon 006011
26 25 146 16 Charleville 044021
31 29 145 50 Cobar 048027
12 12 96 50 Cocos Island 200284
12 25 130 52 Darwin 014015
27 26 153 05 Eagle Farm 040223
33 49 121 53 Esperance 009789
30 50 128 06 Forrest 011004
25 02 128 18 Giles 013017
31 56 115 58 Guildford 009021
23 50 151 17 Gladstone 039123
42 53 147 20 Hobart 094029
30 47 121 28 Kalgoorlie 012038
37 52 144 45 Laverton 087031
31 32 159 04 Lord Howe Island 200440
54 30 158 56 Macquarie Island 300004
33 56 151 10 Mascot 066037
29 28 149 51 Morce 053048
37 48 140 47 Mount Gambier 026021
20 40 139 20 Mount Isa 029127
29 04 167 58 Norfolk Island 200288
34 57 150 32 Nowra 068076
20 23 118 37 Port Hedland 004032
19 15 146 46 Townsville 032040
35 10 147 28 Wagga 072150
32 48 151 50 Williamtown 061078
31 09 136 49 Woomera 016001

Surface data for the ten-year period from 1 Jan-
uary 1974 to 31 December 1983 were obtained for
the 31 stations. Values of the mixing ratio (mass of
water vapour per mass of dry air) were calculated
from the dew-point temperature and pressure us-
ing the conversion formula in Berry et al. (1945).
The units of mixing ratio used in this paper are
dg kg~ 1.

The dew-point temperature data, which are
gathered by the Bureau of Meteorology for use in
routine weather forecasts, are screened for gross
errors and anomalies in quality control pro-
cedures. The accuracy of the dew-point tempera-
tures is considered by the Bureau to be about
0.1°C. Since the error in mixing ratio is about 6 per
cent per 1°C error in dew-point temperature, the
derived mixing ratios had an uncertainty of about
0.6 per cent, which is small ¢compared with the
parameters being estimated.

Interannual variations in the mean mixing ra-
tio, associated with changes in the mean sea-sur-
face temperature in the southern hemisphere, are
also believed to be negligible. The annual mean
sea-surface temperature is closely coupled to the
annual mean surface air temperature (see Jones et
al. (1986)), and for the southern hemisphere dur-
ing the decade 1974 to 1983, the latter, given by
Hansen and Lebedeff (1987), éxhibits a standard
deviation of 0.16°C. This would produce a stan-
dard deviation in the annual mean mixing ratio of
about 1 per cent and hence contribute an uncer-
tainty in the mean mixing ratio for the decade of
only about 0.3 per cent. While the interannual
variations in mean mixing ratio at individual
stations can be expected to be greater than for
the southern hemisphere mean, even if such vari-
ations were of the order of 1°C they would con-
tribute an uncertainty in the mean mixing ratio
for the decade of only about 2 per cent, an order of
magnitude smaller than the estimated residual
variation which is typically about 20 per cent.
Interannual variations were therefore considered
as a (relatively small) component of the residual
variation, and were assumed to have only a minor
influence on parameter estimates.

Three-hourly data are nominally taken at mid-
night, 0300, 0600, 0900, noon, 1500, 1800, and
2100 hours local time. Later éxamination of the
received data revealed that, in some cases (Al-
bany, Carnarvon, Charleville, Cobar, Esperance,
Forrest, Giles, Gladstone, Laverton, Lord Howe
Island, Moree, Mount Isa, Wagga, Williamtown,
Woomera), the scarcity of data at midnight was
such that, in effect, no data existed for that
time.

Initially, the data at each station were processed
into monthly averages for each of the eight three-
hourly periods and counts of data present were
accumulated. Data are missing in many cases but,
apart from the noted effect at midnight, the pat-
tern of missing data is generally sporadic. None-
theless, the absence of data means that the fitting
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of the model at Eqn 2 cannot assume orthogonal-
ity of the regression terms and, hence, modifi-
cations through the use of Fourier transforms
cannot be applied.

The effect of daylight saving during summer
months in Hobart was studied but found to be
insignificant; hence, local time was used at all
locations in this study.

Although the data are gathered at fixed three-
hourly intervals of local time, the models at Eqns
2 and 3 correspond to 2300 UTC for h=0 at all
locations. This is achieved by evaluating a time-
of-day index to convert local time to UTC.

A pilot study of the data

The climatic model finally fitted to data from
each site is described by Eqns 1, 2 and 3. This
model contains 11 parameters to describe the
mean value and 5 parameters to describe the stan-
dard deviation. The purpose of this section is to
review the key steps taken to arrive at the final
model and, in so doing, indicate the pertinent stat-
istical properties of the data so that the estimation
method described in the next section is seen as
appropriate.

Initially, a pilot study was performed. In this,
the raw data were accumulated into averages for
each month'm (= 1, ..., 12) at each of the eight
times of the day. Without this data summaris-
ation, the regressions would involve estimating
the parameters in Eqn 2 from almost 30 000 ob-
servations. The use of this procedure in the pilot
study allowed us to examine the data over the full
ten-year span in order to detect any periods ex-
hibiting a large number of missing data or anom-
alous values.

All stations were considered in the pilot study
but simpler models were used than those de-
scribed by Eqns 2 and 3. The mean mixing ratio
was modelled without the semi-annual compon-
ent (represented by B3, B4) and the residual stan-
dard deviation was modelled with only the con-
stant (8g). Before testing the significance of fitted
coefficients, a check was made for the presence of
auto-correlation residuals. The Durbin-Watson
statistic (see Fuller (1976), p. 400) was selected as
a suitable test for the presence of autocorrelation.
The value of this statistic ranges from 0 to 4 with
an expected value for uncorrelated data of 2.
When the residuals for a test site (Port Hedland)
were analysed, the very low value of 0.42 was
obtained thereby indicating significant autocorre-
lation.

For the purpose of this pilot analysis the re-
siduals were assumed to follow a stationary pro-
cess. The autocorrelation at lag / of the residuals e,
(where the time index t=96(y— 1)+ 8(m—1)+h
increments by one for each three-hour period in
the decade of data comprising 960 values) in the
monthly average series is estimated as:

B(1)=1(1/960) ZiZier evsr}/

{(1/960) {2, e2} .8

As the chosen test sites these estimated autocor-
relations were well approximated by a model of
the form

pi=vy,1=0,1,2,... .9

where 0 < y < 1. Such autocorrelations can be
explained by the first order autoregressive model

e =ye—+& ....10

where g are independent random errors. The
Cochrane-Orcutt procedure (see Fuller (1976),
Sect. 9.7), which is based on this model, can be
used to eliminate the major deleterious effects of
autocorrelation on the precision of the esti-
mation, when the autocorrelation is similar to
Egn 9. Moreover, the significance of the fitted
parameters can then be tested in a simple man-
ner.

Using the Cochrane-Orcutt procedure, all sites
were modelled with the restricted set of par-
ameters mentioned above. The results allowed the
need for each of the terms to be assessed. The tally
of individual t-tests is given in Table 3. Clearly,
there are sufficiently many cases in which each
model coefficient is significantly different from
zero. Consequently, there is justification in the
context of a regional model for including all terms
fitted so far.

Table 3. Tally of significant coefficients in model for
mixing ratio.

Parameter Percentage significant
Bi 100%
B2 100%
B3 not fitted
Ba not fitted
Bs 87%
Be 93%
B7 53%
Bs 67%
By 43%
Bio 47%

Note:

(a) A 95 per cent two-sided t-test was used to assess
significance.

(b) The standard error was estimated after correction for
large lag | (three-hour) positive autocorrelation.

For the data compression used in this pilot
study it is likely that the assumption of stationary
residuals will not be strictly true, in part because
the original series will exhibit periodic stationar-
ity in its residuals, and in part because of the nat-
ure of the data compression used. A more refined
model for the residuals would assume that they
are periodically stationary with autocorrelations
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that are periodic functions with possible period-
icities at lag 8 (corresponding to the diurnal cycle)
and periodicities at lag 96 (corresponding to the
annual cycle). However, our experience with fit-
ting regression models with periodically station-
ary residuals indicates that, unless there is quite
pronounced fluctuation in the periodic behaviour
of the autocorrelations, additional improvements
to the estimation of regression coefficient stan-
dard errors used in the t-statistics would not be
sufficient to warrant the considerable extra effort
to model the periodic behaviour of the residual
autocorrelation and use it in a generalisation of
the Cochrane-Orcutt procedure. The results were
judged to be sufficiently accurate to provide con-
fidence in our decision to include at least all terms
indicated in the model fitted to all sites. The
results reported below (see Figs 3 and 4) also con-
firm the decision made at this pilot stage to
include all terms.

The adequacy of the model (without B3, B4
terms) was also checked by plotting the fitted daily
profile against the observed daily profile for each
of the 12 months of the year obtained by averaging
over the 10 years. This is reproduced in Fig. 1. It
can be seen that the annual and diurnal variations
are successfully modelled. However, a residual
semi-annual component is evident from the posi-
tive errors in months 5 and 11 and negative errors
in months 2 and 8.

Fig.1 Actual and predicted surface mixing ratio at Port
Hedland — annual and diurnal variation.
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An examination of the fitted daily profiles at all
sites indicated that the restricted model provided
a very good representation of the annual and diur-
nal patterns. The most obvious way to improve
the fit appeared to be to include an additional
semi-annual component. This need was investi-
gated in more detail for two widely separated
locations; Port Hedland (#004032) and Hobart
(#094029). For the former, inclusion of the semi-
annual (i.e. B3, B4) component gave an F-statistic

of 56.8 which is extremely significant. Further-
more, the amplitude of the semi-annual compon-
ent is about the same magnitude as that of the
diurnal component (Table 6). [For Hobart, the
inclusion of the semi-annual term also yielded a
highly significant F-statistic but the physical size
of the contribution is small in ‘comparison with
other model terms. The above observations led us
to include the additional semi-annual component
in the final model at Eqn 2. Although higher order
annual and diurnal harmonics émd their interac-
tions would no doubt be statistically significant in
many cases, extra terms were not included for sev-
eral reasons. The plots of daily profiles (such as
Fig. 1) suggested that higher order terms were sig-
nificantly smaller in magnitude than those in-
cluded in the model. Since the diurnal, interaction
and semi-annual terms were already small com-
pared with the standard deviation of the residuals,
additional terms would add little explanatory
power. One intention of the work was to develop a
simple model with relatively fejw parameters.

In the pilot study, the standard deviations of the
residuals were examined for annual and diurnal
variation. Both forms of variation were detected
in the majority of cases. Accordingly, we decided
to include these components in the final model.
Although additional higher order terms may be
statistically significant, they are unlikely to be
practically useful. It was decided that simplicity
should prevail.

The final estimation procedure

The way in which the final modél defined by Eqns
1, 2 and 3 was fitted to the data is now described.
In order to properly estimate the standard devi-
ation model at Eqn 3, it is not appropriate to use
monthly averages as in the pilot study. On the
other hand, each station (with:the exception of
those with data missing at midnight) has the
potential for 29 200 observations to be used in the
analysis and, because 31 sites need to be analysed,
some data reduction was desirable. Fourier analy-
sis would be appropriate if there were no missing
data but, because quite a few sites have missing
midnight readings, such a procedure could not be
used. However, if averages with respect to year are
taken, then Eqn 1 becomes |

Xdan = pu(d,h) +€4n ‘ .11
Since there is no reason to expect the errors eyqn in
Eqn 1 fora fixed d and h to be coirelated from year

to year, they are assumed to be independent. With
this assumption the standard deviation of eqn is

SD[€4n] = o(d,h)/ngp!/2 012

where ngp, is the number of data at day d, three-
hour h, in ten years. ‘

The ten-year averaging procedure was used to
obtain estimates of the basic parameters in Eqns 2
and 3 as follows:
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(@) Bo, - .., Pio were fitted using Eqn 11 by ordi-
nary least squares regression.

(b) The average residuals in Eqn 11 were then
estimated as

€dh =Xdn — fi(d,h)
where a “ is used to denote quantities esti-
mated using the fitted Bo, ..., Bio, and the

standard deviations in month k were esti-
mated from these as

&kn =1 (1/nx) Zaemek) &an2}!2
where M(k) is the set of days in month k and ny
1s the number of such days.
(c) These 6k, were then modelled by the monthly
analogue of Eqn 3:

6xh =80 + 8, cos{2n(k-0.5)/12}
+ 83 sin{2n(k-0.5)/12}
+ 83 cos(2nh/8)

+ 34 sin(2xh/8). 13
Least squares regression was used to estimate
the parameters 9o, . . . , d4.

Discussion of estimation procedure
used

Fitting of mean parameters

An ideal statistical procedure used for estimating
parameters in a model will produce estimates that
are both unbiased and efficient. An estimate is
unbiased when the expected value of the estimate
equals the true value of the parameter. The ef-
ficiency of an estimate § of a parameter § is
defined as

Efficiency = variance B / variance B, ... 14

where f is the best linear unbiased estimate (Han-
nan 1970, p. 420). Thus the most efficient esti-
mate has the lowest variance.

The least squares regression procedure for esti-
mating Bo, . .., Bio, which is outlined in the pre-
vious section, is unbiased but not guaranteed to be
efficient. More efficient procedures could be de-
fined by taking into account both autocorrelations
from three-hour to three-hour and day-to-day,
and also seasonal and diurnal variation in the re-
sidual standard deviation. Such procedures would
incur the penalty of greater computational com-
plexity and hence increased cost. Because of the
large quantity of data being analysed, cost was a
significant factor.

However, by using Fuller (1976, Theorem
9.1.4) it can be shown that the ordinary least
squares method of the previous section is asymp-
totically efficient for the regressor terms in models
at Eqns 2 and 3 if the following conditions
apply:

(a) the model is adequate (i.e. no additional har-
monic terms or interactions are needed);

(b) the residuals are assumed to follow a simple
autoregression (in three-hourly intervals) with
the autoregressive parameter y (i.e. as in Eqn
9);

(c) the proportion of missing data is negligible;
and

(d) the standard deviations show no annual or
diurnal variation.

The pilot analysis established the model as

adequate (a) and that the missing data are negli-

gible (c). Experience with other data (see Duns-
muir (1981, 1983)) indicates that deviations from
the simple autoregressive model (b) and seasonal
or diurnal variations in standard deviations
would have to be moderately large to have more
than a small impact on the efficiency of least
squares.

When (a) to (d) hold, an approximation to the
standard deviation of the estimated mean can be
similarly obtained as

SD [fi(d,h)] = K(y) o(d,h) .15
where the factor is
K(y) =1{0.0194 (1 —y2)172} / {1 —y}. ... 16
Some values are:
)} 0.6 0.9 0.95
K(y) 4.2% 9.2% 13.2%

Since y is at most about 0.9 for the present data,
the estimation error is predicted to be small com-
pared with the short-term fluctuations of mixing
ratios around their averages for a given month
and time of day. To get the approximate standard
deviations for a single coefficient in Eqn 2, K(y)
should be divided by 11172,

Fitting of standard deviation parameters

The use of the model at Eqn 12 for monthly aver-
age standard deviations, rather than calculating
variance directly from all the data, will result in
estimates of annual cycle parameters 8, and &>
which will be slightly biased for their daily model
counterparts because the monthly averaging tends
to clip troughs and peaks. This was considered to
be a minor disadvantage compared with the com-
putational savings achieved through use of the
suggested procedure. Apart from this slight bias,
the estimates are consistent for the parameters
o, ..., 84).

No attempt has been made to incorporate auto-
correlation into the estimates of 8¢, . . ., 84. This
extension would result in improved estimation
efficiency only.

Likewise, when there is seasonal/diurnal vari-
ation, the parameters can be more efficiently esti-
mated by iterative procedures (see Dunsmuir
(1981, 1983) for example). Because of the scale of
the study, such procedures were not considered to
be justified for the additional gains in efficiency of
estimation which would result.

Results from fitting the model at each site
The final estimation procedure described above
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Table 4. Parameters from modelling three-hourly surface mixing ratios (dg kg—1).

Station  Bo B B> Bs B+ Bs B Br Bs Bo B S0 & 8 & b4
013003 1449 570 146 —86 51 —108 —1.5 59 —0.6 3.7 —0.6 30.3 -39 -25 16 32
(04032 121.1 51.8 250 —1.1 103 —154 —48 1.7 =3.0 1.3 —0.6 29.8 1.9 23 46 1.5
006011 1100 29.4 199 —1.8 7.1 —10.0 2.1 —0.8 0.6 —1.4 0.6 22.1 0.5 43 53 24
009021 79.5 9.6 74 01 19 —-27 09 —13 —1.8 —0.6 —0.4 19.3 31 55-21 04
009741 80.6 11.7 87 —10 14 —08 26 —-04 —14 —05 —1.1 12.7 22 25 37 12
009789 823 151 103 —13 22 -19 33 -09 —03 —-03 04 147 29 39 37 1.1
011004 66.7 142 11.1 —22 26 0.1 —44 -1.3 —6.1 0.0 0.1 169 25 23 39 13
012038 656 100 11.3 —13 26 1.7 =29 33 —34 —-0.6 0.8 23.1 54 7.1 —-97 0.1
013017 62.5 19.7 13.7 0.1 49 22 -24 14 —-1.6 —-0.1 0.3 21.1 79 44 36 43
014015 1594 41.0 88 —10.1 07 —-7.1 —66 80 30 06 36 241 —11.8 —-49 29 09
015590 67.6 220 140 —05 53 —08 —29 —1.4 —43 0.5 0.6 23.0 7.7 32 —02 0.6
016001 65.2 11.7 10.1 0.0 29 0.9 —47 06 —39 05 —0.2 18.0 70 3.6 —0.6 0.8
023034 713 93 66 —-05 1.3 14 26 —0.1 —03 05 0.2 152 40 22 09 0.6
026021 700 82 66 —09 03 —-03 15 -21 —24 -05-12 15.7 6.3 23 —1.8 —0.9
029127 839 36.2 239 3.1 11.2 1.0 —2.8 —1.6 —4.1 0.6 —0.8 24.8 86 1.8 36 09
032040 1322 36.5 162 —39 24 —-05 36 22 -1.0 19 08 21.6 —49 —21 04 —-03
039123 1244 385 146 —46 1.6 0.1 48 19 —1.1 1.4 00 214 —-02-02 16 09
040223 1054 354 180 —25 1.4 —-06 22 02 —-04 08 —0.1 187 1.4 —=0.1 04 2.5
044021 73.8 23.3 169 0.4 6.7 1.6 —4.3 —0.4 —5.0 0.8 —0.2 20.5 44 34 52 22
048027 679 139 11.1 =09 35 1.8 —1.7 0.4 =31 05 —0.1 16.7 6.5 26 32 0.7
053048 80.0 24.1 13.6 0.1 4.6 23 -19 1.5-53 08 00 175 48 26 3.6 2.7
061078 92.5 30.8 157 —1.0 28 1.7 35 -07-09 14 06 157 34 09 47 30
066037 88.2 29.7 163 —-19 34 —16 1.3 -08-18 03 00 178 35 1.9 1.1 1.2
068076 85.6 278 156 —1.8 35 —16 33 —21 —-02 03 05173 49 20 0.7 20
072150 69.8 142 82 -—-3.1 24 22 07 07 -51 02 -23 150 7.8 20 39 1.1
087031 723 140 87 —12 1.8 =07 23 —-14 —1.1 —03 —06 123 5025 26 1.7
094029 61.5 103 79 —-05 14 —-0.1 1.8 —-08 00 —-02 0.0 124 38 24 0.1 05
200284 171.8 1.3 11.5 -—-21 —24 02 24 07 01 09 05203 —-17-07-58—-6.0
200288 1084 20.1 182 -—-09 29 1.7 1.0 -03 02 01 00 184 2.5 0.7 —0.7 —0.3
200440 107.1 239 179 —-1.5 33 26 14 03 09 00 0.0 163 38 05 41 20
300004 48.7 4.8 4.6 0.1 1.6 06 05 05 04 —-01 00 93 0.0 —0.1 —0.2 —0.1

was applied to each of the 31 stations. The coef-
ficients are presented in Table 4.

To give some perspective to the relative con-
tribution from each component of the model for
u(d,h), the following amplitudes were calcu-
lated:

Bi2=(Bi2+ B23)'72,

Bas = (B32 + P4?)'/2,

Bss = (Bs? + Pe%)!72,

B78910=(B7? + Bs? + Bo? + B1o?)!/2. .17
Strictly speaking, this last is not an amplitude but
an upper bound on the contribution of p(d,h) of
the interaction terms and is chosen to summarise
the effects of those terms in the model. In a similar
vein, the following are calculated:

S12=(8,2+822)12,

834 = (832 + 842172, ... 18

A graphical display of these amplitudes as per-
centages of Bo pooled over all stations is given in
Fig. 2. These box plots graph the medians (rep-
~>sented by an ‘I’ within the box), the quartiles
crepresented by an ‘I’ at each end of the box), and
their extremes (represented by horizontal lines,
“*’ and ‘0’) — see Velleman and Hoaglin (1981)
for a complete definition.

Fig. 2 Mixing ratio amplitudes of parameters for mean
and standard deviation as percentages of .
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