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The duration of leaf wetness

By N. Thompson

(Meteorological Office, Bracknell)

Summary

The rate of evaporation of rain or dew from plant canopies has been investigated with the help of a multi-layer
micrometeorological model of crops. The results demonstrate the much smaller rates of evaporation of surface
moisture from foliage near the soil surface compared to those from upper parts of dense canopies. The hypothesis that
leaves remain wet while the screen relative humidity remains above 90 9 (used in the Meteorological Office operational
plant disease warning scheme) is shown to be reasonably accurate only when applied to evaporation of dew, or of rain
from very sparse canopies.

1. Imtroduction

Fungal diseases such as potato blight, apple scab, Seproria (in wheat) and Rhynchosporium (in
barley) can cause severe loss of yield or quality in crops if unchecked by chemical sprays. These sprays
are expensive to apply and may be used wastefully if employed on a purely routine basis without regard
to either the current level of infection in the crop, or the suitability of recent weather for the spread of
infection.

Most fungal diseases require a period of leaf wetness in order to complete a cycle of infection ending
in the production of further infective spores. However, the duration of surface wetness is not measured
routinely at more than a few research stations or commercial holdings in the British Isles. Hence the
operational schemes run daily by the Meteorological Office to estimate, from synoptic observations,
the likelihood of fungal diseases developing (Adams and Seager 1977) incorporate the hypothesis that
plants remain wet after rain or dew while the relative humidity at screen height remains above 909%,.
An experimental study reported by Smith (1962) compared duration of surface wetness in an
orchard, measured by a wetness recorder (Hirst 1957), with relative humidities at a nearby synoptic
station. The experiment confirmed that the duration of surface wetness was close to the period given by
the 909, humidity criterion. However, this orchard formed a sparser and much better-ventilated
canopy than many crops, and it is unlikely that intercepted rain or dew would have evaporated in much
the same way from dense crops such as potatoes or the cereals. This was confirmed in a qualitative
sense by Hirst (1957) in an experiment in which a wetness recorder in a potato crop showed longer
periods of surface wetness than those given by a dew balance with its sensing surface placed just above
the crop. It accords also with everyday experience: inspection of, for example, long grass after a night
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of heavy dew shows that the surfaces of the upper leaves will dry completely while surfaces deeper in the
sward remain wet.

It is useful to have a available a quantitative method of estimating the relative rates of evaporation of
surface water from different crops, at different heights within these crops, in order to assess the utility
of the 90 per cent humidity criterion. An extended series of field observations would eventually provide
such information, but the problem may be tackled theoretically, and with greater flexibility, by
modelling the processes controlling the rate of evaporation of water from the leaves. The remainder of
this paper describes the application of a multi-layer model of crop canopies to the problem.

2. Modelling the micrometeorology of crop canopies

The concepts of a suitable model are described conveniently by first considering the crop canopy
as a single layer. The energy balance of the crop is then given by

H+XE=RO -G .. .. .. .. .. @O

where H and E are the upward flux densities of heat and water vapour from the crop, Ry(0) is the
downward net radiation at the crop surface, G is the flux of heat into the ground and A is the latent
heat of vaporization. Ry(0) — G is usually called the available energy. Monteith (1965), extending
the treatment of Penman (1948), showed that the partitioning of the available energy into sensible and
latent heat fluxes could be calculated from meteorological measurements made some distance above the
crop provided the physiological control by the plants of water losses from their leaf tissues was
properly described. His results are formalized by the Penman-Monteith equation

AE = A(RN(0) — G) -+ pc,Oq/ra

A + (1 4 rs/Ra)/A 2)

where A = 8¢q/0T ‘
gs = saturated specific humidity
8¢ = specific humidity deficit (saturation specific humidity in screen minus screen specific

humidity)
T = air temperature
p = air density

¢, = specific heat capacity of air at constant pressure

ra = resistance to transfer of heat and water vapour from bulk swath up to screen height

rs = bulk crop resistance (bulk resistance to transfer of water vapour from within the leaves to
the leaf surface via the leaf stomata: rg and ra are similar in size (& 30 s m?) for a dense
crop with its stomata fully open when screen-level winds are about 3 m s™?).

When the foliage is wet there is no plant physiological control of water loss from the canopy; heat
and water vapour fluxes follow similar resistance pathways to the free atmosphere above the canopy,
and the bulk crop resistance is then zero. Equation (2) then provides a very simple method of calcu-
lating total evaporation from the crop but of course can give no indication of the differing rates of
evaporation at different heights in the canopy. However, by dividing the crop into a number of hori-
zontal layers and applying to each the principles used in deriving equations (1) and (2), it is possible to
obtain a set of equations which when solved give the rates of loss of heat and water vapour from each
layer, and the temperature and specific humidity of the layers (Waggoner and Reifsnyder 1968). The
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method is shown in outline in Fig. 1. The foliage of the plant canopy is visualized as being concentrated
at the mid-levels of n — 1 layers, each of thickness A/(n — 1) where A is the height of the canopy. The
processes within the canopy are driven by net radiation Ry(0) at the top of the canopy, by wind speed
u(z), temperature 7(z) and specific humidity g(z) at a height z, and by a heat flux G into the soil: these
external variables are assumed to be known. A sensible heat flux H; leaves the ith layer and encounters
first a leaf (laminar) boundary-layer resistance r; and then a turbulent resistance R; before reaching the
(i — Dth layer of foliage above. The flux is driven by a potential P;. Similarly the water vapour flux
E; from the ith layer, which is driven by a potential ¢,, encounters a layer stomatal resistance s;,
boundary layer resistance r; and turbulent resistance R; before it reaches the next layer above. Heat
storage within each layer, and energy used in photosynthesis are assumed negligible and so the radiation
absorbed by a layer is equal to the sum of the sensible and latent heat fluxes leaving it. At the soil
surface the sensible heat flux from the soil H, is controlled by the laminar boundary-layer resistance of
the soil surface r, rather than a leaf boundary layer resistance before entering the turbulent air above.
The water vapour flux from the surface is assumed to encounter a surface resistance rs, (akin to a
stomatal resistance) before reaching the surface laminar boundary layer above. The heat balance of the
ith layer is given by

H; + AE; = Ry(i — 1) — Rx(i) .. - . .0
and at the soil surface is
H,+M,=R\(n—1)—G .. . .. N )]
The potential of the ith layer for heat transfer is
P; = Opc, .. - .. .. )

where 6 is the difference in temperature between leaves in the ith layer and the air just above the
canopy top. The resistance equations for the differences of potentials between layers are then

-

pc,0, = Hir, + RIZ{I,
12

Pcn(@i —6;) = Hr; + Ré‘H, — Heyriy L .. ‘e (6)

Pcp(@n - @n—l) = H,ry, + RniHn — Hyyre

p=n o

By adding the equations successively a more convenient set is obtained:

pc,0, = Hir + R}EII{D

pc,0; = Hirs + Rﬁ:’j{, TR R;i_l{{, D
pCsOn = Hora + lellH, + ...+ REH,
12

p=n 7
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Figure 1. Outline of canopy model.
These equations become after expansion:

Pcp@l=Hl(r1+Rl)+RlH2+“"+R1Hﬂ h

PC”@“'= Hl‘Rl + H2(R1‘+ Rz) + von -‘+ Hi-l(Rl + ce e "" R{—l) +
+ H,-(r,- +,§1R”) + Hi4.1"§‘R, + ... + H,.ER, m .. . (8)

p=1

............

po®n =HR + ...+ Hua(Ri+ ...+ Ruy) + Ho(r, + gfe,)

In the case of water vapour transfer the potential of the ith layer is

€;=pQ§ .o .o . .o .o (9)

where Q; is the difference of specific humidity between that in the leaf stomata and that just above the
canopy top. The usual assumption is that air in the stomata is saturated so that

Q:=q(T = T;) — q(h)
— + 8 } .. .. .. - .. Qo

[ Sy i

where T is the foliage temperature in the ith layer.
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A set of equations for water vapour transfer may then be derived in the same way as those for heat
transfer (equation (8)):

....................

p(A8, +39) = R, + ERi+ R) + ...+ Ei (Ri+ ... + Riw)
+ Ers; + rs +ElRp)+Ei+1EIRp+ +EnElRp - an

....................

The set of 3n equations given by the general forms (3), (8) and (11) contains 3n unknowns (&,, H;, E,)
and may be readily solved for these when the coefficient values are entered.
Net radiation at the canopy top is given by (Monteith and Szeicz 1961)

Re(0) = (1 — @)/(1 + B)) SF, sin 0 + LyF, O ()

where « = short-wave albedo (a 0.25 for green crops)

B = heating coefficient (a 0.15 for crops of medium height not under water stress) introduced
to allow for enhanced back radiation caused by elevation of crop temperature above screen
temperature

0 = solar elevation angle

S = solar constant

F, = transmitted fraction of short-wave radiation

F, = transmitted fraction of long-wave radiation

L, = a long-wave radiation term (—60 W m~2 by day, —70 W m~2? by night).

Gadd and Keers (1970) give expressions for F; and Fywhich include the effects of cloud and have been
used in the present case: however, their expression for F; was based partly on data of Lumb (1964)
from weather ships and has been reduced therefore by 159 to allow for more turbid atmospheres over
land. S is obtained from standard relationships (e.g. Hughes et al. 1977). Following Denmead (1976)
the net radiation within the canopy is assumed to decline with increasing penetration into the canopy,
being made proportional to an exponential function of the total foliage area above the measuring point.
The distribution of the foliage in the vertical varies widely with the type of plant involved but a con-
venient approximation for many crops is that the distribution is normal, about a height of 4/2 or 3h/4.
Values of the coefficients in the set of equations (3) are completed by specifying G which during the
day is assumed to be a function of net radiation and total canopy leaf area A (per unit ground area)

G = 0.4 Ry(0)/(1 + 0.2 4) S ¢ )

and to lie between 0.5 Ry(0) and 0.8 Ry(0) (for dry and wet soils respectively) at night: these values are
reasonably consistent with observations by Monteith (1958) and Utaaker (1966).

Values for R and r (equations (8) and (11)) may be estimated provided the vertical profiles of wind
speed and eddy diffusion coefficient (K) within the crop canopy are specified. The latter are assumed
to show an exponential decrease towards the soil surface

U(2)]U(h) = K(2)/K(h) = exp(—m(1 — z/h)) . . .. (19

(Denmead 1976, Uchijima 1976), with m around 2.5. The values at the top of the canopy (U(h),K(h))
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may be derived from synoptic observations of wind using flux-profile relations given by Dyer and Hicks
(1970) for unstable (daytime) conditions and integrated by Paulson (1970), and by Webb (1970) for
stable (night-time) conditions: the relations require prior knowledge of H and E in order to allow for the
effects of departure from neutral stability, but these fluxes are not known until the set of 3n resistance
equations is solved, and so iteration following initial guesses for H and E (based on the assumption of
neutral atmospheric stability) is used to obtain a convergent solution. R is the reciprocal of conductance
and is obtained from the expression

Ri=[UK@)dz . e e .5

Z4—y

where z;_, and z, are the heights of the middle of the (i — 1)th and ith layers above the soil surface.

Laminar boundary layers over the leaf surfaces introduce a resistance r which has to be overcome
before the property being transferred from the leaf can enter the generally turbulent airflow in the plant
canopy. It has been shown that in the case of heat transfer the boundary-layer resistance per unit
surface area of a flat surface of width / exposed tangentially to an airflow u is

ra s 120wt = (L2Ju)Re) .. .. .. .. .. (16

where v is the kinematic viscosity and Re the Reynolds number (e.g. Monteith 1973). The corresponding
resistance r, for water vapour transfer is about 109 smaller. Monteith (1973) suggests that the resis-
tances for leaves may be somewhat less (by 20-309%,) than those given because leaves are rougher than
the flat plates for which the above expressions were obtained. It will be assumed therefore that

rae =ry=r=09/u)(Re)t .. .. .. .. ... an
For cereals the average width of the leaves is assumed to be 0.01 m, leading to the expression
r = 23/u? . . . .. . .. (18)

where r is expressed in units (s m~). The total surface area of leaves in the ith layer is 4, and so the
effective boundary layer resistance of the foliage in this layer (the sum of the resistances of the separate
leaf surfaces in parallel) is

r=23/4u} .. .. .. .. .. .. (19

At the soil surface the boundary resistance r, is obtained by using equation (17) with / put equal to
the typical size of clods of soil (a few centimetres).

The leaf stomata are assumed to be closed at night and the stomatal resistances per unit leaf surface
are then very large (= 5000 s m~!, Denmead 1976). However, this resistance is short-circuited when the
leaves are wet and r; is then zero. Stomatal opening during the day is a function of the intensity of
incident light and of soil moisture deficit but this latter control of rs will be ignored. The stomata are
assumed to be fully open when the incident short-wave radiation Rs is 500 W m-2 or greater. The
resistance per unit surface area is then about 120 s m for barley leaves (Monteith et al. 1965) and
similar values have been found for wheat, potatoes and grass. The results of Monteith et al. for lower
light intensities support a relation of the form
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rs‘=a(l + b/Rg‘)/A‘ .o .o . .o .. (20)

(a and b are constants) which has been used in the present case, with Rg assumed to be attenuated
within the crop canopy in the same way as Ry. The surface resistance of the soil s, is assumed to be
100 s m~? when the soil is wet (Grant 1975) and very large (10* s m~!) when dry. The model does not
consider a partially wet surface.

Dewfall is simulated when the calculated flux of water vapour from a model layer is negative and rg
is then put equal to zero for the layer in question. The treatment of rainfall interception is based on
results obtained by Couturier and Ripley (1973) for grassland. It is assumed that a layer will intercept
about 409 of rain incident on it until half the interception capacity is reached, and then 159 up to
maximum interception capacity. Typical values for this last are 0.05-0.10 mm per unit foliage area.

The mode! is programmed to run with meteorological data interpolated at 10-minute intervals from
hourly synoptic observations. The outputs at the end of each 10-minute period include foliage tempera-
ture, air temperature and specific humidity in each layer, and heat and water vapour fluxes from the
layers. Surface water budgets are constructed from the vapour fluxes and the water contents of the
layers at the start of each period. A difficulty arises in the application of the mode! if the temperature
and humidity data obtained at screen level over short grass are assumed to represent conditions at the
same height above ground when the underlying vegetation is much taller. Included in the calculations
therefore is a conversion of screen data to a reference height of 10 m; it is assumed that conditions at this
height will vary insignificantly with variations in the type of vegetation covering the underlying ground,
provided /1 €10 m (say 0 < A< 1 m).

3. Some results from the model

(a) Simulation of evaporation of intercepted water from cereals

Two periods were selected from June 1978 during each of which hourly data from Honington showed
overnight rain followed by weather reasonably favourable to the evaporation of intercepted water from
plants. In the first case (16 June) 23 mm fell overnight, ceasing shortly before 0900. On the second
occasion (28 June) 2 mm of rain fell in two periods overnight, the second finishing at about 0900. In
both cases mature cereal canopies would have intercepted around 1 mm of rain and been close to
saturation by the time the rain ceased. Rough estimates of rates of evaporation of intercepted rain made
using equation (2) showed that less than 409, of this water would have evaporated in the 2 hours
following cessation of rain and yet on both dates the relative humidity at screen height had fallen to less
than 909 in this period.

The rain ceased on both occasions following the passage of a cold front and subsequent drying of the
crop canopy occurred in an advective situation. This might have accounted for the 909 criteria being
rather wide of the mark, especially in the first case when the humidity fell to less than 90 5, within about
20 minutes of the rain stopping. However, application of the multi-layer model to these examples
demonstrated clearly that, following saturation of a crop by rainfall, the lowest layers will remain wet
for prolonged periods even when relative humidities above the crop have fallen to less than 70%;. The
results on which this assertion is based are given in Table I. The simulations were carried out for an
8-layer canopy assumed to be about 0.8 m tall. The leaf area was assumed to be distributed normally
about a height of 0.75 h, with a standard deviation of 0.45 h, in order to give a realistic representation
of a typical cereal canopy. Total leaf area per unit ground area (hereafter called simply ‘leaf area’) was
about 12 for the earlier case, increasing to 14 by 28 June in order to represent further maturing of the
crop. An interception capacity of 0.1 mm per unit leaf area was assumed. On 16 June the lower part of
the canopy was calculated to be still wet 5 hours after cessation of rain, and evaporation from the
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lowest two layers in this period was very small. There were substantial amounts of cloud, however, and
maximum available energy was estimated to be less than 160 W m~2; clearly evaporation of surface
water would have been substantially more rapid had a cloudless day followed the rain. Nevertheless the
results give a clear indication of the slow rates of drying of the middle and lower parts of dense canopies
compared to foliage at the canopy top. The simulation for 28 June produced fairly similar resuits.
Cloud decreased to small amounts by early afternoon and the rather larger available energies and higher
wind speeds led to somewhat faster drying, but the bottom part of the canopy remained wet until after
midday.

The assumed interception capacity of 0.1 mm per unit leaf surface area may be rather high for typical
cereals and a further simulation was carried out for 16 June using now only half the interception
capacity. The top layer was then calculated to dry out by 1020 (I hour earlier) and the fourth layer by
1220 (nearly 24 hours earlier). The lowest layers still dried very slowly. Halving the leaf area would
also have accelerated the drying out because the interception capacity would have been correspondingly
reduced, while most of the radiant energy incident on the canopy would still have been intercepted,
leading to available energy only slightly less than before. The evidence is, however, still for the lowest
layers of fairly mature cereal canopies (total leaf area greater than say 6) requiring some hours longer to
dry than is given by the 909/ humidity criterion.

(b) Interception of rain and dew by grass, and subsequent evaporation

Some of the results described for cereals may have been biased by the assumption that temperature
and humidities measured over grass at Honington would have been representative of observations over
the much taller cereal crop after the extrapolation to 10 m in height which the model performs. A
more direct test was made therefore, in which the model was run with Honington data for 16 June in
a simulation of short grass (0.1 m high). The assumed leaf area of 7 was distributed about the mid-
height of the canopy with standard deviation 0.04 m. The assumed interception capacity of 0.1 mm per
unit leaf area is probably more realistic than smaller values because grass swards usually contain
substantial amounts of senescent leaf material which has a higher interception capacity than living
tissue (Couturier and Ripley 1973). The calculated drying out of the grass was at a somewhat faster
rate than for the cereals with the same interception per unit leaf area, partly reflecting the smaller total
interception of water by the grass, but the uppermost 5 layers still required about 5 hours to lose all
their moisture.

These and the earlier results suggest that, following substantial rainfall (several millimetres), the
90 %; criterion gives no reliable indication of the duration of leaf wetness of a dense canopy, even in the
highest layers. However, the situation regarding the duration of leaf wetness following dewfall or very
slight rainfall may be substantially different. Detailed studies in potato canopies (Hirst et al. 1954) and
in wheat (Penman and Long 1960) have demonstrated that when dew forms there is usually water
vapour transport downwards above, and upwards (from the soil) within the crop, suggesting that dew
may be deposited throughout the crop canopy unless the soil is dry. However, radiational cooling of the
canopy at night will be greatest at its upper surface and maximum deposition of dew is expected there-
fore at the top of the crop. Monteith (1973) suggested that the maximum dewfall in a single night will
be around 0.4 mm, and with these values the interception capacity of the upper foliage may be exceeded,
with some dripping and wetting of lower leaves. In most cases, though, the deposit will be smaller, with
negligible dripping, and in these circumstances a simple criterion of duration of surface wetness such
as the 90 9 humidity criterion might be expected to be more consistently successful than indicated by
the preceding calculations for foliage thoroughly wetted by rain.

Smith (1962) in his paper on the 90 % humidity criterion included a diagram indicating the variation
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with time of the amount of water accumulated by a surface wetness recorder on a dew night, and the
evaporation of this water the following morning. The recorder was exposed in an orchard towards the
end of March when the trees were leafless. There was no indication in the paper of height of exposure
of the instrument but the results may be compared qualitatively with a simulation for long grass
(assumed to make up the orchard floor). Fig. 2 shows the mass of water accumulated by the surface
wetness detector (in arbitrary units) and the corresponding results from the simulation (by summing the
calculated surface moisture in all the model layers): meteorological data were from Felixstowe, about
30 km from the orchard. Winds were very light during the night and the three-hourly observations used
to interpolate the model inputs reported calms at 00, 03, 06 and 09 GMT. However, the model was
unable to treat cases with zero wind speed and so a lowest value of 1 kn was used: the stopping speed of
a standard anemometer is probably 2 or 3 kn and a reported calm will often correspond to a light wind
below stopping speed. Monteith (1957) showed that genuine dew deposition became small on very
calm nights although “distillation’ of water vapour from the soil on to the grass would still have occurred.
The model results probably exaggerate slightly therefore the total vapour transfer to the grass by
maintaining too high a level of turbulent mixing above the grass-covered surface and hence transfer of
vapour downwards. However, the patterns of water accumulation by the wetness recorder and calcu-
lated by the model up to the time when evaporation began (around 07 GMT) are clearly very similar.
The vertical distribution of surface water calculated by the model during the night showed water
accumulating at all levels within the canopy whereas one might expect ‘dewfall’ chiefly in the upper
part. However, the model’s treatment of turbulent mixing in the canopy was similar for both day and
night-time cases, which is not likely to be realistic. In particular the soil surface is usually warmer than
the canopy at night and this encourages enhanced turbulent (convective) mixing; however, in the
absence of a simple, realistic method of taking this into account, the limitation has to be accepted.
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Figure 2. Measured and simulated accumulated surface water, 21-22 March 1957,
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Also the method by which the surface temperature is calculated, which relies heavily on the crude
estimates of turbulent mixing, leads to unrealistically high surface temperatures on very still nights,
This in turn affects the distribution of intercepted water in the canopy, although the total deposit may
be comparatively little affected since the upward flux of water vapour from the surface depends largely
on the arbitrarily estimated soil heat flux and whether or not the soil surface was wet or dry (it was
assumed to be moist in the present calculations because of rain in the period preceding the simulation).

Fig. 2 shows that after 07 GMT the wetness detector dried out much more rapidly than the simu-
lated canopy, indicating the much better drying of a single well-exposed surface compared to a complex
canopy.

4. Concluding remarks

It has not been possible to verify these simulations of canopy drying with field data from crops, but
the results presented here are in agreement with experience. In particular the performance of a wetness
detector exposed above a crop-covered surface is unlikely to be representative of the drying of a dense
canopy such as is provided by the cereals wheat, barley, oats, etc., gives no indication of the very low
rates of drying near the ground surface in canopies, and can at best give only a rough indication of crop
drying in sparser canopies such as orchards. The results provide no justification for assuming that
the 90 % relative humidity criterion will give a satisfactory indication of the duration of leaf wetness in
an entire canopy, especially following rainfall of a millimetre or more. Where the 909/ criterion is
likely to be more successful is in indicating the duration of leaf wetness following rain on very sparse
canopies for which the total intercepted water is very small and the ventilation is very good, or alter-
natively during occasions of light dewfall with a dry soil surface so that ‘distillation’ is small and the
dew is likely to form almost exclusively in the upper part of the canopy.
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551.577.22(41-4)
Wet working days in the United Kingdom

By D. W. G. Dancey
(Meteorological Office, Royal Air Force Akrotiri)

Summary

Rainfall statistics for the British Isles are usually expressed in terms of rainfall experienced over 24-hour periods
comm :ncing at 0900 GMT. For many outdoor activities values related to the working day are more appropriate.
This paper describes a method of estimating the number of wet working days per month from the available 24-hour
statistics.

Introduction

Many industrial, commercial and leisure activities are weather sensitive and in recent years requests
made to the Meteorological Office for actual and forecast weather information have increased signi-
ficantly. In the hydrometeorological field the demand for weather records relating to working hours
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has risen sharply, but often the lack of data on this time-scale has restricted the advice that could be
given.

Daytime rainfall is particularly relevant in the construction industry where statistical information is
required for planning purposes; actual records are also required to substantiate claims that subsequent
delays are due to bad weather. To meet these needs a study has been made of the relationships between
working-day and rainfall-day statistics.*

Data source

Measurements of rainfall over the British Isles are reported regularly to the Meteorological Office
from some 6500 stations (Meteorological Office 1979). The majority of these stations record 24-hour
totals for periods commencing at 0900 GMT, whilst in more remote areas measurements are made less
frequently at weekly, monthly or irregular intervals. In addition, some stations make |12-hour measure-
ments at 0900 and 2100 GMT and for a limited number of stations equipped with continuously
recording gauges—tilting-siphon rain recorders (TSRs)—hourly returns of both amounts and durations
are available.

The 12-hourly, daily, weekly and monthly totals are stored on magnetic tapes and discs in the
Meteorological Office rainfall archive at Bracknell, together with hourly returns from selected TSR
stations. Tabulated hourly returns on Metforms 3440 from additional TSR stations are also available
but are not stored in machinable form.

Data extraction

The study covered the 20-year period from 1957 to 1976, which was selected because it was the
longest period for which machinable hourly rainfall records were available and also because it included
two periods with relatively high rainfall and the notable ‘drought’ of 1975-76. Using the computer
archive for the hourly stations, frequency counts were made for each station and month in the selected
period} of occasions when 1 mm or more of rain (a wet day) occurred in a rainfall day and also in a
working day. Ideally, the period 0800-1800 local time was considered most appropriate to the working
day but, as this period spans the boundary of a rainfall day, the working day was defined as the period
0900-1800 GMT. At the same time, similar statistics were extracted for a wide range of other rainfall
thresholds from nil to 10 mm or more.

To supplement this limited number of stations, a hand analysis of the wet day thresholds in both
periods was carried out for additional stations using Metforms 3440 to obtain an enlarged data set of
some 60 stations. A further enhancement was made by preparing a separate data set of all stations in the
United Kingdom reporting 12-hour rainfall totals (i.e. 0900-2100 GMT and 2100-0900 GMT) and
computing the 12-hour and 24-hour wet day frequencies. Fig. 1 shows the locations of all 71 stations for
which records were extracted.

* A rainfall day is defined as a 24-hour period commencing 0900 GMT.

t In cases where a station closed or moved to an adjacent site the counts were used only if 15 years or more of data
in the 20-year period were available, or if it was possible to combine records from the old and new site to obtain a
continuous 20-year record.
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Figure 1. Stations for which rainfall records were extracted.
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Analysis of data

Most of the analytical processes were performed on the IBM 360/195 computer at the Meteorological
Office Headquarters, Bracknell, using programs specifically written for the task by the Special Investiga-
tions Branch (Met O9), Programming Section, and programs from the University of California BMDP
package (University of California 1977a). The analyses were carried out in several stages:

(1) Using a value of 1 mm or more of rain in the periods:

0900-0900 GMT to define a wet rainfall day,

0900-1800 GMT to define a wet working day, and

0900-2100 GMT to define a wet daylight day,
the incidence of each category of wet day for each station in every month in the 20-year period was
evaluated and used to determine the mean monthly percentage ratios of the incidence of wet working
days to wet rainfall days (R) and of wet daylight days to wet rainfall days (r).

Histograms of the resulting average monthly values of R were prepared and a comparison was made
of the inter-station differences through the months of the year. This comparison revealed that over
distinct geographical regions there were common features in the profiles of station averages of R month
by month through the year. Typical profiles for (a) an inland station and (b) a coastal station are shown
in Fig. 2, together with profiles averaged over stations with which those individual stations were
considered to be grouped (see (2) below).

(2) The apparent relationships between the monthly profiles of R at different stations, although first
classified by eye, were assessed objectively by computer using the University of California program
BMDP 2M (University of California 1977b) with the Euclidean distance option chosen for clustering
(i.e. classifying the stations into associated groups). Readers interested in the clustering program
should refer to Appendix 1 for a synopsis of this analytical technique.

The program, run using the stations with hourly data, successfully identified 17 meteorologically
sensible areas (clusters) between which variations in profile could be detected. However, because of the
station spacings the boundaries between some of the areas were ill-defined and it was apparent that
records from additional stations were required to refine boundaries in areas of sparse data.

(3) To maximize the spatial coverage use was made of the 12-hour wet daylight-day returns from all
available stations. Initially the ratio S = R/r was calculated month by month for all available hourly
stations and the product of this monthly ratio S from one station and r from an adjacent station was
used to calculate R at the adjacent station where R was in fact known. A series of differences between
the values of R so calculated (R.) and the observed values of R (R,) was evaluated. A cluster analysis
based on r was carried out for the enhanced data set and the product of mean monthly values of S
(evaluated over various combinations of stations within each cluster so formed) and r from another
station within that cluster, where both r and R were known, were used to form R, and the differences
(Ro — R¢).

From these experiments it was found that the least scatter of (R, — R.) was obtained when all the
other available stations in the cluster were used to form the mean values of S and that, in general,

|Ro— Rcl <5%OfRo.

Monthly values of R, varied between about 409 and 65 %, so that 5% of R, would correspond to
one wet working day even if every day in a 31-day month were a wet rainfall day (usually, of course, it
corresponds to less). Thus, mean monthly values of S could be used as scaling factors to reduce r values
from 12-hour stations to produce R values atthose stations where Ritself was unknown, with an assessed
error of less than one wet working day in a month.
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Figure 2. Month-to-month variation of percentage ratio (R) of incidence of wet working days to that of wet rainfall
days: (a) inland sites, (b) coaatsl sites.

The clustering process was then repeated using the actual and estimated R values for all 68 stations in
the enhanced data set.

(4) With the clustering process complete the boundaries of the various areas were re-examined and
adjusted where necessary, depending on the Euclidean distances calculated between stations in adjacent
areas. In some parts of the country, notably over hilly regions where no records were available and
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where the topographical rainfall characteristics are likely to be different from those at the nearest
stations, the lines of demarcation remained subjective. Three additional regions were introduced to
cover such areas without data. However, since the object of the investigation was to produce meaningful
estimates for areas of high population (and hence maximum building activity) this limitation was not
considered too restricting. Fig. 3 shows the final boundaries using the data from all stations.

(5) For each area the mean monthly percentage frequencies of R were computed, together with their
standard deviations, and these data are shown in Table I. Mean monthly scaling factors, required to
estimate r, are also shown in the Table as such information might provide useful estimates of average
wet daylight days for leisure or other activities.

Using records from the 24 stations with hourly data in machinable form, the ratios of wet rainfall-day
incidence for 1 mm or more were computed to enable estimates to be made of the average number of
days per month on which such events are likely to occur, Table II(a) shows these ‘growth factors’.
At the same time the incidence of working-day rainfalls for thresholds of 0.1 mm or more, 2 mm or more
and 4 mm or more were determined and expressed as percentages of rainfall-day incidence for their
associated thresholds. Mean percentages together with standard deviations where available over each
area are shown in Table II(b). For some areas no hourly records were available in the computer archive
and in such cases recourse was made to the cluster analyses at the 1 mm level to allocate the area to that
region having the closest relationship with the area of interest. Areas allocated by this method are
indicated in Tables 1I(a) and II(b) by asterisks.

Application of the technique

At Weather Centres and the inquiry bureaux at Bracknell (Met O 3b and Met O 8c) rainfall statistics
relating to the rainfall day are readily available for most of the larger towns and cities. Table 1 can,
therefore, be used directly to estimate mean monthly wet working-day totals.

At other meteorological offices the extent of available rainfall statistics will be more limited. To
enable the technique to be used at these offices it was decided to use the rainfall archives to produce
wet rainfall-day statistics in map form which could then be used in conjunction with Table I. Some 178
stations were found with a complete 30-year (1941-70) daily rainfall record and the monthly wet rainfall-
day totals were retrieved and plotted as percentages of the monthly total of days in the 30-year period.
Examples of these monthly maps are shown in Figs. 4 and 5. These maps, together with Tables I, II(a)
and II(b), can be used to estimate mean monthly working days with falls equal to or greater than the
specified thresholds. Appendix 2 provides an example of the use of the maps and Tables.

Verification of the results

To test the method, hourly rainfall records for two stations, Cardington and Mount Batten, covering
the period 1977-78, were retrieved from the archives and working-day and rainfall-day frequency counts
determined for each month at each station for thresholds of 0.1 mm or more, 2 mm or more and 4 mm
or more,

Estimates of the number of wet working days per month were made (a) using these observed monthly
wet rainfall-day totals and the station R factors, (b) using the areal value for R from Table I and these
wet rainfall-day totals and (c) using the maps and the areal values as described earlier. The observed
monthly wet working-day totals and the corresponding estimated totals obtained by these three
methods are shown in Table 11I(a).

Estimates of the number of days per month when the working-day rainfall reached or exceeded
0.1 mm, 2 mm and 4 mm thresholds were then obtained using the ‘growth factors’ from Table 1I(a)
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Table I. Areal wet working days as a percentage of wet rainfall days with
standard deviations (whole per cent) and wet daylight-day scaling factors

Number of
Area  stations Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec,

1 0 No data available

2 6 49(2) 49(3) 44(5) 47(3) 51(3) 49(3) 48(2) 53(4) 47(2) 46(4) 48(2) 483(3)
1-3 1-2 1-3 1-3 1-3 1-2 13 1-2 1-2 1-2 1-3 1-3
3 1 48 (—) 51(—) 45(—) 55(—) 59(—) 44 (—) 53(—) 54(—) 51(—) 44(—) SO(—) 53(—)
1-3 1-2 1-3 1-2 1-3 1-3 1-2 12 1-3 1-2 1-3 12
4 5 57(3) 51 (1) 53(3) 47(1) 43(1) 45(2) 44(2) 46(3) 48( 54(2) 59(1) 58(3)
12 1-3 1-2 1-3 1-3 1-3 1-2 1-3 1-2 1-3 1-2 1-2
5 14 55(3) 55(3) 51 (3) S51(3) 51(5 46(4) 47(4) 49(4) 50(4) 53(3) 51 () 51(Q2)
1-2 1-2 1-2 1-2 1-2 1-2 1-3 1-2 1-2 1-2 1-3 12
6 0 No data available
7 0 No data available
8 5 49(1) 61(3) 49(2) 54(3) 54(4) 52(2) 50(3) 57(2) 55(3) S52(1) 47(2) 49(3)
1-2 1-1 1-2 1-3 1:2 1-2 1-3 1-1 1-2 1-2 1-2 1-2
9 9 46(1) 53(2) S51(3) 53() 55(3) 57(3) 55(2) 53(2) S51(3) S52(3) 49(2) 48(D)
1-3 1-2 1-2 13 1-2 1-2 1-2 1-2 1-2 1-2 1-2 1-2
10 1 62 (—) 58(—) 57(—) 6i(—) 64(—) 55(—) S8(—) 61 (—) 63(—) 59(—) 60(—) 59 (—)
112 120 12t 12’ 2 12 1t 12t o2t o1 1
11 6 47(3) 53(3) SO(3) 52(2) 55(2) 53(4) 55(2) 56(3) 48(3) 45(3) 47(2) 46(3)
1-3 1-2 1-2 1-3 12 1-2 1-3 12 12 12 1-2 1-2
12 2 48(2) 59(3) 46(1) 48(2) 50(0) 58(1) 55(0) 58(3) 53(3) 50(1) S50(1) 55(2)
1-2 1-2 1-4 1-2 1-1 1-1 1-2 1-2 1-2 1-3 1-2 1-1
13 1 48 (—) 46 (—) 42(—) 43(—) 46(—) 57(—) 57(—) 50(—) 50(—) 51 (—) 51 (—) 55(—)
1-2 1-3 1-4 1-2 1-2 1-2 1-2 1-2 1-2 1-3 1-2 1-1
14 2 44(0) 50(1) 48(3) 53(3) 53(4) 58(2) 59(0) 52(0) S51(2) 57(0) s0(1) S5i(1)
13 1-3 1-3 1-3 1-2 1-2 1-2 1-2 1-2 I-1 1-2 -2
15 2 47(2) 50(1) 49(0) 51(0) 54(0) 53(3) S54(1) S50(1) 53(1) S51(1) 47(0) 50(0)
1-3 1-3 1-3 13 1-2 1-2 1-2 1:2 1-2 1-2 1-2 1-2
16 3 49(1) 48(2) SO(3) 51(2) 444 45() 50(2) 474 51(2) 55(2) 51(2) 48(a)
1-2 1-2 1-3 1-2 1-4 1-2 1-2 1-2 1-1 1-2 1-1 1-3
17 1 50(—) 54(—) 52(—) 59(—) 49(—) 60(—) 53 (—) 52(—) 50(—) 50(—) 51(—) 52(—)
1-2 11 1-2 1-2 13 1-2 1-1 1-2 13 12 12 13
18 8 52(3) 55(1) 51(3) 52(2) 55(4) S57(2) S51(4) S4(2) 53() 53(2) 50(2) 50(2)
1-2 1-2 1-2 1-2 1-2 1-2 1-2 1-1 1-2 1-2 1-1 12
19 1 53(—) 52(—) S0(—) 48(—) 53 (—) 50(—) 50(—) S6(—) 54(—) 55(—) 49(—) 51 (—)
1-2 1-2 1-2 1-3 1-3 1-3 1-2 1-2 1-2 1-2 1-2 1-1
20 1 53(—) 55(—) 52(—) 55(—) 60(—) 54 (—) 53 (—) 57(—) 56(—) 53(—) 49(—) 48 (—)
1-2 1-2 1-3 1-2 1-2 1-2 1-3 1-2 12 1-2 1-4 1-2

Note: The bracketed entry is the standard deviation (in whole per cent). The lower entry is the scaling factor by which
the wet working-day percentage value (top left value) should be muitiplied to obtain wet daylight-day percentages.

and the appropriate percentage values from Table II(b). These estimates, together with the corres-
ponding observed monthly frequencies, are shown in Table III(b).

Statistical tests were made using the independent data to determine the performance of each of the
three methods. Using the 24 monthly estimates obtained by each method and the corresponding
observed monthly values, the differenced series (observed days minus estimated days) were formed and
the mean error, standard deviation and the root-mean-square error were evaluated.
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Table I(a). Growth factors for rainfall-day frequencies for thresholds of
0.1 millimetre or more, 2.0 millimetres or more and 4.0 millimetres or more

Number of  Rainfall

Area stations threshold Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec
1 0 No data available

0-1 mm 6 16 17 19 18 17 17 16 16 16 16 16

2 2 2:0 mm o7 o007 06 06 07 07 07 07 07 07 07 07

4-0 mm o4 04 03 03 04 04 04 05 04 04 04 04

0’1 mm 16 17 19 -8 16 17 15 16 16 116 16 1.7

3 1 2:0 mm o7 07 07 06 08 o007 07 08 07 07 07 07

40 mm 04 04 04 04 04 04 05 05 04 04 05 04

01 mm 1-3 144 14 15 1-5 -5 16 15 14 13 1-3 13

4 3 2:0 mm o8 08 o008 07 07 07 08 07 08 08 08 08

4-0 mm o6 05 05 05 O5 05 O05 o005 06 06 06 06

5 7 0-1 mm 144 15 1-5 -5 14 15 1.5 15 14 14 13 14

and 2:0 mm o8 08 08 08 08 08 08 08 08 08 08 08

19* 0 4-0 mm o6 05 05 O5 O5 O5 O05 05 06 06 06 06
6 0 No data available
7 0 No data available

0’1 mm 6 16 16 16 15 6 16 15 1-5 16 16 16

8 1 2:0 mm o8 o007 07 08 07 07 08 08 08 07 07 038

4-0 mm o5 04 04 04 O5 O5 O5 O5 O5 05 05 OSs

0-1 mm -6 16 16 15 15 1-5 1-5 1-5 14 14 15 1-6

9 3 2:0 mm o8 07 07 07 O07 07 08 08 08 08 08 08

4-0 mm o4 04 05 04 04 OS5 O5 O5 O5 05 05 05

0-1 mm 13 -4 15 14 13 13 14 14 13 113 14 13

10 1 2:0 mm o9 09 08 08 08 09 08 08 09 08 09 038

4:0 mm 07 06 06 06 06 06 06 06 07 06 07 06

01 mm 16 18 117 1.6 15 16 15 14 1-5 1-7 1.6 17

11 2 2:0 mm o7 07 07 06 07 07 08 07 07 07 07 08

4-0 mm 04 04 03 04 04 05 05 05 05 05 05 04

12/13* 0 0-1 mm -8 19 1.8 17 -6 15 16 15 1-5 -7 117 17

14 1 2:0 mm o7 o007 07 07 07 08 08 07 07 08 08 07

15* 0 4-0 mm o4 03 03 04 04 05 05 04 05 05 05 04

0:1 mm 7 17 1-8 1-7 117 15 1.6 14 1.5 1-5 1-6 16

16 1 2:0 mm o7 o006 07 08 07 07 07 08 08 08 08 07

4-0 mm o4 03 04 04 04 04 O0O5 05 O5 O5 O5 04

17* 0 01 mm 1-5 6 16 16 15 -5 15 -5 1.5 1-5 1-5 1-5

and 2-:0 mm o8 o8 07 07 07 07 07 07 08 08 08 08

18 1 4-0 mm o6 05 05 04 O5 05 O5 05 06 06 05 05

01 mm 1-5 6 1.5 15 114 14 1.5 1-5 14 15 15 1-5

20 1 2:0 mm o8 o008 07 07 07 08 08 08 08 07 07 08

4.0 mm os o5 04 04 04 04 05 O5 05 05 05 OS5

Notes: (i) Data are based on records from 24 stations with hourly records in machinable form during the period

(ii) Areas for which no data are available are indicated with an asterisk. Such areas have been allocated to the
regions with which stations have the highest degree of association (as indicated by the clustering analysis)
at the wet working-day level (i.e. the 1-0 millimetre or more threshold).

The results obtained for the wet working day data (i.e. 1 mm or more) are shown in Table IV(a),
whilst Table IV(b) provides the equivalent statistics for the other working-day thresholds of 0.1 mm,
2 mm and 4 mm. These show that:

@ Errors are typically larger for Mount Batten than for Cardington, but the errors decrease at both
stations as the threshold limit increases. These results are to be expected since the average incidence
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Table II(b). Working-day rainfall as a percentage of rainfall-day falls for
thresholds of 0.1 millimetre or more, 2.0 millimetres or more and
4.0 millimetres or more

Level
Area Stns offalls Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

1 0 No data available

0-1mm 67(3) 64(3) 64(3) 61(0) 65(0) 62(0) 58(0) 62(1) 63(1) 66(3) 69(6) 69(6)
2 2 220mm 44(2) 39(0) 344 35(1) 41(4) 2) 44(1) 49(2) 43(3) 35(4) 0) 41(1)
40mm 32(2) 30(1) 23(2) 28(3) 37(4) 42(3) 39(2) 42(2) 31(1) 23(0) 29(1) 30(6)

01 mm 69(—) 63(—) 63(—) 65(—) 7(—) 59(—) 62(—) 64(—) 61(—) 61%—; 63(—) 63(—)
3 1 2:0mm 37(—) 35(—) 40(—) 48(—) 51(—) —) 49(—) 52(—) 44(—) 42

40mm 32(—) 22(—) 29(—) 38(—) 48(—) 41(—) 45(—) 43(—) 32(—) 30(—) 3N(—

O1mm 77(1) 72(2) 72(1) 65(5) 63(3) 63(4) 59(5) 63(4) 69(2) 742) 77(3) 80(2)
4 3 20mm 46(2) 44(2) 41(3) 35(2) 3%(2) 39(2) 37(2) 4126) 40(1) 43(2) 46(3) 45(4)

40mm 35(5 31(0) 28(1) 24(4) 28(4) 29(1) 29(4) 33(10) 34(5 33(3) 31(2) 30(2)

5 7 01mm 69(2) 65(3) 66(4) 64(3) 64(4) 57(2) 57(3) 60(3) 64(5) 67§2) 67(3) 66(3)
and 20mm 49(3) 46(2) 42(2) 43(3) 44(4) 44(3) 43(3) 44(2) 45(4) 48(2) 43(3) 42(3)
19* 0 40mm 38(4) 34(3) 31(4) 35(3) 36(4) 37(4) 39(5) 374 36(3) 384) 34(2) 33(6)

6 0 No data available

7 0 No data available

01 mm 64(—) 6%(—) 63(—) 64—) 67(—) 61(—) 63(—) 62(—) 68(—) 61(—) 57(—) 57(—)
8 1 2:0mm 43(—) 51(—) 47(—) 43(—) 55(—) 54(—) 43(—) 51(—) 48(—; 46(— 43(—%
40mm 35(—) 40(—) 36(—) 39(—) 44(—) 46(—) 3%(—) 47(—) 4l(—

0-1mm 63(1) 64(1) 65(1) 64(2) 63(3) 66(1) 64(1) 63(4) 63(3) 62(1) 63§1) 61(1)
9 3 20mm 39(1) 45%5) 45( li 46(5) 49(4) 49(2) 49(1) 49(4) 48(3) 51(4§ 42(2) 43(1)

40mm 32(4) 35(5) 30(3) 31(2) 43(7) 44(9) 454) 43(2) 41(4) 43(3

01 mm 77(—) 72(— 73&—— 80(—) 76(—; 735——) M=) 711(—) 74—) 69%(—) 72(—; 72(—)
10 1 20mm 55(—) 53(—5 i 45(—) 47(—) 53(—) 57(—) 49(—) 53(—

40mm 47(—) 42(— 43(—) 37(—) 40(—) 49(—) 43(—) 40(—) 49(—) —)

O-1mm 61(1) 63(1) 63(2) 65(0) 64§4) 59(0) 63(1) 63(1; 61(3) 58(1) 60(2; 58(1)
11 2 20mm 41(1) 47(2) 41(2) 42(2) 47 l; 42(0) S51(2) 52(1

40mm 37(2) 38(3) 32(4) 30(2) 3301

12/13* 0 O1mm 57(—) 61(—) 60(—) 62(—) 61(—) 61(—) 66(—) 60(—3 62(—) 59(—) 63(—) 59(—)
14 1 20mm 44(—) 44(—) 46(—; 41(——% 49(—) 54(—; 51(—) 48(—) 48(—) SO(—E 48 —g 41(—)
15 0 40mm 32(—) 39(—) 40(—) 19(—) 42(—) 47(—) 40(—) 40(—) 40(—) 47(—) 36(—) 31(—)

16 1 2:0mm 45(—) 35(—
4-0mm 26(—) 30(—

17* 0 O1mm 68(—) 61(—) 63(—) 67(—) 66(—) 65(—) 61(—) 66(—) 65(—) 67(—) 64(—) 65(—)
and 220 mm 46(—) 46(—) 42(—) 47(—) 47(—) 55(—) 50(—) 47(—
18 1 4-0mm 36(—) 36(—) 32(—) 35(—) 40(—) 47(—) 36(—

01 mm 70(—; 66(—) 66(—) 6%(—) T4—) 69(—) 63(—) 67§—) 69(—; 67(—) 65(—) 65(—)
20 1 2:0mm 47(—

40 mm 33(— 31(— 38(—) 31(—) 38(—) 45(—) 35(—) 33

Notes: (i) and (ii) as for Table II(a).
(iii) Bracketed entries are standard deviations in whole per cent.

0-1 mm 59(—) 57(—% 62(—) 61(—) 54(—) 58(—) 61(—; 58(—§ 58(—% 59(——-§ 59(—) 56(—)

is greater at Mount Batten than at Cardington, whilst events associated with lower thresholds generally
occur with relatively higher frequency.

@ Mean errors over the series are of the order of less than one day by all three techniques.

@ There is no significant deterioration in the accuracy of method (b) over that for method (a). This
result leads to the conclusion that the use of areal reduction factors at individual stations within an
area is justified.
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Figure 4. Percentage of wet days to total days in January, 1941-70.
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Table II(a). Monthly estimates of numbers of wet working days (1.0 millimetre
or more) and corresponding observed monthly totals for two TSR stations
derived from independent data for the years 1977 and 1978

Station Mount Batten Cardington

Technique
(see footnote) Observed (a)

Jan. 1977 10
Feb. 15
Mar. 12
Apr.
May
June
July

Aug.
Sept.
Oct.

Nov.
Dec.

Jan. 1978
Feb.
Mar.
Apr.
May
June
July
Aug.
Sept.
Oct.
Nov.
Dec.

Total 155 147 145 140 114 115 115 116

(c) Observed (a) (b)
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Footnote: The monthly estimates of numbers of wet working days were derived by three methods—(A), (B) and (C).

The technique used in each case was as follows:

Method (a): Estimates derived from the observed monthly wet rainfall-day totals and the individual
station reduction factors,

Method (b): fI_Estimates derived from the observed monthly wet rainfall-day totals and the areal reduction
actors,

Method (c): Estimates derived from the areal reduction factors and the 30-year monthly percentages
contained in the wet rainfall-day maps.

® For methods (a) and (b), standard errors of monthly estimates are of the order of 2 days at the
0.1 mm threshold, reducing by the 4 mm level to around 1.2 days at Mount Batten and 0.8 day at
Cardington. Mean errors for the 24-month series are of the order of half a day at Mount Batten and
somewhat less at Cardington.

Standard errors by method (c) for individual months are materially larger than for the other two
methods, being over 4 days for Mount Batten and about 24 days at Cardington. This result is probably
largely due to the natural variability of the monthly incidence of rainfall. Mean errors by method (c)
for the 24-month series were, however, only slightly larger than those obtained by the other two
methods.

@ There is a reasonably high measure of correlation between observed and estimated totals computed
by methods (a) and (b).

In general, these tests on independent data suggest that:

(a) Where 24-hour rainfall records are available, useful estimates can be made of the number of
working days per month when falls reached selected thresholds.
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Table IIl(b). Monthly estimates of working days for rainfall thresholds of
0.1 millimetre or more, 2.0 millimetres or more and 4.0 millimetres or more
and corresponding observed monthly totals for two TSR stations derived
from independent data for 1977 and 1978

(@) Mount Batten

Threshold 0-1 millimetre 2:0 millimetres 4-0 millimetres
Method (note (i)) Obs. (b) (¢ Obs. (b) (c) Obs. (b) (o
Jan. 1977 16 14 14 8 6 6 4 3 3
Feb. 21 17 11 10 8 4 6 6 2
Mar. 16 13 10 10 6 4 6 3 2
Apr. 13 13 10 3 3 3 2 1 2
May 8 8 10 7 5 4 3 4 2
June 10 9 6 3 4 3 2 2 1
July 7 8 8 2 2 3 2 2 2
Aug. 9 8 10 4 3 4 3 2 2
Sept. 6 6 10 1 2 4 1 1 3
Oct. 13 12 11 3 3 5 0 1 3
Nov. 12 12 13 5 4 5 2 2 3
Dec. 16 14 14 5 5 5 3 4 3
Jan. 1978 18 15 14 3 7 6 3 5 3
Feb. 18 12 11 10 7 4 7 4 2
Mar. 17 17 10 8 6 4 3 3 2
Apr. 8 10 10 2 2 3 i 1 2
May 4 5 10 1 1 4 0 0 2
June 8 8 6 2 3 3 1 1 1
July 8 9 8 5 3 3 3 2 2
Aug. 9 8 10 1 2 4 1 1 2
Sept. 4 7 10 1 2 4 1 0 3
Oct. 2 3 11 0 0 5 0 0 3
Nov. 10 10 13 4 2 5 1 1 3
Dec. 21 17 14 10 9 5 7 5 3
Total 274 255 254 108 95 100 62 54 56
(b) Cardington

Jan, 1977 10 11 11 3 3 3 1 1 2
Feb. 12 14 9 5 6 3 2 3 1
Mar. 13 12 8 6 5 2 2 1 1
Apr. 11 12 9 2 2 3 1 1 1
May 6 8 9 3 4 3 1 1 2
June 7 9 8 3 3 3 2 2 2
July 4 4 9 1 0 4 0 0 2
Aug. 13 11 10 5 4 4 4 4 2
Sept. 5 8 8 1 1 3 1 0 2
Oct. 7 8 8 3 2 4 2 1 2
Nov. 9 12 10 2 3 4 2 3 2
Dec. 8 12 11 4 3 4 2 1 2
Jan, 1978 16 14 11 6 4 3 3 2 2
Feb. 11 11 9 4 5 3 1 1 1
Mar. 16 14 8 4 4 2 1 1 1
Apr. 7 10 9 3 2 3 2 2 1
May 5 7 9 2 1 3 1 1 2
June 9 7 8 5 4 3 3 1 2
July 7 10 9 3 4 4 2 2 2
Aug, 9 8 10 4 3 4 0 | 2
Sept. 5 5 8 1 2 3 0 1 2
Oct. 3 5 8 0 0 4 0 0 2
Nov. 5 5 10 2 1 4 2 1 2
Dec. 14 15 11 7 6 4 3 4 2
Total 212 232 220 79 72 80 38 35 42
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Note (i): The column marked ‘Obs.’ is the observed number of working-days per month with a rainfall
total equal to or greater than the specified threshold.

Column (b) shows the estimated monthly working-days with rainfall equal to or greater
than the specified threshold derived from the observed number of rainfall-days at that
threshold and the areal reduction factors.

Column (c) shows corresponding estimates derived from the 30-year monthly percentage
maps and the areal reduction factors.

Table IV(a). Summary of statistical tests made on 24 months (1977/78) of
independent data for Mount Batten and Cardington for the wet working day
(1.0 millimetre or more)

Station Mount Batten Cardington
Method (see note (i) @ ® © (a) ) (©)
Mean error (days) 033 042 063 —004 —0-04 —0-08
Standard deviation (days) 195 198 4-27 1-20 1-27 2:60
r.m.s. error (days) 198 202 432 1-20 1-27 2:60

Note (i) Details of the methods used to derive estimates of monthly wet working-day totals are given
at the foot of Table 11I(a).

Table 1V(b). Summary of statistical tests made on 24 months (1977/78) of
independent data for Mount Batten and Cardington to assess estimates of
numbers of working days with thresholds of 0.1 mm or more, 2.0 mm or
more and 4.0 mm or more

Threshold 01 mm or more 2:0 mm or more 40 mm or more
Method (see note (i) (b) ©) (b) (c) ()] (c)
Station Mount Batten

Mean error (days) 0-79 083 054 087 033 025
Standard deviation (days) 2:03 472  1-69 313 117 2:23
r.m.s. error (days) 2:24 4-80 1-78 326 1-22 2:25
Station Cardington

Mean error (days) —0-83 —033 029 —004 013 —014
Standard deviation (days) 1-83 353 091 201 080 1-13
r.m.s. error (days) 202 3-55 096 201 081 1-14

Note (i) Details of the methods used to derive estimates of monthly working-day totals are given at the
foot of Table III(b).

(b) At such locations the areal reduction factors can be used without serious loss in the accuracy of
the estimation.

(c) For planning purposes estimates of working-day monthly frequencies for specific thresholds can
be prepared using the monthly percentage maps and the corresponding areal reduction factors. Owing
to the variability in monthly rainfall, however, the quality of estimates is likely to deteriorate for
thresholds below 1 mm.
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Discussion

Whilst the method goes some way towards filling the gap in rainfall statistics, it does not fully meet
the current requirement. No information is provided regarding the duration of the falls. Indeed,
although the method follows the historically accepted threshold of 1 mm or more in a rainfall day,
this value does not necessarily serve the best interests of all outdoor activities. For example, the
threshold for interrupting outdoor painting work will be lower than that for bricklaying, and for this
reason the growth factors were introduced. Although growth factors were computed for thresholds
up to 10 mm the values provided in Table 1I were restricted to the 4 mm level, since the higher the
threshold considered the greater is the probability that the fall will span 0900 GMT or 1800 GMT.

Perhaps the best solution to this limitation is to extend the work via a study of the duration of the
falls during the working day. This aspect is currently under investigation using the returns from the
stations with hourly data in machinable form and it is hoped to combine both studies in due course.
Other aspects which require investigation include a study of the percentage of days on which rainfall
lasts for one hour or more and exceeds selected thresholds, an examination of the likelihood of consecu-
tive wet days and an investigation into the likely timing of rainfall within the working day.

Conclusion

Because of the areal relationships derived, estimates can be made of the average number of wet
workings days per month at most locations in England and Wales and some districts in Scotland and
Northern Ireland, irrespective of the availability of actual rainfall statistics. Providing there is a 24-hour
rainfall station in the vicinity, it is also possible to estimate the number of wet working days for specific
months. The degree of association between wet working-day values and other rainfall thresholds also
permits estimates to be made of the frequency of rainfall events other than I mm or more in the working
day.
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Appendix 1 —Summary of the principles of the clustering technique applied to
the analysis of rainfall data

This brief summary has been included since the technique may well prove useful in other meteorological investigations
where an objective assessment of the degree of association between observing stations and/or areas is required.

The program first sets up a matrix consisting of one row to each station and one column to each station’s individual
monthly value of R (i.e. the first column for January values, the second column for February values etc. up to the
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twelfth column for December values). This matrix is then standardized so that the values for all stations in each column
scatter about a mean of zero with a standard deviation of unity. The program proceeds to calculate the ‘distance’
between cases (stations and groups of stations) where the ‘distance’ is the Euclidean distance dy; between case k and /.
This is the square root of the sum of the squares of the difference computed from the standardized matrix for the
two cases

18
dyy = Egl(xu — xt

where 1,y is the value of R from the standardized matrix for station k for month j and xy; is the value of R from the
standardized matrix for station / for month j, and the summation is carried out over months j from 1 to 12 (i.e. January
to December).

The two cases yielding theshortest Euclidean distance between them are amalgamated and subsequently treated as one
case and then in turn clustered with other cases. This algorithm continues until all cases and all clusters are amalga-
mated into one cluster. A diagram is output using horizontal and sloping lines to indicate clustering of cases. The
order of clustering and the relevant Euclidean distances are also indicated, permitting the investigator to determine the
number of what he considers to be realistic clusters in the data. Additional facilities allow for the distance matrix, after
case clustering, to be printed in a sorted and shaded form with the researcher specifying the maximum distance to be
represented by shading. A histogram of the distribution of distances can also be printed.

Appendix 2 —-An example of the use of the Figures and Tables to determine the
likely number of days per month with working-day rainfall equal to or
greater than specified amounts

Problem. The average numbers of January working days with 0.1 mm, 1 mm, 2 mm and 4 mm of rainfall are required
for Ringwood (Hampshire).

Method

(1) From Figure 4 compute the average January wet rainfall-day incidence for 1 mm or more at Ringwood. (0.41 X
31) = 12.7 days.

(2) From Table I (area 18) obtain the wet working-day reduction factor (0.52). The average January wet working-
day incidence is the product of (1) and (2). (12.7 X 0.52) = 6.6 days.

(3) From Table II(a) (area 18) use the January growth factors to compute the rainfall-day incidence for 0.1 mm,
2mmand 4 mm. (12.7 X 1.5) = 19 days, (12.7 x 0.8) = 10.2 days and (12.7 X 0.6) = 7.6 days.

(4) From Table II(b) (area 18) use the January values to compute the working-day average incidences for the specified
thresholds. (19 x 0.68) == 12.9 days, (10.2 x 0.46) = 4.7 days and (7.6 x 0.36) = 2.7 days.

Solution. The average January working-day frequencies for falls equal to or greater than the required thesholds are:

Threshold Frequency
0.1 mm or more 12.9 days
1 mm or more 6.6 days
2 mm or more 4.7 days
4 mm or more 2.7 days

Letter to the Editor
Correction to published paper

In Figure 2 of my paper ‘Statistical comparison of central England annual and monthly mean air
temperature variability, 1660-1977" published in the Meteorological Magazine, Vol. 109, 1980, pp. 101-
113, the terms ‘January’ and ‘July’ have to be exchanged. I am grateful to Dr L. Makkonen, Institute of
Marine Research, Helsinki, for discovering this error.

Dr C. D. Schonwiese

Munich
Federal Republic of Germany
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