





























Chapter 1 INTRODUCTION

Climate change and the consequences of global warming, have, in recent
years received much attention from both the scientific community and the public
in general. Whereas traditionally, most research in these areas, has been
concentrated primarily in the midlatitudes, climatic disasters of varying
magnitudes and origins, such as the Sahelian drought and tidal waves in
Bangladesh, have yielded a new appreciation of the interannual variability of
tropical climates. As Hastenrath (1988:3) so correctly points out, "marked
interannual variations are an intrinsic part of tropical climates." It would
seem then, that a more complete understanding of the physical mechanisms
driving tropical climates, would be invaluable from two points of view. Not
only would contingency planning be facilitated in order to improve the handling
of the social, economic and hydrologic calamities induced by climatic
anomalies, but from a scientific viewpoint, the better understood a climate is,
the more accurate would be the predictive changes due to anthropogenic forcings
like global warming.

The present study focuses on climatic variability, not climate change.
Climatic wvariability can be defined as the mnatural perturbations or
fluctuations in weather systems that occur on the time scale of decades. This
definition encompasses both the changes in the occurrence and intensity of
weather systems from year to year, as well as the decadal scale fluctuations
that are observed in places like the Caribbean. In the Caribbean, variations
in the climate are reflected primarily in the rainfall activity, the effects
of which cascade through the physical landscape to produce changes in the water
budgets, natural vegetation, and existing land use patterns (Hastenrath, 1988).
The primary thrust of this study is the quantification of the interannual
variability of the Tropical Marine climate as it is manifested in the rainfall
regimes of the Caribbean island of Trinidad. This will be performed on the
temporal and spatial scales, with the goal of the latter being an examination

of the ways in which spatial differences in the rainfall regimes, impinge on



the runoff patterns observed.

The primary objectives of this thesis are therefore:

i) to analyze the temporal variability of the rainfall time series and
account for the underlying periodicities in terms of the local
conditions, as well as the more regional and interhemispheric
teleconnections that may exist.

ii) to analyze the spatial variability of the rainfall time series with
respect to both local topographic and geographic factors.

Within the context of these two objectives, the secondary goal of this study

is:

iii) to examine the ways in which the spatial patterns in the observed

rainfall are manifested in the resulting runoff, subject to the modifying

influences of the soil, topographic, and geographic characteristics.

Daily precipitation totals and streamflow discharges were studied over
the period of the last three decades (1959-1989). Although monthly and annual
totals were also computed (especially for the analysis of spatial patterns),
the daily time scale is the more important sampling interval, because it is
over this time period in the tropics, that the major local processes (such as
convection) and mesoscale circulations (like easterly waves) are best detected.
Very wet months may be due to intense heating and convective processes on the
time scale of a few days, or to the passage of a strong (in intensity) large
amplitude tropical wave. The monthly and annual statistics were useful in the
detection of signals of hemispheric and interhemispheric oscillations.

Two types of weather patterns were therefore examined in this study. The
first, large mesoscale convective areas, range in size from 10%-10* km? and
evolve over several hours. Secondly, synoptic-scale systems are greater than
10* km? in extent and last from one to several days. They are associated with
fronts or extreme low pressure centres (Eagleson, 1970; Milly and Eagleson,
1988).

The relationship between the rainfall received and the resulting runoff
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can be examined via a number of water budget methods or statistical techniques.
The basic water budget equation is given by

INPUT - OUTPUT = A STORAGE
However, due to the difficulties in obtaining reliable subsurface flow and
evapotranspiration data, the water budget approach was abandoned in favour of
the use of statistical techniques. No attempt was made in this study to model
the rainfall-runoff relationship. Instead, statistical tools 1like the
autocorrelation functions and spectral analyses were used to quantitatively
describe the interaction between the two variables.

Having outlined the scope of the study, this thesis will be placed into
its scientific context in Chapter 2. Tropical climatology will be briefly
reviewed in terms of the dominant weather systems and regional forcings on the
climate system. Reference will be made to the Intertropical Convergence Zone,
Atlantic basin wet season disturbances, as well as to more interhemispheric
oscillations like the El Nifio-Southern Oscillation. Various statistical methods
by which these signals can be detected, will also be reviewed. This will be
followed by a brief outline of the tools by which the rainfall-runoff
relationship can be examined.

The geography and climatology of the island will be described in Chapter
3. The strong dependence of the latter on the former will be illustrated, not
only in terms of the peculiar orographic and frontal mechanisms which operate,
but the effects of the island’s proximity to the South American continent will
also be briefly introduced.

Chapter 4 will then be devoted to the various methodological techniques
which were employed in the study. These include the actual acquisition of the
data, its inconsistencies and the ways in which it was verified. Finally, the
process by which the final stations upon which this study is based were chosen,
will also be identified.

Although univariate analyses were conducted on both the daily rainfall
and runoff variables, the results will be discussed primarily in terms of the

precipitation in Chapter 5. The theory and methodology of the autocorrelation
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function and the power spectral density functions will be presented, along with
their results. It is within this chapter that the temporal variability of the
observed rainfall will be discussed.

The account of this temporal variability will be expanded upon in Chapter
6, where spectral analysis techniques were again applied to the monthly
rainfall series. By using the monthly values, signals due to non-local forcings
were 1identified and discussed. The results of Chapters 5 and 6 will be
summarized in Chapter 7, which is devoted to analyzing the spatial patterns of
the observed rainfall regimes.

These spatial patterns in the rainfall will then form the background
against which the temporal and spatial variability of the runoff regimes is
discussed in Chapter 8. The ways in which the relationship between the rainfall
and runoff patterns are modified on the basin scale by the pedology, topography
and season of the year will be highlighted.

The results of the foregoing eight chapters will then be summarized in

Chapter 9, and possible avenues for future work indicated.



Chapter 2 LITERATURE REVIEW

In order to place this study within its proper scientific context, it is
necessary to outline some of the work which has been done in the various areas
which are intertwined in the thesis. The broadest area encompasses the
climatology of the tropics and the weather patterns which make the Caribbean
climate distinct. This is closely linked to the various teleconnections which
influence the Trinidadian climate. The methodological tools upon which the
study is based i.e. time series analysis and spectral analysis, will then be
presented, followed by the ways in which the relationship between the rainfall
and runoff can be quantified, and their interaction modified.

Tropical <climatology with its myriad of weather ©patterns and
teleconnections was well summarized by Hastenrath (1988), Jackson (1989) and
Riehl (1979). The islands of the West Indies experience a Tropical Marine
climate with one wet and one dry season, the general features of which were
outlined by Granger (1985), Macpherson (1980) and Watts (1987). The
Intertropical Convergence Zone (ITCZ) is the most important factor in the wet
season rainfall. Not only has the variability of its annual migration been
examined (Citeau et al., 1988; Kraus, 1977), but its influence on the climate
and convective activity of the tropical Atlantic sector has also been
quantified (Hastenrath, 1984; Horel et al., 1989). Another important
contributor to wet season rainfall are easterly waves. The origin and structure
of these disturbances have been described by Burpee (1972), and modelled by
Shapiro et al. (1988), while Duvel (1990) has examined the convective activity
associated with them. Hurricanes are another type of disturbance whose
influence are occasionally felt, although Trinidad lies to the south of the
official hurricane zone in the Caribbean. The hurricane activity for a given
year is neatly summarized by National Hurricane Center personnel (e.g. Avila
et al., 1989; Case, 1990; Clark, 1983). The large scale characteristics of
these disturbances were outlined in Frank (1982), while Emanuel (1987)

attempted to quantify the dependence of hurricane intensity on climate. Gray
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(1984), and later Shapiro (1989) placed hurricane intensity within the more
global context of their dependence upon low frequency oscillations like the
Quasi-Biennial Oscillation (QBO) and the El1 Nifio-Southern Oscillation (ENSQ).

These two oscillations which are only two examples of the teleconnections
that influence the global tropics, were briefly outlined by Meehl (1987). In
addition to the work of Shapiro (1989) and Gray (1984, 1990), the link between
the Quasi-Biennial Oscillation (QBO) and the Southern Oscillation (SO) was
examined by van Loon and Labitzke (1987) and Rasmusson (1990). Lau and Sheu
(1988) added one more periodicity in looking at the impact of the annual cycle,
QBO and SO on global precipitation. The dynamics of a typical El Nifio-Southern
Oscillation warming are well documented in Enfield (1989), Laws and McGillis
(1990) and Philander (1983), while its influence on the global tropics has been
reported by Caviedes (1989), Meehl (1987) and Kiladis and Diaz (1989). The
Southern Oscillation, which is largely the atmospheric component of the coupled
atmospheric-oceanic phenomenon called ENSO, has been separately studied by
several authors. Kiladis and van Loon (1987) examined the meteorological
anomalies that are associated with extremes in the Southern Oscillation, while
Rogers (1988) dealt with the influence of this oscillation on the variability
of precipitation over the Caribbean. Wolter (1987) discovered that the north-
east trades 1in the North Atlantic were strengthened under positive SO
conditions.

Another hemispheric oscillation which can affect the intensity of the
trade winds 1is the North Atlantic Oscillation (NAO). The dynamics of this
feature were documented by van Loon and Rogers (1978), with its influence on
Moroccan rainfall being examined by Lamb and Peppler (1987). As with most
atmospheric phenomena, the NAO does not exist in isolation, which prompted
Rogers (1984) to examine its association with the Southern Oscillation.

The 40-50 day wave or intraseasonal oscillation, which is observed in a
variety of atmospheric and oceanic parameters, was first discovered by Madden
and Julian (1971). Since that time, numerous studies have addressed the

convective activity associated with it (Weickmann and Khalsa, 1990), its
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seasonality (Madden, 1986), the air-sea interactions involved in the eastward
propagation of this feature (Kawamura, 1990), and its association with ENSO
(Lau and Shen, 1988).

The final cause of non-local forcings is related to the proximity of the
island to the South American continent. Within this context, the precipitation
regimes of Venezuela (Barry et al., 1990; Riehl, 1977), as well as the weather
patterns over the northern part of the continent (Caviedes, 1981; Velsaco and
Fritsch, 1987) are of importance.

Turning from the atmosphere to the tools by which it was described, the
two main techniques used in the study were time series analysis and spectral
analysis. Before these methods were applied, however, data verification was
performed in order to eliminate the gaps in the data. The homogeneity of a time
series and the various methods that are traditionally used to achieve data
consistency were addressed by Buishand (1982), Singh (1988) and Karl et al.
(1987). Correlogram analysis was applied to the resulting interpolated time
series (Chatfield, 1989; Davis, 1986; Yevjevich, 1982; Rodriguez-Iturbe et al.,
1989). Power spectra were then generated, and interpreted with respect to the
periodicities that were present in the data (Jenkins and Watts, 1968;
MacDonald, 1989; Otnes and Enochson, 1978; Priestley, 1981; Essenwanger, 1985;
Wang and Rui, 1989). The annual cycle was the most dominant periodicity
observed and was therefore removed by the method of seasonal differences
(Fuenzalida and RosenblUth, 1986).

Cross-spectral analyses were then used to quantify the relationship
between the rainfall and runoff series (Barry and Perry, 1973; Bendat and
Piersol, 1971). These analyses focused on the interpretation of the coherence
squared and phase spectra, where the former described the strength of the
relationship, and the latter the lag of one series (in this case the runoff)
behind the other (Priestley, 1981). The factors which influenced the strength
of the observed relationship included the basin non-linearity (Rogers, 1982;
Wood et al., 1990); the rainfall characteristics (Eagleson, 1970); soil

characteristics (Shelley, 1975; Hudson, 1981; M.M. Dillon, 1969; Vine, 1974);
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and other ways in which the runoff depended on the rainfall received (Singh,
1988; Nkemdirim, 1979).

By using the above concepts and methods, the spatial and temporal
variability of the rainfall received and the resulting runoff on the island of

Trinidad were identified, as presented in the following chapters.



Chapter 3  TRINIDAD ... THE MOST SOUTHERLY ISLE OF THE
CARIBBEAN

Trinidad, which together with Tobago form a twin-island nation state, is
the most southerly island of the Caribbean archipelago. It is bounded by the
61l° W and 61°5" W meridians and is roughly bisected by the 10°50" N parallel.
The areal coverage of the island is 5128 km!, (Macpherson, 1980) with a north-
south length of 77 km and an east-west width of 51 km (Giacottino, 1977). The
most north-western tip of the island lies a mere eleven kilometres off the
Venezuelan coast, after the land bridge which connected the island to the South
American continent, sank about 10,000 years ago (Macpherson, 1988). The
importance of this link with the South American continent will become more
evident in a later chapter when the influence of Venezuelan rain systems on the
local climatology will be illustrated.
3.1 TOPOGRAPHY AND SOILS

Of the three major upland regions on the island, the Northern Range is
the most dominant, rising to a height of 940m at Cerro del Aripo, and forming
an almost complete east-west barrier along the northern part of the island
(Macpherson, 1980). It is only broken in a few places like the Diego Martin
valley in the northwestern peninsula, which forms an almost complete north-
south corridor between the Caribbean Sea in the north and the Gulf of Paria in
the south. (See Fig.l) In contrast to the other parts of the island, the
geology of the Northern Range is characterized by thickly-bedded limestone
formations and alluvium along the valley floors. Alluvial and gravel fans mark
the emergence of southward flowing streams onto the plains (M.M.Dillon, 1969).

The Central and Southern Ranges are not as continuous as the Northern
Range, and are much lower in elevation. Mt. Tamana, the highest point of the
Central Range, rises to just over 300 m, while the entire Southern Range is
even lower yet. However, despite the fact that these ranges do not pose as much
a barrier to the air flow as does the Northern Range, orographically induced
precipitation is nonetheless observed. In general, these areas to the south of

the Northern Range are underlain by sedimentary deposits, which are capped with
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impervious clay to clay-loam soil (M.M. Dillon, 1969; Macpherson, 1980).
Between each of the three main ranges lies a plain which is drained by
a major river (and its corresponding network) either towards the Atlantic Ocean
on the east coast, or the Gulf of Paria to the west. The Caroni Plain is
drained by the Caroni River which flows through the Caroni Swamp before
entering the Gulf of Paria. Like the Caroni River, the two rivers which drain
the plains between the Central and Southern Ranges, also drain swamps at the
coast before reaching their mouth. In the southwest, the Oropuche River drains
the Naparima Plain before entering the Gulf, while the Ortoire River drains the

Nariva plain on its way to the Atlantic Ocean (Macpherson, 1980).

3.2 CLIMATOLOGY

Although, as Granger (1985) claims, in the West Indies there are as many
"climates as there are islands and topographic configurations," with Trinidad
being wetter than islands further north, there are a few characteristics which
make the Tropical Marine climate distinct from other tropical climates. One
such characteristic is the fairly uniform temperature (around 30°C) which is
experienced throughout the year, with the diurnal range greatly exceeding that
of the annual. In terms of the precipitation regime, two distinct seasons can
be identified. The dry season, which is a period of long sunny spells that is
interspersed with a few showers, usually lasts from January to May. It is
followed by the wet season during which time the bulk of the precipitation is
received. Finally, Trinidad, like the other Caribbean islands, is situated
between the quasi-stationary North Atlantic high pressure cell and the
Equatorial Trough. It therefore comes under the pervasive influence of the
north-east trades. Most of the weather is controlled by these winds, thus
warranting a closer examination of their origin and consequences (Granger,

1985; Macpherson, 1980).
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3.2.1 THE NORTH ATLANTIC HIGH PRESSURE CELL, NORTH-EAST
TRADES AND TRADEWIND TNVERSTON.

The North Atlantic high pressure cell, which has also been referred to
as the Bermuda-Azores high or the subtropical high, is an area of high surface
pressure which develops around 30°N over the Atlantic Ocean. These cells, which
are dynamic in origin, are characterized by subsidence from the upper levels,
especially on their eastern sides. The subtropical high is migratory in extent,
reaching its northermmost position (around 37°N) during the northern
hemispheric (boreal) summer. During the boreal winter, it is located at a
latitude of about 29°N (although at times it can be located further south as
well) (Hastenrath, 1988). As air diverges from the equatorward side of this
cell, it moves into zones or latitudes with faster eastward rotational
components. The equatorward-moving winds are deflected to the west and are
therefore called the north-east trades. These tradewinds become more easterly
in nature as they move further south, such that the east coast of Trinidad,
experiences easterly onshore flow.

The subsiding warming air diverges as it leaves the subtropical high,
creating a marked inversion (an increase of temperature with height) which
increases the stability of the lower layers of the atmosphere. The development
of convection is therefore effectively dampened. Thus, although the trades are
quite humid in the lowest layers below the inversion (Granger, 1985), the
latter remains the most important control in the development of convective
activity during the dry season. During the dry season, when the subtropical
high is most southerly, the tradewinds are at their strongest and the base of
the inversion at its lowest (1000-1500 m) (Granger, 1985). It should be noted,
however, that the height of the inversion rises as one progresses further
downstream of the high pressure cell, due to the movement of the air into areas
of lesser divergence and subsidence, which when coupled with local convergence
and other processes, produce a weakening and raising of the inversion layer

further south (Hastenrath,1988; Jackson, 1989).
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The height and intensity of the trade wind inversion is also a function
of the time of year. During the boreal summer (which coincides with the wet
season in Trinidad), the subtropical high is at its most northerly position.
The base of the trade wind inversion is lifted to heights of 2000 m or higher
(Granger, 1985), and collapses entirely over Trinidad. This fosters the
development of rain bearing cumuli, either as the inherent instability of the
humid layer below the inversion 1is released, or as disturbances in the
easterlies move westward to produce clouds and precipitation.

Before discussing the various mechanisms which operate in the absence of
the convective 1lid during the wet season, it should be pointed out that, during
the dry season, the pervasiveness of the trade wind inversion can be broken by
various precipitative stimuli. These "cool season disturbances" (Jackson,
1989:36) may take the form of cold fronts or surges (the latter term as used
by Hastenrath, 1988), or trough-like features resulting from the interaction
between the upper westerlies and the lower easterlies in the troposphere.

Cold fronts represent an outbreak of cold air from sources over North
America during the winter. These northers as they are called in Jamaica, are
rapidly modified by their passage over the warm Gulf of Mexico and the
Caribbean Sea. Abundant cloudiness and rainfall, as well as a drop in
temperature and a wind shift from a northeasterly to a north-northwesterly
direction, are all characteristic features of these fronts. By the time these
systems reach Trinidad, they may have dissipated and are only recognizable as
shearlines whose thermal coherence and stability in the upper layers may
"favour the release of convective instability in the lower layers" (Granger,
1985:25; Hastenrath, 1988, Jackson, 1989).

Other cool season disturbances include weak surface lows with intense
cold low pressure systems aloft (Riehl, 1954, in Jackson, 1989) which result
from the interaction between the upper level westerlies and the surface
easterlies. This feature 1is often referred to by Trinidadian weather
forecasters as a surface low with a cool pool aloft (Monthly Weather

Summaries).
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3.2.2 THE WET SEASON

In the wet season (which usually lasts from June to December), the
inherent instability is no longer capped by a strong inversion layer, thereby
allowing certain precipitation-triggering mechanisms to operate. These include
the northward migration of the Equatorial Trough and its associated
Intertropical Convergence Zone (ITCZ), disturbances in the easterlies or
easterly waves, tropical depressions, storms and hurricanes, as well as
enhanced buoyancy forces and orographic uplift (Granger, 1985).

There has been much debate surrounding the Equatorial Trough and the
areas of convergence that are associated with it. The Equatorial Trough is an
area of low pressure within which the trades from both hemispheres meet and
ascend. Condensation occurs and the latent energy which was not dissipated
within the inversion layer, is released (Hastenrath, 1988; Jackson, 1989).
Jackson (1989) also states that the ascent of the moisture-laden air could also
be triggered by orographic uplift or surface heating. The convergence within
the trough produces abundant cloud cover and precipitation. However, this
convergence is not fixed in time nor space, hence the reason why some authors
(e.g. Sumner, 1988) refer to the ITCZ as an area where a distinct difference
in the air mass (usually in its humidity) occurs across the zone of
convergence. The ITCZ is therefore, not a continuous feature, but is made up
of moving disturbances which can alter its position and intensity. Such
disturbances can interact with westward moving waves, or can be detached from
the main area of convergence to form clusters which can become tropical
depressions (Jackson, 1989).

As the subtropical high begins its northward migration, so too does the
major axis of confluence and the associated ITCZ. It should be noted that, over
the Atlantic, the Equatorial Trough and the ITCZ are always north of the
equator because the cold South Atlantic Ocean mitigates against convection. The
maximum convergence is always located to the south of the confluence axis. As
the area of maximum convergence passes over Trinidad, a peak in the rainfall

received is recorded (usually in July-August). The area of convergence may then
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migrate even further northwards (to 12°-15°N) in September/October thus
producing a drier spell called the "petite caréme". A secondary rainfall
maximum is recorded in October/November, as the convergence zone migrates
south. This northward and southward migration of the ITCZ, and the weather
patterns that are associated with it, account for the annual variation which
is observed in the precipitation regime of Trinidad.

Another type of disturbance which contributes regularly to wet season
rainfall totals are easterly waves. Waves in the easterlies, which are perhaps,
the most common type of disturbance in the trade winds, are troughs of low
pressure which originate in the Sahelian-Sudan region of Africa, and propagate
westward across the Atlantic during the summer. Ahead of the trough, surface
divergence and convergence aloft produce subsidence, whereas conditions are
reversed behind the trough, leading to ascent, cloud development and moderately
heavy rainfall, as shown on Fig. 2 (Jackson, 1989). With wavelengths of 2000-
3000 km and speeds of between 5 to 10 ms™! (Granger, 1985), they propagate
westwards with varying periods. Duvel’'s (1990) estimate of 2.5-5.5 days
encompasses Shapiro’s (1988) 3-4 day estimate, and the 3-5 day periods proposed
by Burpee (1972). These periodicities will be further discussed with the
results of the univariate analysis in Chapter 4.

The importance of easterly waves is not limited to the contribution made
to rainfall in the wet season. Under conducive conditions, some waves may
develop the cyclonic circulation necessary to become tropical depressions.
Tropical depressions are low pressure systems with a cool core, in which the
winds are less than 17 ms™! (Jackson, 1989; Sumner, 1988). The intensification
of tropical depressions into tropical storms represents the final stage before
reaching full hurricane intensity (with surface winds of over 32 ms™).
Hurricanes are barotropic, warm-cored disturbances with inwardly spiralling
winds that swirl towards an intense area of low pressure at the centre or 'eye'’
(Sumner, 1988). They develop over warm tropical oceans (sea surface temperature
of at least 27°C) and usually between 7°-15° north and south of the equator,

where cyclonic circulation is not destroyed by the Coriolis Force (Sumner,
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1988). Hurricanes can be described as open systems in the sense that the latent
heat released in the rainfall produced, is replenished by the uptake of
sensible and latent energy from the warm ocean surface over which they move
(Hastenrath, 1988).

Trinidad lies to the south of the major zone within which most hurricanes
form and propagate. However, hurricanes have been briefly discussed because
they are important rainfall contributors during their rare passages over
Trinidad or close to it. It should be noted that, even if the eye of a
hurricane does not pass within a few hundred kilometres of the island, features
like feeder bands (see Fig. 2) or troughs may be induced in the larger scale
circulation patterns. Feeder bands are made up of intense cumuliform cells that
are associated with heavy precipitation and strong winds (Sumner, 1988). Such
bands developed on September 4-5, 1989, spiralling from their origin over
Venezuela towards the eye of Hurricane Gabrielle, as it swept over the

Caribbean Sea (Monthly Weather Summaries, 1989).

Orographic uplift, surface heating and the local on-shore air flow are
the final factors which can trigger the condensation process. The action of
these mechanisms occurs throughout the year, but is greatly enhanced during the
wet season.

Orographic uplift refers to the forced ascent of the air as it encounters
an elevation barrier. Cooling occurs and precipitation can result, depending
upon the amount of moisture present in the ascending air. Thus, as the flow of
the north-east trades is obstructed by the Northern Range, orographically
induced instability waves may be triggered and precipitation initiated (Watts,
1987). Although the windward sides of such barriers usually receive more
rainfall than do the leeward, orographically induced showers have been observed
along the southern foothills of the Northern Range, according to the Monthly
Weather Summaries.

Land and sea-breeze interactions are important in a variety of

circumstances in different parts of Trinidad. In general, the thermal contrasts
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between the land and water surfaces produce sea breezes during the day and land
breezes at night. During the day (intense) heating of the land and divergence
aloft displaces atmospheric columns upwards which are in turn replaced by
cooler air from over the sea. The development of this sea breeze usually leads
to afternoon precipitation (Jackson, 1989). In the Diego Martin Valley (one of
the rainfall areas under study), this sea breeze effect is accentuated by the
funnelling effect of the valley. This valley is one of the few places where the
continuity of the Northern range is broken. Anabatic winds draining down the
valley in a southerly direction, may form a weak sea-breeze front upon
convergence with the cool, humid air coming off the Gulf of Paria. These
frontal conditions, enhanced by thermal convecgion over the land, tend to
produce afternoon thunderstorm maxima, and may even be accountable for the
isolated ’'freak’ storms which occur in the Diego Martin valley (Monthly Weather
Summaries).

On the east coast of Trinidad, nocturnal rainfall may be associated with
the convergence of cooler air from the land with warmer, moist easterly airflow
over the sea. As the latent instability is released in the moist lower layers,
a front may develop parallel to the shore. The more persistent easterly flow
may displace the frontal zone landward and result in shower activity along the
east coast in the morning.

In the foregoing discussion, the various microscale and mesoscale weather
patterns by which rainfall is received have been presented. Within this
context, the precipitation (and to a lesser extent, the runoff regimes) will

be described statistically in Chapter 5.
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Chapter 4 METHODOLOGICAL CONSIDERATIONS

The preceding chapters have served to outline the geographical,
climatological and scientific contexts within which the study was performed.
The primary goals of this chapter are a) to discuss the peculiarities of the
data upon which the study is based and b) to briefly explain the techniques
which were employed in the verification of the data. This chapter will
therefore be divided into the acquisition of the data; its verification; and
the rationale behind which the stations which were eventually chosen for the

study.

4.1 DATA ACQUISITION

In May 1990, three government agencies were visited, from which daily
precipitation totals and streamflow discharges of the stations shown on Map 1
were collected. The first agency, the Meteorological Service of Trinidad and
Tobago, is located at the Piarco International Airport, and was established in
July 1945 by the British Air Ministry (Daniel and Maharaj, 1987). From this
Service, the digital rainfall records for Piarco were obtained for the period
1959-1989. Hard copy records for the 13 years prior to this were also
available. Monthly Weather Summaries which detailed the passage of synoptic and
local weather systems, as well as the prevailing circulation conditions were
obtained for the period 1973-1989. These summaries however, were not continuous
as observed from Table 1. This implies a certain incompleteness in accounting
for the causal mechanisms which operated in certain years. Finally, digital
daily sea level pressure, relative humidities and temperature values were also
obtained. These may be useful for future work which will be outlined in a later
chapter.

The daily rainfall readings at Piarco were taken with a Casella tilting-
siphon automatic rain gauge and a Casella 5" non-recording pot gauge. The
readings have been taken at the same location (*200 feet), except during the

reconstruction of the airport in 1986, when the recorder located on the roof
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of the building was used.

TABLE 1

MISSING RECORDS FOR THE MONTHLY WEATHER SUMMARIES AT PIARCO

prior to October 1973
1974 May
1975 January, August
1976 June, July, September-December
1977 January, March, April, September
1978 May, October-December
1979 April, July-September
1980 entire year
1981 entire year
1982 January-March, October-December
1983 November
1984 September
1985 May, August, September

From the Drainage Division of the Ministry of Works and Infrastructure,
daily rainfall records of varying lengths were obtained for fifteen other
stations. Of these stations, four were discarded for use in the study due to
the large number of incomplete or missing years. Most of the remaining eleven
stations were beset by problems ranging from the use of 5" non-recording pot
gauges whiéh, at times, were not read due to a lack of personnel, to the

destruction of the Division’s records by fire in 1973. In addition, during the
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period 1970-1982, a mixture of automated and pot gauge readings may exist.
Finally, from the Water Resources Agency of Trinidad and Tobago, daily
streamflow wvalues, as well as other summary statistics were collected for
eleven stations. The records were again of varying lengths and end in 1987, due
to the fact that, at the time of data collection, the 1988 and 1989 readings

had not yet been digitized.

4.2 DATA ENTRY

With the exception of the records obtained from the Meteorological
Service, all of the other records were on hard copy. This necessitated their
manual entry onto the CRAY X-MP at the National Center for Atmospheric Research
(NCAR) facilities during the summer of 1990. Due to the time involved in this
undertaking, only seven streamflow and five rainfall stations were chosen and
entered. Table 2 indicates the degree of continuity at these stations for the
period 1959-1989 for the rainfall stations and 1969-1987 for the streamflow

stations.

4.2.1 DATA VERIFICATION

During the initial data verification stages, missing values were flagged
with -9.09, while -9.99 represented non-existent days (e.g. February 31). It
was common to find rainfall stations where readings had been taken at irregular
intervals, e.g. once every ten days, with that one value being entered as the
total for the period. Such days were left blank and then flagged with -9.09.
Data interpolation, was later performed so that spectral analyses of the
continuous daily series could be done. It was realized, however, that due to
the inherent variability of the rainfall process, the character of individual
precipitation events may have been altered by such interpolation. Finally, for
all of the rainfall stations except Piarco, the records prior to 1978 had to
be converted from the imperial system of measurement (inches), to S.I. units
(mm). This was done by multiplying each such value by a factor of 25.4.

Similarly, a change in the unit of measurement in the pre-1981 streamflow data
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from cubic feet/sec to cubic metres/sec, was corrected for by multiplying by

a factor of 0.028.

TABLE 2
MISSING RECORDS FOR a) THE RAINFALL & b) THE RUNOFF STATIONS
STATION YEAR DAYS /MONTHS
a)
Matelot - - -
Rio Claro 1983 entire year
Pt. Fortin 1961 Nov 7/1959-Jan 1/1961
1962 January
1963 July-December
1964 February, March, Nov.-Dec.
1965 Jan.-June, Nov.-Dec.
1966 January 2 - April 17
1971 January 1 - August 8
1987 entire year
Freeport 1965 November-December
1973 September 9 - December 31
1975 May 12 - December 31
1977 May 17 - July 10
1982 August 14- December 31
1983 entire year
Maridale 1963 June 24 - December 31
1964-1967 entire year
1968 January-June
1969 February
1970 August-December
1971-1972 entire year
1977 Oct.1-31, Nov.21-Dec.11
1979 February 7 - June 18
1983,1987 entire year
b)
N. Oropuche 1972 July 22 - October 3
1873 January 1 - May 31
Navet 1972 entire year
1973 January 1 - May 31
1985 . January 1-7
Ortoire 1972 August 1 - December 31
1973 January 1 - May 21
1882 June 20-24, Sept.21-Dec.31
1983-1984 entire year
Guapo 1981 August 1 - November 30
1984 January 16-189
(Couva-)Caroni 1973 January 1 - May 15
Guanapo 1968 January 1 - May 17
1969 October 19
1973 January 1 - May 31
1979 December 17-31
1985 August 5-13, Nov. 13-21, Dec.2,3
1986 entire year
St. Helena 1976 January 1 - April 20
1982 August 4-18, December 11-31
San Juan 1972-1973 entire year

4.2.2 PRELIMINARY DATA MANTPULATION

Using Fortran programs and subroutines supplied by Roland Madden and
Dennis Shea at NCAR, annual plots of the raw daily data, as well as annual
variation plots were generated for each station. The latter were computed by
averaging all the corresponding days (e.g. all January 1) over the period for
which the data were available. Fig. 3 shows the annual variation of rainfall
for Piarco and runoff for San Juan. The two peaks which are observed on these

diagrams correspond to the double passage of the ITCZ over the island, while
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the trough between the maxima represents the "petite caréme" phenomenon as

discussed in Chapter 3.

~
(98]

The preliminary procedures described above, were followed by more
rigorous verification of the data at McGill University. This included the
manual entry of additional stations; the use of double mass analysis for
checking the homogeneity of the data; and the creation of a continuous daily
time series by interpolation. Finally, the 17 stations (9 rainfall and 8

runoff) that were used in this study as listed on Table 4, were selected.

4.3.1 DOUBLE MASS ANALYSIS

A primary drawback of the daily records used, was the fact that they
spanned different periods of time. Perhaps of equal, if not more importance,
was the non-continuity of the records themselves. In general, this problem was
more serious for the runoff stations where, for example in 1972, there were no
records at any of the seven stations for the period January 1-May 15. Two
approaches were employed in an attempt to fill in the missing blocks of data.
The first was double mass analysis, while the second involved a filtering
regression routine supplied by the Matlab package.

Double mass analysis has traditionally been used as a graphical method
for checking the homogeneity or consistency of a record. The double mass curve
is constructed by plotting the cumulative amounts of (precipitation or
discharge for) the station in question against the cumulative amounts of a
number of neighbouring stations. The curve is then checked for trends or
changes in slope which would indicate some form of inconsistency in the data.
Under homogeneous conditions the plotted points fall on a straight line
(Buishand, 1982; Singh, 1988). Inconsistencies in the data may commonly arise
if there have been changes in a) the station location b) observational
procedures (both in the observer or type of instrument) and c) the exposure of

the instrument (more relevant for rainfall records) (Singh, 1988). Such



25

inconsistencies which may be manifested as missing values, can be adjusted for
by applying the least squares method to the double mass analysis.

The linear regression equation expressing the relationship between a
dependent variable y (station with the missing values), and the independent
variable x (the group average of the neighbouring stations), is given by

y=mx +b
The slope of the double mass curve is given by the coefficient m, while b
represents the intercept on the vertical axis. According to Singh (1988) and
Kohler (1949), b tends to be zero, or not significantly different from zero for
precipitation data. The product of the slope m and the days of the group
average produces an estimate for use in the interpolation of the test station.

The above methodology was somewhat modified in the present study, mainly
because there were too few stations with which to assemble group averages.
Instead, for a given rainfall (runoff) station, the nearest rainfall (runoff)
station was used, with the more complete records providing the base period
against which missing values of the test station were interpolated. The
following rainfall stations whose spatial association can be derived from Map
1, were matched for interpolation -: Rio Claro and Williamsville; Piarco and
UWI; Diego Martin and Matelot. Among the runoff stations St. Helena was
interpolated with San Juan, Guanapo with N. Oropuche and Ortoire with Navet.
The correlation coefficients for each pairing are given below on Table 3.

Figs. 4a-4e show the corresponding double mass curves for the stations
that were paired together. From these figures it would seem that Diego Martin
would have been better interpolated with UWI instead of Matelot. However, it
was decided that Matelot and Diego Martin were more similar with respect to the
weather systems received, due to their location on the northern slopes of the
Northern Range. Freeport, like Rio Claro is well matched with Williamsville.
However, due to the large inconsistencies present in the last five years, an
unweighted average was computed for the Freeport-Williamsville complex,
henceforth abbreviated as FRWL. For similar reasons, an areal average was

computed for the Quare-Manzanilla rainfall complex, subsequently referred to



