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Abstract Since incoming long-wave radiation is not routinely measured in
Canada, when it is required as a meteorological parameter, such as input to a
physically-based hydrological model, the data must be derived. These data
have been successfully computed as a function of near surface air temperature
and cloud cover. However, cloud cover data are also not routinely measured.
A method is described to compute the cloud cover fraction, for use to estimate
the long-wave radiation, from a comparison of measured to theoretical short-
wave radiation at three sites in central southwestern Ontario. The daytime
cloud cover fraction is on average slightly more than 0.30. The impact of
different long-wave radiation estimates from varying cloud cover fraction
assumptions is illustrated in terms of simulated streamflow resulting from
snowmelt.
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INTRODUCTION

Physically-based hydrological medelling requires good estimates of the radiation
balance. Most models use an approximation of the radiation spectrum by dividing it
into the bands of short~-wave or solar (<4 pm) and long-wave or terrestrial (4-50 pm)
radiation. For snowmelt modelling, especially in mid-latitude non-alpine regions
where melt occurs in March or April, daily total incoming long-wave radiation
quantities are usually greater than short-wave radiation levels (Hiitter & Schneider,
1975). During the day there is a strong correlation between incoming short-wave and
long-wave radiation; as cloud cover increases, short-wave radiation decrease due to
cloud top reflection, while incoming long-wave radiation is enhanced due to the
increased emissivity of cloudy skies. During the night this correlation no longer exists,
since there is no short-wave radiation. At meteorological stations, short-wave radiation
is more readily measured than long-wave radiation. Both long- and short-wave
radiation can be derived where no measurements exist; however, the requirement for a
cloudiness fraction is essential to both derivations.
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For modelling the snowmelt hydrology of several watersheds in southern Ontario,
Canada, an assumption of a 0.50 cloud cover fraction throughout the year was used by
Snelgrove (1996) to estimate long-wave radiation. The validity of this assumption was
not quantified. Although no long-wave radiation measurements are available, shost-
wave radiation was measured at a number of locations in the study area. The goal of
this paper is to assess the impact of changes to the 0.5 cloud cover assumption by
incorporating a derived cloudiness index based on short-wave radiation measurements,
The sensitivity of theses changes will be assessed through comparison of streamflows
generated by snowmelt hydrological modelling,

METHODOLOGY
Hydrological modelling

The physical model WATCLASS (WATflood + CLASS) is used to model the winter
hydrology (see Soulis e al., 2000 for details). This model is a linkage between the
Canadian Land Surface Scheme, CLASS, developed by the Meteorological Service of
Canada (Verseghy, 2000) and the WATFLOOD (WATerloo FLOOD forecasting)
hydrological model developed at the University of Waterloo (Kouwen ef al., 1993).
The water and energy balances are modelled in the vertical direction. There are three
soil layers and four subareas {(bare soil, canopy covered, snow covered, snow and
canopy covered) for each grid cell. Water can either remain on the surface as ponded
water, infiltrate into the soil and be stored, or drain off the surface as overland flow,
from the upper soil layers as interflow, or from the bottom of the soil column as a
coniribution to base flow. Within the soil, heat is transferred by conduction and
advection, and soil moisture is moved according to Richards’ equation. The canopy
can be represented by up to four different vegetation types: coniferous, deciduous,
crops and grasses. The evolution of each soil layer is defined by the mean temperature
and soil moisture content (liquid and frozen). The evolution of the canopy is defined
by its temperature, moisture storage {liquid and frozen}, the growth index, and albedo
(both the near-infrared and visible components), while the emissivity of the surface is
assumed to be unity for all calculations. The evolution of the snowpack is defined by
its temperature, snow water equivalent, density, and albedo. The heat capacity and
thermal conductivity are calculated as function of the snowpack density. The loss of
snow through sublimation is calculated using the bulk transfer formulae.

The grouped response unit (GRU) approach to land cover types (see Kouwen er
al., 1993} enables distributed (or mosaic) modelling. This approach assumes that,
within a prid element, land cover dictates soil properties and individual land cover
patches within a grid-element can be grouped together for modelling. Runoff is
generated as swrface runoff, interflow and groundwater flow, and summed for each of
the ground elements. Runoff reaching the stream channels is routed using a channel
routing model.

The model uses the following seven meteorological forcing parameters: air
temperature, precipitation, air pressure, specific humidity, wind speed, and short-wave
and long-wave radiation. Station hourly meteorological data were gridded using the
inverse weighted distance technique, as per Tao & Kouwen (1989).
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Cloud cover estimation

Long-wave radiation is not routinely measured in Canada, while short-wave radiation
is measured at approximately 90 locations {Environment Canada, 1998). However, the
incoming long-wave radiation (Li,) can be approximately calculated from the near
surface air temperature (7,) by the Stefan-Boltzmann equation, as follows:

Lin zaatGTj (1)

where g, is the integrated effective emissivity of the atmosphere and canopy, and G is
the Stefan-Boltzmann constant (¢ = 5.6697 x 107 W m~ K™} (Dingman, 1994). For no
forest canopy, such as meteorological stations, Croley (1989} estimated £, as a
function of the near surface vapour pressure (e, in kPa) and an estimate of the fraction
of cloud cover (Cejouq), based on the work by Brunt {1932):

£, =(0.53 +0.2055¢" 1+ 0.40C,,,,) )

It should be noted that under completely cloudy and very moist conditions, €, can be
computed to be larger than unify, and thus equation (2) should be used with caution
under such conditions in order to not overestimate the incoming long-wave radiation.

Since the fraction of cloud cover is often unknown, it can be derived as a
comparison of the measured solar radiation to the theoretical value, during daylight
hours. The sensitivity of the cloud fraction can be assessed from equation (2) to have a
linear impact ranging from no cloud cover to an increase of 40% with total cloud
cover,

For no canopy, the incoming instantancous solar radiation flux on a horizontal
plane (Ki,) can be expressed as follows:

K, =1_E, (cosScos Acosr,,, +sindsin A)0.355+0.68(1-C,,, )] (3)

sc™o

where I is a solar constant (£, = 1367 W m'z), E, is the eccentricity correction, 0 is
the declination in degrees, A is the latitude, ® is the angular velocity of the Earth’s
rotation (15° h'), and ru5v is the time (h) before (negative) or after {positive) solar
noon. The cloud cover component was initially approximated by Gray er ol. (1973)
from daily average solar radiation measurements. The eccentricity correction is a
measure of the distance between the Earth and the Sun. The declination is the latitude
at which the sun is directly overhead (solar noon). Both £, and & can be approximated
by Spencer (1971), and require an estimation of the day angle (3), which is the position
of the Earth in its orbit. The day angle is a function of the Julian day and can be
computed from Igbal (1983).

If the measurement of solar radiation occurs with respect to local time at a
measurement station, it is necessary to convert the measurement time to local apparent
time (LAT), which is a measure of £, L.e. it considers the local time of solar noon. This
computation uses the equation of time, which is the discrepancy in the length of the
solar day and the time at which solar noon occurs over the course of the year. It can be
approximated from Spencer (1971).

From measured values of incoming solar radiation at a specified time of day and
year and at the specified location, the fraction of cloud cover (to be used in
equation {2)) can be estimated as a function of the measured incoming solar radiation
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{Kmeas) and the theoretical quantity (K,) by solving equation (3) for cloud cover:

1 | K, ..
C, =1 meas () 355 4
cloud 0.68 [ Ki“ i| ( )

STUDY AREA

The modelling concentrates on the Upper Grand River basin in central southwestern
Ontario (Fig. 1). The drainage area for the outflow of the basin is 3520 km?. This area
of Canada receives from 800 to 1000 mm of precipitation annually, of which one third
often comes in the form of snow. In an average year, snowmelt begins in mid March in
the south and by mid April in the northern part of the study area. While the winter is
usually mild with minimum temperatures reaching —10 to ~15°C, extended periods of
~25 to —30°C have been observed.

The hydrological parameters have been well established for this basin (Kouwen ef
al., 1993), and 10 by 10 km grid elements are used with six different land cover types.
Most of this basin is covered by crops and low vegetation (59%), with smaller regions
of wetland (18%) and mixed deciduous-coniferous forest (14%). The remainder of the

Table t Southern Ontario meteorological gauges that measure short-wave radiation,

Station: Elevation Latitude {N) Longitude (W)
number name (ma.s.l)

6142285 Elora Research Station 376 439397 80°25"
6158350 Toronte 113 43°4Q" 79°24"
611KBEO Egbert CARE 252 44°14° 79°47

/| Upper
Grand
River
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, % weather
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1

Fig. 1 Map of ceniral southwestern Ontario illustrating the location of the Upper
Grand River basin.
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Fig. 2 Ratio of measured to computed clear-sky hourly short-wave radiation for the MSC
meteorological station at Egbert CARE over the winter of 1993,

basin comprises bare (8%) and impervious (1%) areas, The terrain in this portion of
southern Ontario is glacial material, composed primarily of clayey till.

Short-wave radiation data were available at three stations in southern Outario
(Table 1).

DATA INVESTIGATION

The observed short-wave radiation (Kuces) Was compared to the computed clear-sky
short-wave radiation (Ki.c). The plot for the Egbert CARE station (Fig. 2) is typical
and produces an envelope of values. The top of the envelope are the maximum ratios,
corresponding to clear-sky observations. For most periods of the winter, this maximum
ratio is less than unily, due in part to extinction of a small portion of the solar radiation
from atmospheric particulates. The extreme morning and evening ratios (around sun-
rise and sunset) occur due to numerical instability (division of small numbers) and
instrumentation error at very low radiation measurements. A distinct pattern is
presented that is approximately symmetrical about solar noon. While the shapes of the
maximum ratio curves are similar for the three stations, the largest value at solar noon
ratios for both Egbert CARE and Elora are 0.84 and for Toronto is 0.79. We speculate
that this 5% decrease for Toronto is influenced by absorption of solar radiation by
atmospheric particulate pollution. The maximum K e to K ratios for the Toronto
station were computed separately from the other two stations. The sets of ratios were
divided into different time periods to consider the variation in the length of a day, It
was found that over the 5-year period, the pattern of maximum K e.; to Kip ratios for
each time period repeated annually. The maximum ratio increased as the length of day
increased. A third order polynomial was fitted to each set of data with »* values
ranging from 0.975 10 0.992,

RESULTS AND DISCUSSION

The polynomials derived from the maximum Kj..s t0 Ky ratios correspond to the
assumption that the maximum non-unity ratio is the clear-sky value. When the
computed clear-sky short-wave radiation was reduced by the maximum ratios (to
consider clear-sky observations when the maximum ratio was less than unity), the
average cloud coverage for all the observations wag 0.54, 0.55, and 0.60, with a
maximum variation of 0.11 (Table 2). When the default value of 0.5 was used for
missing data and during the nights, the average cloud cover fractions reduced to 0.52,
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Table 2 Average cloud cover fraction at the AES CARE, Elora and Toronte meteorological stations as
derived from the difference between measured short-wave and clear-sky shon-wave radiation, using all
data and daytime data.

Wintet All data: Neo night ot missing data:
CARE Elora Toronio CARE Elora Toronto

1993 0.53 0.57 0.55 0.58 0.58 0.61
19%4 0.52 0.53 0.54 0.56 0.57 0.58
1995 0.53 0.53 0.54 0.56 0.57 0.59
1996 0.49 .49 0.54 0.47 (.48 0.63
1997 0.52 0.51 0.54 0.56 0.53 0.59

all 0.52 0.52 0.54 0.54 0.55 0.6

Note: The method considers that there is typically less than 100% of the theoretical ciear-sky radiation
reaches the Earth’s surface and that the morning and late afterngon short-wave measurement are low
due.

0.52, and 0.54, for Egbert CARE , Elora, and Toronto, with maximum variations of
0.04, 0.08, and 0.01, respectively. These cloud cover fractions approach the initial
assumption of 50% cloud cover on average. However, when an average value is used
the daily fluctuations are not considered and this is crucial for modelling snowmelt.

The effect of a number of constant cloud cover fractions together with the effect of
variable cloud cover derived from the short-wave radiation observations is illustrated
in the initial spring snowmelt hydrographs in Fig. 3(a) (21 March-3 April 1993). With
a 100% cloud cover simulation the total emissivity is too large resulting in too much
long-wave radiation, and thus snowmelt occurs too fast. Conversely, no cloud cover
(0%) results in too little long-wave radiation as there is no emissivity impact from
clouds and snowmelt occurs too slowly. The melt water (using 0% cloud cover)
appears later in the spring as an overestimate of streamflow, as illustrated in Fig. 3{b).

The hydrographs derived from both the 50% and variable cloud coverages are very
similar. There is slightly less water initially, in the order of 10%, and more water
during the recession of the first major snowmelt peak on 30 March. There is a
significant impact on the hydrographs from the derived long-wave radiation. However,
there are other issues for the simulated hydrographs not matching the observed values,
including frozen ground parameterization and winter precipitation estimation. These
are beyond the scope of this paper.

Future modelling will use atmospheric model data as the meteorological input.
However, estimation of cloud cover in climate models is still difficult (Miller, personal
communication, 2000). Use of station data will thus continue to supplement modelled
meteorelogical data.

CONCLUSIONS AND RECOMMENDATIONS

While the long-wave radiation at a location can be computed from the near surface air
temperalure, an estimate of the cloud cover fraction is necessary. For areas such as
southern Ontario the cloud cover fraction is an impertant consideration in hydrological
modelling. The cloud cover fraction can vary from 0.0 to 1.0, resulting in a vanation of
the long-wave radiation of 40%. This in turn can significantly alter the surface energy
balance and in particular the rate of snowmelt. For the daytime hours, a method was
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Fig. 3 Effect of cloud cover percentage used to calculate long-wave radiation fluxes
on initial spring peak: {a) for the Grand River at Galt in 1993 (24 March-9 Apnl}; and
(b) for the entire snowmel peried (100, variable and 0% cloud cover).

illustrated to estimate the cloud cover fraction for long-wave radiation computation
using a comparison of the measured and theoretical clear-sky short-wave radiation.
The average daytime cloud cover fraction for three locations in central southwestern
Ontario (Egbert CARE, Elora and Toronto) for five winters ranged from 0.54 to (1.60.

Since the comparison of measured to theoretical short-wave radiation for cloud
cover estimation is only useful for daylight hours, assumptions are required for non-
daylight hours. The method should be tested with a complete set of radiation measure-
ments. As atmospheric models become more robust, their output can be used directly
as input to physically-based hydrological models to overcome the lack of long-wave
radiation measurements. Meteorological gauge data should continue to be used for
evaluation and adjustment of model output.
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