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Assessment of the Water Balance of Lake Bosumtwi
Abstract

The goal of this research was to establish the hydrological processes that affect the water
balance of Lake Bosumtwi, contributing to the marked lake level rise (+6.8m) and fall (-3.2m)
within the past centenary (1938 — 2000). Thus, this work focuses on the development of a
distributed model for Lake Bosumtwi using satellite altimetry and GIS. The distributed model
approach would allow the easy modification of land use and land cover to present the true
picture at any given time. The GIS based distributed model was developed using regional
(Kumasi) climatic conditions as inputs to the model on a monthly time-step (Mar, 1977 —
Dec, 1998). Landsat images were used to determine land cover changes. Investigations were
made into the components of the surface hydrological processes occurring at the lake. Also,
the possibie contributions of subsurface runoff and regional aquifer were investigated. The
water balance of Lake Bosumtwi was determined to be AV = P+ R — E. Rainfall, P values
of Kumasi was used. Runoff, R was ‘determined” using the SCS-CN method and was
successfully modified to incorporate the average slope of Lake Bosumtwi’s catchment
area.The Simplified Penman Evaporation model (Valiantzas, 2006) was determined the best
evaporation, E, model for the Lake. The model was calibrated and validated using the level
pool reservoir routing equation(using precipitation and runoff as inputs, and evaporation as
the only output) and the Klemes split-sample test method (1986). In general, the water
balance model developed had a total error of -0.005% (systematic error = -0.692% and
random error = +0.687%). The model has a R* = 0.998, D = 0.99 and PRMSE = 9.29%. The
Nash-Sutcliffe model efficiency was found to be 100%.The study revealed that satellite
altimetry and GIS can be successfully used to model hydrological processes of ungagged
calchments. Also, land cover changes at lake can be assumed to be linear with the resultant
rate of change in curve numbers being -0.000021651 per month, Again, direct precipitation
onto the surface of the lake is the major input into the water balance model. And in addition,
the gradual decrease in rainfall and increase in evaporation accounts for the consistent lake

level fall. In conclusion, the study shows that Lake level rise and fall reflects regional climatic

conditions.
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Assessment of the Water Balance of Lake Bosumtwi

List of Abbreviations and Symbols

Abbreviation / Meaning
Symbol
51* orest - Evapotranspiration of forest catchments

X - Mean of observed data

Y - Mean of simulated data

av - Rate of change of Lake volume

dt

si - Sample standard deviation of dataset 1

sf - Sample standard deviation of dataset 2

o -  Population standard deviation of dataset 1

of - Population standard deviation of dataset 2

160, 180 - Dxygen-16, Oxygen-18 isotopes

A - Area of catchment (land or lake)

a - Parameter for estimation of cloud cover

Abs - Abstraction from Lake Bosumitwi

AESC - Architectural and Engineering Services Corporation
A; - Area of a time series i
AMC - Antecedent Soil Moisture Condition

ArcGIS - GIS software by ERSI

2 - Regression constant = 0.2006

ASsT - Italian Space Agency

be - Regression constant = 0.5313

€ - Fraction of sky obscured by clouds

Cair - Heat capacity of air

Co - Surface drag coefficient

CN - Curve Number

CNw - Weighted Curve Number

CN) = Curve number at dry soil meisture conditions, AMC(I)
CN¢T) - Curve number at average soil moisture conditions, AMC(II)
CNH) - Curve number at wet soil meisture conditions, AMC (TII)
CNz or CN(IT) - Curve number at average soil moisture conditions, AMC(II)
D - Index of Agreement

d - Solar decimation

DEM - Digital Elevation Model

DLR - German Aerospace Centre

dr - Inverse relative distance between the Earth and Sun
F - Evaporation

F _— = Evapotranspiration

E - Nash<Swtetiffe Efficiency

e - Random error

& - Actual vapour pressure

E: - Drying power of air

ENVISAT -

T T R e e b oe R
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List of Abbreviations

e (T) - Saturated vapour pressure al temperature (T)

Erdas - Image analysis and processing softwarc by Leica Geosystems

& - Saturation vapour pressure

F - Integral factor for the estimation of C (fraction of sky obscured by
clouds)

F F-test / Fisher — test

F-test - Fisher test or F,

GeoTiff - Geo-referenced Tiff (tagged image format file) image

Gy - Groundwater inflow

GIS - Geographic Information System

GLCF - Global Land Cover Facility

GMA - Ghana Meteorological Agency

GPS - Global Positioning System

G - Solar constant

Gw - Groundwater flow or subsurface flow

Gyr - Giga year (% 10° years)

H - Outgoing sensible heat fTux

Ho = Null hypothesis

Hsi - Altemnate hypothesis

HSG - Hydrologic Soil Group

I - Annual Heat Index

i - Monthly Heat Index

IAEA = International Atomic Energy Agency

1/ = Inputs of the reservoir routing equation at data point i

li+1 - Inputs of the reservoir routing equation at data point i+]

ITcz - Inter Tropical Convergence Zone

i - Julian day

J - Latitude (radians)

K - Correction factor for double mass analysis

» - Empirical constant for determination of surface drag coefTicient (k
=0.40)

Kx - Rank of variable x in chronological order of its time series

Ky - Transformed rank equivalent of series observations of variable x,

Landsat - Land Satellite Imagery

Lobs - Lake level (observed)

Litw - Lake level (simulated)

Leim - REB - Simulated lake level — systematic depth error

mas/ - metres above sea level

n - Actual sunshine hours

N - Maximum number of sunshine hours

n = - Numberofdata in a dataset

NASA - National Aeronautics and Space Agency

L e - Number of days in a month

NGA - National Geospatial-Intelligence Agency

N - Number of rainfall storms in a month

-—_————
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Assessment of the Water Balance of Lake Bosumtwi

O - Outflows of the reservoir routing equation at data point i in the
time series

Oz = Outflows of the reservoir routing equation at data point i+1 in the
time series

P - Precipitation (rain, snow, hail, etc.)

Patm - Atmospheric pressure

Peatchment - Precipitation onto catchments

Pe - Effective precipitation (rainfall)

F; - Direct precipitation onto Lake Bosumtwi at a time step i of a time
series

Pisy - Direct precipitation onto Lake Bosumtwi at a time step i+1 of a
time series

P, - Observed precipitation (rainfall)

PREB -  Per cent Relative Bias

PRMSE - Per cent Root Mean Square Error

Q - Surface runoff from catchment

Oe - Average evaporation / evapotranspiration rate

Qr - Average groundwater inflow rate

Qo - Average groundwater outflow rate

Or - Precipitation ratg

Qs - Average surface runoff rate

r - Number of data in a dataset

R = Runoff from Lake Bosumtwi’s catchment

RiorRz - CoefTicient of determination

Rs - Extra-terrestrial radiation

RB - Relative Bias

Riorest - Runoff from forest catchmenis

RHmay - Relative Humidity (maximum)

RHmean - Relative Humidity (mean)

RHmin - Relative Humidity (minimum)

Ri - Runoff from Lake Bosumtwi’s catchment at data point i of a time
series

Risr - Runoff from Lake Bosumiwi’s catchment at data point i+1 of a
time series

Ridown - Long wave radiation (receiving)

Riup - Long wave radiation (outgoing)

rms - root mean square

RMSE - Root Mean Square Error

Ry - Net solar radiation

Rr .= Shortwave radiation (reflected)

R ___' ~~=  Shortwave-radiation (incoming)

Rsp -  Spearman’s correlation coefficient

5 - Potential maximum soil retention capacity (storage capacity of the

0 soil)
5 - Storage capacity of broad leaf cover
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List of Abbreviations

5 - Surface runofT

SCS-CN - Soil Conservation Services — Curve Number
STRM - Shuttle Radar Topography Mission

y ot - Air temperature

ta - Number of seconds in a day

Tmax - Temperature (maximum)

Tmean - Temperature (mean)

Tomin - Temperature (minimum)

L = Duration of storm

tr -  Students’ t-distribution

T-test - Student’s T-distribution test or T,

Tw - Water surface temperature

v - Baseflow / underground discharge

U - Critical region of a hypothesis

U - Wind speed

Uz - Wind speed at standard height of 2 m asl

USA - United States of America

USGS - United States Geological Survey

U - Wind speed at height of 2 m asl

v - Volume

Vobs -  Lake volume (observed)

Veim - Lake volume (simulated)

Vim - RB - Simulated lake volume — systematic volume error
Ws - Half day length

X - Parameter for computing w,
X - Cumulative observed values (x;)

Xi - Observed data in a time series at point i

¥ - Cumulative simulated values (v;)
Vi - Simulated data in a time series at a point i

ol - Height above water surface at which wind speed is zero
Zr - Reference height for measurement of wind speed=2.0 m
a - Priestly-Taylor coefficient = 1.26

a - Fractional interception loss

O - Albedc or reflection coefficient of a water surface
i - Average annual polential evapotranspiration of River Pra Basin

runoff model

¥ - Psychometric constant

4 - Slope of saturation vapour pressure

) - Solar decimation

) _— - Isotopic composition of evaporation

Sgi - - Isotepiceomposition of groundwater inflow

oL -  Isotopic composition of lake water level

L AR -  Isotopic composition of precipitation

ity - Change in energy stored of a lake or body

sV - Change in lake volume

S e ————————— e e R SR RS
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Change in lake volume

Change in lake volume (observed)
Change in lake volume (simulated)
Total error

Emissivity of Air

Emissivity of water

Latitude in degrees

Slope of catchment (degrees)

Initial abstraction ratio

Latent heat of evaporation

Heat lost to evaporation of a water body
Empirical mass coefficient

Rainfall correction coefficient (P, = pP,)
Degrees of freedom in a dataset

Density of water

Stefan-Boltzmann constant

Systematic error

MS5c. Thesis (Feb., 2010}
i #'j.!- -r.l!gn
Wreyys M0 U
l":rnﬁ 1"&‘*1 TEn: |



Acknowledgement

Acknowledgement

Sir Isaac Newton (1643-1727) once remarked:"If I had seen further, it is by standing on the
shoulders of giants... "and today [ can also say that "if this work would ever be of great value,
then it was because of of the great assistance and guidance offered to me by these men..."
Many people deserve the thanks and appreciation for making this work a reality. My thanks

goes to the Almighty God for breath and sustenance.

I also want to thank my supervisors, Dr. F.O.K. Anyemadu and Mr. Frank Annor, for their
great supervising work, careful attention to detail, patience and encouragement during this

project. Their patience and persistence has produced this fine work.

Thanks also goes to my professors, Prof. S.N. Odai, Dr. G.K. Anomu, Mr. K.A. Adjei (all of
the Dept. of Civil Engineering, KNUST) and Dr. S.K. Danuor (Dept. of Physics, KNUST) for

critical analyses and other diverse and immerse contributions towards this work.

Thanks goes to these special persons, Prof. Christian Koeberl (Dept. of Geological Sciences,
University of Vienna, Austria), Dr. Ulrike Falk (ZEF, University of Bonn, Germany), the
Global Land Cover Facility (University of Maryland, USA) and Mr. Felix Brown (Ghana

Meterological Agency, Kumasi) for their immense data contributions.

My special thanks goes to friends and acquiances for their support during this project. The
few 1 can mention here are Mr. Amos Kabobah, Samuel Barnie, Yvonne Kyei-Mensah,
Akosua Asamoah Addo, Marvin Aidoo and Cynthia Konadu Kwarteng for their support,
Without them, 1 would have had more than 50% extra work to have done. My thanks also

goes to all the staff and teaching assistants at the WRESP office for their support.

Finally, I want to thank my fami[ﬁ'm'_;uppmt and encouragement during this period.

—-—-_---_ d

B ——————— ]
Mark Amo-Boateng MSc. Thesis (Feb., 2010) Page xxiil



Chapter 1: Introduction
1 Introduction

1.1 Background

Lake Bosumiwi, situated within an ancient meteorite impact crater,is the only natural lake in
Ghana(Lake Bosumtwi, 2009). It has been argued that Lake Bosumtwi lies in the best-
preserved complex young impact structure known on Earth(ibid.). It is the source crater of the
[vory Coast tektites. The structure was excavated in 2.1-2.2 Gyr old metasediments and

metavolcanics of the Birimian Supergroup(Koeberl et al.. 2007).

Figure -- Aerial Photograph of Fake Bosumiwi

(Source: Duich A.,2004)
Observation of the spatial and temporal variability of water resources is crucial for societal
and scientific issues.In the African tropics, the hydrologic cycle is known to have been
characterized by substantial decadal variability over the last 50-100 years, with profound

societal and e;t:-_n_;'._:lmit immc!an]ume of water stored within lakes and reservoirs

acts as a sensitive proxy for the components of the hydrologic cycle and may be used to study

i

the combined impact of climate change and water resources management.

L _ - ______ o ]
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Chapter 1: Introduction

studies of the paleoflora of the basin reveals that the climatic factors has not changed
drastically. There is, thus, the potential of the lake overflowing crater rim, inundating all
surrounding communities and ecology. Therefore, factors that go into the lake level rise and

fall thus becomes eminent for research.

Also, lake level records may serve as a proxy for understanding and reconstructing
paleoclimatic data, providing insight of the climatic history of the sub-region and the
consequence of climate change. Understanding of the lake’s hydrological components (water

balance) may also be used as the basis for climate change studies.

1.3 Justification

It has been documented that climatologically factors greatly and directly affect the lake level
records (Tumer et al., 1996). Since paleoclimatic conditions have not changed drastically
during the time the lake overflowed the erater rim and the present (Koeberl et al., 2007), a
proper assessment of the components of the hydrological cycle which directly influences the

level of the lake is extremely essential for any future water resources development.

1.4 Study Objective

The primary objective of this study is: “To establish the water balance of Lake Bosumtwi®.

1.5 Specific Objectives

Specific objectives which would facilitate the realization of this study include:

¢ To determine the total catchment area of Lake Bosumtwi;
¢ To establish all inflows and outflows of Lake Bosumtwi; and

o To estabtish the water bafance of Lake Bosumtwi.

e e
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Assessment of the Water Balance of Lake Bosumtwi

1.6 Research Questions

The main question of this study is: “What is the water budget of Lake Bosumtwi?” To answer

this crucial question, a study would be conducted to answer these specific questions:

* What is the surface area of Lake Bosumtwi’s catchment?
e What are the monthly precipitations in the catchment area of Lake Bosumtwi?
* What are the monthly evaporations from the lake surface?

e What are the monthly outflows from Lake Bosumtwi (if any)?



%2: B-raruiewnﬁﬂﬁm

2  Overview of Study Area

Lake Bosumtwi fills a million year old meteorite impact crater (Koeberl and Reimold, 2005)
that was formed in dense crystalline rock. The crater diameter is 10.5 km at the rim where
there is a well-defined spillway believed to have been overflown during the Holocene, The

crater is internally drained with no surface outlet.

2.1 Location and Accessibility

Figure -: Labeﬂmm and surrounding communities

The lake is centered at 06°30"N and 01°25"W (Koeberl and Reimold, 2005; Russel ef al.,
2003; Karp et al., 2002; Peck et al., 2004). The lake lies 35 km southwest of Kumasi (310
masl). Nearby towns such as Bobiri (278 masl) and Konongo (233 masl) lies about 30 km to
the northeast with Bekwai (230 masl) 20 km to the southwest of the lake (Turner et al., 1996).

The lake level ranges between 80 and 100 m below the terrain outside the lake’s catchment.

e

The Lake water level edges at 990 mastand rises steeply to 460 masl within a span of 1.5 km.

The lowest point on the rim is 210 masl. The highest point on the crater rim is 460 masl.
—

e
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Assessment of the Water Balance of Lake Bosumtwi

The lake is situated within the Obuom mountain range (710 masl peak) which is located at the
southern part of the lake. The west, east and north of the lake have typical elevation of 240
masl. The lake also falls within the Pra River Basin (catchment area of 22,500 km?) and has
similar climate, vegetation and bedrock as the lake. There are thirty small villages with an

aggregate population of about seven thousand.

2.2 Physiography and Drainage

Lake Bosumtwi has a 10.5 km rim-rim wide basin diameter. The current lake level occupies
~8.5 km of the lake diameter. The lake is surrounded by a shallow, near-circular but slight
depression of 7 to 8.5 km; and a shallow outer topographic ring feature 18-20 km diameter
(Koeberl and Reimold, 2005). The total catchment area is reported to be 106 km? and the lake
covers approximately 80% (50 km®) of the catchment area(Tumer ef al., 1996; Peck et al.,

2004; Russel et ai., 2003).

Figure - Drainage pattern at Lake Bosumiwi

{Source: Wagner ef al, 2002 and cited by Koeberl and Reimold, 2003)
The lake is hydrologically closed and is maintained by direct precipitation, groundwater and
numerous small streams (Russel et-af; 2003; Peck ef al., 2004). The lake is asymmetrical in

nature though not completely circular (Koeberl and Reimold, 2005).

P e ——————— e S SRS e S ESS S = S S T S ——
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Chapter 2: Overview of Study Area
2.3 Lake Ecosystem
The lake is a relatively freshwater lake, with salinity of 1%e, as reported by Turner ef al.,
1996. The lake is barely potable, as little is ever drawn for domestic use. It is not used for
irrigation or industrial activitics. There are eleven species of fish, with four being cichlids and
one endemic. Wooden floats are used for fishing and are made from Corkwood or Musanga

Smithii(as reported by Whyte, 1965 and cited by Koeberl and Reimold, 2005).

The lake is highly stratified and meromitic. There is a well-mixed surface epilimnion (10-
15m) and anoxic hypolimnion below 15-18 m depth. In the anoxic zone bioturbation is absent
(Peck et al., 2004). Infrequent, localized overtuming events resulting in mass fish kills have

been reported though only two accounts have been reported (Shananhan er al., 2007).

2.4 Lake Morphology

Laka = | Laka | Monoimec! Braccia + Palymict and Suevitic
&00 Bosumibwi =4 Sadimanis L] Fraciued Basemsant imnac! Broccia

DepthiElevalion (m)

Figure - Morphalogy of Lake Bosumitwi

{Source: Koberl &t al., 2004)
The lake level is approximately 120 m below the crater rim. The lake has a maximum depth
reported to be in the range of 75-80m(Karp et al., 2002; Shananhan ef al., 2007; Peck et al.,
2004; Koeberl and Reimold, 2005). According to Turneret al., 1996, Lake Bosumtwi has its
lowest point at 21;’_’ ﬁ;l;csl:'hwes_tliggﬁminm the bathymetry of the lake show that the lake

follows its roughly circular shape at the surface and tapers into a near oval shape at the
—
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bottom. Morphology, bathymetric map and data of Lake Bosumtwi arcshown in figure 2-3,

figure 2-4 and Appendix 1.

T DR T T Wl - 26T
P27W BN, S ‘Z\z 21w
i

25 Climate

Lake Bosumtwi lies in the moist, semi-deciduous tropical lowland forest zone of southemn
Ghana (Shananhan er al., 2007). The climate 1s strongly affected by the scasonal migration of
the ITCZ (the atmospheric boundary between the NE continental trade winds — Harmattan
trades — and the SW onshore — Monsoon — winds) and sea surface temperatures on moisture
sources traveling from the Gulf of Guinea and the eastern tropical Atlantic. During the rainy
season, ITCZ migrates to the north of Lake Bosumiwi, and the SW Monsoon winds bring
heavy precipitation over the lake. In the dry season, the ITCZ is displaced southward of the
lake, and dry acrosol-rich NE trade winds (Harmattan) dominates over the lake(Peck et al.,
2004).

—— e ee———————————————————
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Figure - ITCZ annual variation and average weather conditions of Lake Bosumitwi
(Source:Shananhan e al., 2007)
Though direct meteorological data is not available for Lake Bosumtwi, the use of regional
data offers the best approximation. Thus, data from nearby towns can be used as an
approximation (Tumner et /., 1996). Kumasi is the only town with proper meteorological data
records. Mean temperatures vary from 23.2°C (August) to 26.8°C (February). Humidity
ranges from 84.7 % (August) to 75.3% (January). Rainfall ranges from 233.9 mm (June) to
17.0 mm (January). Average annual rainfall ranges from 1550 mm/yr. (1935-1969) to 1380
mm/yr. (1969-1992), with an average of 1450 mm/yr. (1935-1992). Details of other
climatological parameters are described in figure 2.5 above; with precipitation as bars, wind
speed as solid line and sunshine hours as dashed lines (Koeberl ef al., 2007; Shananhan et al.,

2007).

2.6 Geology

Lake Bosumtwi’s crater lies in Precambrian rocks of the Birimian Supergoup, which consists
of mainly metasediments: graywackes, phyllites and quartizites. The southeast corner of the
structure has metavolcanic rocks of the upper Birimian group. The Birimian formations strike
northeast-southwest and dip sub-vertical(Jones ef al., 1981; Koeberl and Reimold, 2005; Karp

et al., 2002). Geological map of Lake Bosumtwi is given in Appendix 2.

—————— e e
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Assessment of the Water Balance of Lake Bosumtwi

h
3 Literature Review

3.1 Introduction

The available reports on the hydrology of the study area were limited, since no extensive
work had been done in relation to hydrological modeling. Thus, the available literature on the
study area was reviewed, as well as other literature relevant to the subject matter and similar

case studies also looked at.

3.2 Previous Work on the Study Area

Insights into the mechanisms controlling the ‘annual water balance of Lake Bosumtwi were
first published in 1996 (Tumer ef al., 1996). The model was based on lake level rises between
1938 and 1980. In 2007 Shanahan et a/ however described this model as one that
overestimates as they do not appropriately address all controlling factors of historical lake

level changes(Shananhan er al., 2007).

They thus improved upon the work by (a) examining the influence of seasonal and monthly
changes in the water budget on lake level, (b) providing a more detailed and flexible physical
parameterization of hydrological processes that is more easily applied to prehistoric periods,
() evaluating the effectiveness of different evaporation models in lake level simulations, (d)
providing more detailed insights into the controls on lake level fluctuations, and (¢) expanding

the model simulation to the present day (1938-2004) (Shananhan ef al., 2007).

Though the work of Shananhan er al. (2007) provides satisfactory conclusions, the model
lumps land cover into static percentages, creating inflexibility in changing land use patterns.
The model is calibrated by comparing it with other basins that differ in characteristics to that
of Lake Bosumtwi, and thus, dwﬂde satisfactory grounds for evaluation of the

model. Though it has been argued that the lake is hydrologically separated from the

_—ﬂ'-_
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surrounding groundwater aquifer, cfforts has not been made to quantify the subsurface flow of
infiltrated water into the lake within the basin.

3.3 Lake Studies Using GIS and Satellite Altimetry

33.1 Satellite Altimetry

The observations of spatial and temporal variability of water resources are crucial for societal
and scientific issues. In particular, the volume of water stored within lakes and reservoirs
whose location makes them a sensitive proxy for both effective water resources management
and climate change studies could be vital for the socio-economic development of the
inhabitants. However, in many regions, the expense of data gollection is restricted due to
economic reasons, or is being considered as sensitive national information, and there is also
the physical removal of lake gauges from many lakes (Cretaux and Birkett, 2006). In the wake

of these, satellite altimetry provides the best option in providing information for lake studies.

Satellite altimetry has successfully been used for monitoring the variation of continental
surface water, such as inland scas. lakes, rivers and more recenily wetland zones (ibid.).
Satellite altimetry has onc prominent advantage: data acquisition is not affected by weather
conditions. Another prominent advantage is the repeatability of the recording, which range
from 10 days to 35 days. However, rapidly varying topography or complex terrain may
inhibit the retrieval of good elevation data. Again, the instruments operate in a profiling mode
and do not have a true global view. Stage accuracies are also dependent on target size and
surface roughness, which limit worldwide surveying and limnological applications. Satellite
altimetry, however, provides the scope for continental scale monitoring and the provision of
new stage information where gauge data is absent. Typical accuracies of altimetry
measurement range from few nenE,mc_:_g:s_(r_g. Great Lakes, USA) to tens of centimeters (e.g.
Lake Chad, Africa), depending on the size and wind conditions. A summary of the general

f # b4 #
characteristics of some satellite altimetry is given below:
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Table -: Radar satellites and orbital cycle

Satellites Operation period | Orbital cycle | Accuracy Targetarea | Target
— © = wmm

ERS2 1995 - 2002 35 days >9cmrms | >100 km® >500 m

| ENVISAT | >2002 35 days >9 ¢cmrms | >100 km® >500 m

T/P 1992 -2005 10 days >3cmms | >100 km* >500 m

Jason-1 >2002 10 days >3 emmms | >100 km* =500 m

{Source: Cretaux and Birkett, 2006)

Some products of satellite altimetry include: Landsat, SRTM DEM, ASTER, MODIS,

AVHRR, and QuickBird.

3.3.2 Landsat GeoCover Images

The Landsat GeoCover dataset is a collection of high resolution satellite imagery provided in
a standardized, orthorectified format, covering the entire land surface of the world (except
Antarctica). This is an invaluable record of land cover and land cover change, provided in a
consistent manner that allows for use in a wide range of activities including environmental
assessment, planning, land management, resource stewardship and many Earth science

research activities. The following table describes Landsat GeoCover satellite characteristics.

Table -: Landsat GeoCover satellites characteristics

Satellite Sensor Pixel size (in meters for visible, RMSe
thermal, and pan bands)

C.1970 |[MsSS - |57, NANA— . [100m

C. 1990 ™ 28.5, 114, N/A 50m

C.2000 [ETM+ [2B5, 87,1425 " |50m

3.3.3 SRTM DEM

The Shuttle Radar Topography Mission (SRTM) obtained elevation data on a near-global

scale to generate the most complete high-resolution digital topographic database of Earth.

SRTM consisted of a specially modified radar system that flew onboard the Space Shuttle

Endeavour during an11-day mission in February of 2000. SRTM is an international project
— : d___.-—-"'-'-'-_ =

spearheaded by the National Geospatial-Intelligence Agency (NGA), NASA, the ltalian Space

Agency (ASI) and the German Aerospace Center (DLR). There are three resolution outputs

P e P e e S e i
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available, including 1 kilometer and 90 meter resolutions for the world and a 30 meter
resolution for the US. GLCF serves the main USGS editions, plus has 'enhanced’ editions as
well as provides editions in WRS-2 tiles to approximate Landsat scenes. The table below

summarizes the editions of STRM DEM data available at the GLCF.

Table -: STRM data characteristics

Resolution Projection Coverage

1 arc-second / 30 meters | Geographic Native USGS Tiles
: WRS-2 Path/Row
Native USGS Tiles
WRS-2 Path / Row
| Natiye USGS Tiles

Geographic Global

3.4 Water Balance Components of Closed Lakes

The water balance components of lakes and river basins have primarily been known to
include: Precipitation, Runoff, Evaporation / Evapotranspiration, and Groundwater
contribution. The contribution of groundwater over the long term has generally been nullified,
thus, making the principal components being precipitation, runoff and evaporation
(evapotranspiration }(Sinyukovich, 2008). Thus, the general water balance equation, although

there are several variations, is normally expressed in the form (Zamanov, n.d.):
P=S+U+E (3-1)

Where P is the precipitation (rain, snow, hail, etc.), S is the surface runoff, flood runoff or
river runoff, U is the underground discharge or base flow, and E is the evaporation or

evapotranspiration.

3.5 Approaches in Estimating Water Balance Components

Several methods _hzgéé--baeh pmgggd-ﬁar—&c gstimation of water balance components in

hydrologic systems. A summary of these approaches have been classified below:
e ——

I —
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Assessment of the Water Balance of Lake Bosumtwi
3.5.1 Income and Expenditure Approach:

The income and expenditure method offers the simplest method of approximation of the water

balance components. The general equation is of the form, as described by Zamnov (n.d.), is:
P=S+U+E (3-2)

Where P is the precipitation (rain, snow, hail, etc.), § is surface runoff. flood runoff or river
runoff, U is underground discharge or base flow, and E is evaporation or evapotranspiration.
In this model, where there exists no groundwater contribution, surface runoff maybe taken as

the remainder term of precipitation and evaporation, as shown below:
S=P-E (3-3)

However, if groundwater exists and both inflow and outflow occurred, then over the long
term, a steady state maybe assumed for the hydrologic system. Thus, groundwater may be

estimated by the remainder term of precipitation and evaporation,
P-E=U (3-4)

3.5.2 Mass Balance / Volumetric Balance Approach:

The mass balance / volumetric balance approach offers increased control in the estimation of
the water balance components. This approach works on the assumption that both confined and
unconfined aquifers are in a steady state. Thus, the general equation, (after Jones ef al., 2001)

is given by:

&V =(P=EA + G, (3-5)
Where G,is groundwater into the lake, and &V is the change in volume of the lake.
353 {VolumetriE]?.Rnte Apprﬁ@i;'-_ -

The rate approach (Sanchez-Moral et al., 2002) is as generalized by:

e —
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Where dV/dt is the rate of change in the volume of the lake, Op is the precipitation rate, Qs
is average surface runoff, (J; is the groundwater inflow (influent seepage), Qo is the

groundwater outflow (effluent seepage), and O is the evaporation rate.

3.5.4 Isotopic Water Balance Approach:

This approach uses isotopic dating to estimate the age and origins of water within the
hydrologic cycle, and is also known as isotope hydrology (IAEA, 2006). This approach is
based on the fact that water molecules carry different and unique fingerprints, based on

differing portions of oxygen and hydrogen isotopes that constitute all water.

The two primary isotopes of oxygen are oxygen-16 and oxygen-18. Air, soil and water
contain mostly oxygen-16 ('°0). Oxygen-18 ('*0) occurs in approximately one oxygen atom
in every five hundred and is a bit heavier than oxygen-16. Thus, '°0 evaporates more easily
than "0, leaving lakes and seas rich in 'O, whilst rain and snow being rich in "0
(Wikipedia, 2009).The isotopic water balance equation, for both hydrogen and oxygen

species, is given by:

AV 3-7
'EE= P8p + Gidg — Ggdy — Edg 2

Where dpis the isotopic composition of precipitation, dg; is the isotopic composition of water

inflows, d; is the isotopic composition of lake water, and dg is the isotopic composition of

evaporated moisture, measured according to the Craig and Gordon modzl (1965).

Based on the availability of data, the mass balance approach was selected for this study.

— e l’-.-.-'_'_.--_._.___-—
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3.6 Estimation of Water Balance Components

Various approaches exist for the determination of water balance components. However, this
section focuses on methods that have been applied to ungagged catchments and

hydrologically closed lakes.

3.6.1 Runoff
Several conceptual models exist for estimation of runoff from ungagged catchments. Based on

the availability of data and prior application to similar catchments, the following were

reviewed:

3.6.1.1 Shutileworth model(1992)

The Shuttleworth model for estimating runoff from forest catchments is given by:
Reorest = Fratc hement — (ﬂ-SEﬂ{?rur + o:,P) (3-8)

Where R is the runoff from the forest catchment, Py jmens the precipitation on the catchment,

ELT*" the evapotranspiration from the catchment and g, the fractional interception loss,

given by:

_ 0.95N,(5+0.2t,) (3-9)
- =

E;P

Where N; and Ngare the number of storms and number of days in the month and .- the
duration of the storm. § is the storage capacity of the canopy (0.8mm for a broadleaf canopy

in full leaf).

e ——— e T e s aar e e e
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3.6.1.2 SCS-CN Runoff Model

The SCS-CN rainfall-runoff model, developed by United States Department of
Agriculture (USDA—SCS, 1972), transforms rainfall directly into volume of flow and also
incorporates evapotranspiration and infiltration into to the model, and is given by:

e (P = 15)? (3-10)
P+(1-2)s

Where, {J (mm) is the direct runoff depth, P (mm) the average precipitation (rainfall), § (mm)-
the potential maximum soil water retention and 1 - the initial abstraction ratio. The above

equation is valid for P > AS.

The initial abstraction consists mainly of interception, infiltration and surface storage, all of
which occur before runoff begins. The standard CN methad assigns a value of 0.2 to the

initial abstraction ratio (1 = 0.2). This simplifies the model as:

_(p=10.25)? (3-11)
Q= Fioas 'F>028

The value of S is defined as:

25400 (3-12)

S(mm) =

CN - the curve number of the soil and is mainly a function of seil type and land cover. As
different soil types and land covers may be found in the same catchment, a weighted CN for

each catchment has to be computed using the formula:

oN. = Bi=1 ENy (3-13)
5 PHETF
— e
SRR
e ———————
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Where, CNyis the weighted curve number, CN;- the curve number for land cover type, A; -
area with curve number CNj ang), /=y A; is the total area of the catchment. The values of CN

range from 0 to 100 and are found in the table below.

lable -: SCS Curve Number Values for AMC (1)

Land Cover H5G A HSG B HSG C HSG D

Settlement 77 85 90 92
Open area 49 69 79 84
Shrubs/Trees 39 61 74 80
Open Forest 44 65 76 82

Closed Forest 32 58 72 79
Water hody 100 100 100 100
Uneclassified oL -] - e 50

Selection of the appropriate curve number depends on knowledge of the Hydrologic Soil
Group (HSG), Antecedent Moisture Condition (AMC) and land cover within the catchment.
Soils are classified into four Hydrologic Sail Group based on the soil’s runoff potential. The
four Hydrologic Soils Groups are A, B. C and D where group A soils generally have the

smallest runoff potential and group D soils the greatest (Hydrological Soil Group).

The antecedent moisture condition (AMC) is an index of basin wetness (Silveira er al. 2000).
AMC 1, AMC Il and AMC III represent respectively dry, average and wet conditions of the
soil in the concerned catchment. Adjustment for AMC I and AMC [ are given in the

equations below:

_ 42CN(ID (3-14a)
NE) = 10 — 0.05 CN(II)
23 CNUDn (3-14b)
CHHa = 10 + 0.13 CN(ID

3.6.1.3 Adapted Pra River Basin Model
The adapted Pra river basin annualir_gmﬂl*ﬂmuff model for Lake Bosumtwi (Turner er al.,

1996) is given as:

—-—-.--_._ -

T ——— e
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%

R=P— Btanh G;-) (3-15)

Where P is the rainfall, p is the average annual potential ¢vapotranspiration and P/f- the
fraction of potential evapotranspiration that becomes actual evapotranspiration. Turner ef al.

(1996) determined p as:
B =20122 +53.5 mm (3-16)

3.6.2 Evaporation

Direct measurement of evaporation is difficult and unreliable (Shuttleworth, 1992). This has
led to the development of several empirical modcls for the estimation of evaporation. Several
evaporation models rely on a combination of input variables, thus making the evaporation
estimates more or less accurate depending on the characteristics of the lake (Shananhan et al.,
2007). Based on availability of data, models that have been proven reliably accurate when

applied to small mountainous and closed lakes have been reviewed.

3.6.2.1 Energy Budget Evaporation Model

The energy budget evaporation model is simplified by the energy balance model at the surface

of the lake as:
R,=H+ AE+ AS (3-17)

Where R, is the net solar radiation (MJ m™ day™), H- the outgoing sensible heat flux (MJ m™
day'), AE- heat lost to evaporation and AS- the change in energy stored in the lake (MJ m™

day). Rearranging the energy balance equation gives:

R,— H— A4S (3-18)
s v
— = _'_._,__.--'"-_-_'_ =

Where A is the latent heat of evaporation of water, approximately equal to 2.45 MJ kg, and

=
can be determined by:

—————— e —————— e
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Assessment of the Water Balance of Lake Bosumtwi
A=5973— 0.564T,, (3-19)

The outgoing sensible heat flux, H, can be determined from the relation:

P CplC,
H= “’"_R;;'t 0 =1) (3-20)
a
Where Cp is the surface drag coefficient, k - an empirical constant ( k = 0.40), U - wind speed,
Car- heat capacity of air (Cp= 0.24 cal '°C), R- gas constant, ;- temperature of air and T~

the temperature of water; and can be estimated by:

2 =ik 562 B
P, =1013 ( 93 2903[}052) (3-21)
-2
=g (3-22)
Cp = k2in (zu]
4.87 (3-23)

g = Uy [In(ﬁ?.ﬂz = 5.42)]

Where Z. is the reference height at which wind speed is measured (Z, = 2.0m), and Z, is the
height above water surface at which wind speed is zero (2, = 0.000006m (Shuttleworth,

1992)). U, is wind speed at Z m above sea level and U, is wind speed at 2m above sea level.

Since seasonal and inter-annual lake heat storage changes is negligible(Shananhan er al.,

2007), AS is neglected in this model. Thus evaporation by the energy budget model used in

this study is simplified as:

R,— H (3-24)

Net solar radiation, R,, is given by:

R, = Net incnm_iﬁﬁ'sm!ar rndffﬁ;ig_:ltejﬂutgaiug longwave radiation (3-25a)
Ry= Ry 4 —R- 1) — (Rup T = Rigoun 1) (3-25b)
i

e e e e e e
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Where R, is the incoming shortwave radiation (MJ m™), R.- the reflected shortwave radiation
(MJ m™), Riyp- the emitting longwave radiation (MJ m™) and Rigoun- the receiving long wave

radiation (MJ m™). The reflected shortwave radiation is given by:
R, = ayR, (3-26)

Where a,, is the albedo or reflection coefficient of the water surface (dimensionless), also a

time dependent function of solar position and mean cloudiness, and can be estimated by:

ay = (i) (3-27)
) 2m w,

Where a is a parameter that depends on the cloud cover and Julian day, #; the number of

seconds in a day, w; half day length and F the integral factor; which are given by:

a=0.02+0.01(05-C) {1_11- sin (ﬂﬁ#)} (3-28)

Where C is the fraction of sky obscured by the cloud and .J- the Julian day. C is given below,
and where » is the actual duration of sunshine:

_24wn (3-29)
T

=1

The integration factor, with 8is the latitude in degree and & the solar declination in degrees,

is given by:

20 ) Teant (BE),  B2—c?>0 (3-303)
F= —B)i
[bz—cz)_%h’: LE:':_ B2 —ct <0
1-(-B)2
b=a+ SMOSIME (3-30b)
| T c=cosBcosd (3-30c)

e ————————————————— e e
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- (59w () =

R, is proposed and validated by Angstrom (1956) and Ali et al. (1998) respectively is given
by:

R, = (a,+ b 1‘-) R, (3-31)

R, is the extra-terrestrial radiation (MJ m™ day ™), N the maximum number of sunshine hours,
n/N relative sunshine duration, @, and b, are regression constants given by Srivastava ef al.

(1993) as a; = 0.2006 and b, = 0.5313,

R.for a day in a year for a specific location can be computed using Allen er al.’s (1998)

equation, which is given by:

Re = 20D 6 dfw. sin(e) sinl) P0G SIS in(w,)] i)
- 2n (3-32b)
d, = 1+0.033 cos (ﬁ )
2 L (3-32c)
5 = 0.409 sm(aﬁsj 1.39)
T [~ tan{¢) tan(§) 3-33.
w, = E—tan 1[ %05 ( a)
X =1— [tan(D]*[tan(d)]*, X = 0.00001 for X <0 (3-33b)
(3-34)

[Radians] = %[decimrﬂ degrees)

Where R, is extra-terrestrial radiation [MJm“day '], G, is solar constant = 0.0820 [MJm “min’

'], d, is inverse relative distance Earth-Sun, j is the latitude [rad] and 4 is the solar decimation.

Thus, after Hosteller g_m:i Barlein (1990) and Dingman (1994), the analytical equation for

estimating net radiation is givenasT—

Ri=T1—a,)R, = [£,&.0(T, + 273.15)* + g,0(T, + 273.15)] (3-35)
e ——
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m:,hﬂumisivityufthewmmﬁu{dhmhuhsls.is&mm\rityuftht
atmosphere (dimensionless), o is the Stefan-Boltzmann constant = 4.903 x 10 MJ m™ K™,
and 7, the air temperature (Kelvin). The emissivity of water was determined as &, = 0.97
(Hostetler and Bartlein, 1990). The clear sky emissivity, &,, after Henderson-Seller (1986), is
given by:

A [ 0.84 - (0.1-9.973 x 107%,)(1 ~C) + 3491 x 107%,;for 1 —-C > 04 (3-36)
0.87 — (0.175-29.92 x 107%¢,)(1 - C) + 2.693 x 10 %¢,;for 1-C < 04

Where e, is the actual vapour pressure (kPa), and is given by Burman and Pochop (1994):

& CTin) T30+ €° (Tinar ) e (3-37)
,=
2

Where e° (Tona) is the saturated vapour pressure at maximum temperature (kPa), (T is the

saturated vapour pressure at minimum temperature (kPa) and RH is the relative humidity (%).
The saturated vapour pressure, e, is given by (Asmar and Ergenzinger, 1999):

17.269T, 3.38)
= 0.6108 [—“' (.
% P T+ 2733

Where T, is the temperature of water.

3.6.2.2 Priestly-Taylor Evaporation Model

The Priestly-Taylor evaporation model (Priestly and Taylor, 1972) is based on the
combination of radiation and aerodynamic components, but with the aerodynamics
component replaced by a coefficient, a, greater than 1.0. The model is given by Stewart and

Rouse (1976) as: _—

A R,—AS (3-39)
e x 86.4

iy

—————————— e e
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Where a is the Priestly-Taylor constant (a = 1.26), p is the density of water (998 kg m™), R,
the net radiation (W m™), y is the psychometric constant, and AS is the changed in heat
storage in the water body. Since inter-annual variation of heat stored in the lake is negligible

(Shananhan et al., 2007), AS is neglected in the equation. Thus the model becomes:

E=ax i FR" X (3;4) (3-40)

Where A is the slope of the saturated vapour pressure — temperature curve at mean air

temperature (Pa °C™"), and is given hy:

4098 [0.6108 exp (= )] (3-41)
A= §1E17,

(T + 237.30)*

3.6.2.3 Penman and Simplified Penman Evaporation Model

The standard Penman evaporation model (Penman, 1948) is based on description of energy
required for evaporation and the removal of energy from the water surface by advection
(Shuttleworth, 1992). The Penman evaporation model is written as:

N T (3-42)
ALAd+y A4y

Where R,/ A (mm day™) is the component of evaporation due to solar radiation and E, (mm
day™) is the component of evaporation due ta wind. Ea is known as the drying power of air

and its estimation is given by Brutsaert (1982) as:
E, = 0.26(1 + 0.54U,)(e; — e,) (3-43)

Where e, — ¢, is the saturation vapour deficit and U/; is the wind speed at 2m above the water
surface. The standard P evaporation model has been simplified by Valiantzas (2006) to
ace. The rd Penman aporation P y (2006)
eliminate wind data. The simplified Penman evaporation model, as given by Valiantzas is

" _-_--._._._ -
written as:

O ———— e e e
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%
R RH) (3-44)

¥
E ~ 0.047R,JT, 95— 2.4 (;T) +0.09(T, +20) (1~ =
a

3.6.2.4 Thornwaite-Matter Evaporation Model

The Thomwaite evaporation model (Matter, 1978) is an empirical model based only on

temperature, and is written as:
1 X
Fren ( 1.6 (——DT“J )(E); 4y
I d
x=675%x 107713 —7.71 x 107512 + 1.79 x 10~2] + 0.49

Where [ is the annual heat index, and i is the monthly heat index which is given as:

o Z . - (%)1.15]4 (3-46)

3.6.2.5 Mass Transfer Model
The mass transfer mode! assumes evaporation rates are a linear function of wind speed and
the difference between saturated vapour pressure and actual vapour pressure. The mass

transfer model of evaporation is given by:
E= _I.lUg {Es' - Eﬂ); p= 2.909 A—ﬂ.l]ﬁ (3-4?)

Evaporation is related to wind speed and the saturation vapour deficit (e; — e,) by an empirical

mass coefficient, 4 (mm s m”' kPa'), with A as the water surface area of the water body in

kml

Selection of the best evaporation model of Lake Bosumtwi was done by assessing the

performance (section 3.8) of each of the above evaporation models when compared to

measured pan Evapoféﬁnn values Eifj,um,asi._

e ————————————— e ——— e e e
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3.7 Model Selection, Calibration and Evaluation
3.7.1 Model Selection
Several models were reviewed for this project. However, models that were selected were
based on data availability and its popularity (application to similar projects). The selected

models were then evaluated and calibrated.

3.7.2 Model Performance

The performance of the water balance model was evaluated by using two indices of
agreement (cocfficient of determination — R* and index of agreement — D) and two indices of
error (root mean square — RMSE and relative bias — RB) as described by (Ali ez al., 2008).
"The model that possesses the highest indices of agreement values (R* and D) and least indices
of error values (RMSE and RB) was chosen. The performance models are:

3.7.2.1 Indices of Agreement

3.7.2.1.1 Coefficient of determination, R’

R’describes the proportion of total variance between the actual and simulated data sets. R’ is
given by equation 3—48, where X; and X denotes the observed and mean of the observed data

values: Yi and ¥ denotes the simulated and the mean of the simulated values.

e Y =X =-9 (3-48a)
[EF:I{X.E = K f)]n's [E}-=l ﬁ'i ~ ?)]uﬁ

The value of R can be interpreted, after Coulibali et al. (2005), as given below:

R% > 0.9, very good model (3-48b)
0<R*<1-{08>R?>09 fairlygoodmodel
R* <08, wunsatisfactorymodel

3.7.2.1.2 Index of agreement, D

The index of agreement, after ﬁm McCabe (1999), measures the between the

observed and simulated data sets and is given by:

e e s e e T e s e
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o i=1(X; — ¥))? (3-49)
= W - R+ X, — D2

D ranges between 0 and 1, with 0 signifying no agreement and | means perfect agreement.

3.7.2.2 Indices of Error
The indices of error indicate the average difference between measured and simulated data sets

(Ali ef al., 2008). Larger value of RMSE and also larger absolute value of RB indicate a less

accurate model.

3.7.2.2.1 Root mean square error, RMSE

This gives the measure of non-systematic variation between two datasets and is given by:

r (3-50)

3.7.22.2 Relative Bias, RB
RB gives the amount of systematic error by indicating how much the model underestimates

(RB < 0) or overestimates (RB > (), and is given by:

4
1 (3-51)
RB= =) (=X

i=]

3.7.3 Model Calibration and Validation

Several methods of calibrating models exist, however, since enough data was available
Klemes split-sample test method (1986) was chosen. In this method, the whole dataset is split
into two independent datasets; the first set of data is used in calibration, whiles the other is
used in validation of the calibrated dataset. Thus one set of the data was used in calibrating
the model by snup_cl_[ffme-tunin%’i'tg._pbﬁiga] and numerical parameters by trial-and-error to

minimize difference between model results and field observations. Afiterwards, the second

—
e —————————————————————————————————————————
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independent data set is used to validate the model, without adjusting the models parameters

physical and numerical parameters (cited by Dahmen and Hall, 1990).

3.7.4 Model Evaluation

The Nash-Sutcliffe efficiency (Nash ef al. 1970), E, provides a method of determining how
the lower dynamics of a model compares with the higher dynamics of observed values. The
range of values of E lies between -1 (no fit) and 1 (perfect fit). E also shows how well a model
can predict observed values. E values less than zero implies that the mean of the observed
values be a better predictor than the model. £ is given in the equation below; with xand yare

observed and simulated data.

(g — ;)2 -1<E <0 - Poor model (3-52)
E= “%L lEx!_J_Fjg ;where { 0 < E <1 = Good model
=1\~ Y E = 1 = Perfect model

3.8 Statistical Methods for Data Validation

Hydrological data is subject to obtrusive alterations which may introduce non-homogeneity
and inconsistency into the data series. Non-homogeneity may span periods of change and
inconsistency may arise out ol extraneous influences on equipment. Since hydrological data
used for hydrologic modeling must be sound (stationary, consistent and homogenous), it is
necessary to screen the data prior te its use for modeling. Literature on screening and

correcting hydrelogic data prior hydrologic modeling is discussed below,

3.8.1 Level of Significance

[t has been demonstrated that 5% change in data during hydrologic modeling does not

significantly affect the results (Dahmen and Hall, 1990). Though other levels of significance

maybe computed, it has become customary to adopt a 5% level of significance during data
T _._'_,_._,—--'-'-_-_'_ ) & - -

screening and validation (.ibid). Thus, a 5% level of significance is adopted for this research.

_-—-'._.-._-.

1
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3.8.2 Rough Screening, Plotting of Data and Time Series Analysis

Rough screening of data allows for the visual detection of whether the observations have been
consistently or accidently credited to the wrong day or whether they show gross errors (ibid).
Plotting of the time series data follows rough screening and allows for confirmation of visual
inspection carried out earlier. Rough screening and time series analysis forms the preliminary

step in data validation.

3.8.3 Test for Absence of Trend

Test for absence of trend often follows rough screening and ensures that no correlation exists
between the orders in which the data has been collected. The test is based on the Spearman’s
rank-correlation method, where the Spearman’s rank-correlation coefficient, Ry, is defined
as:

6 Tieq (Kx; — Ky;)? (3-53)
nnt—1)

Ry =1~

Where n is the total number of data, Kx; is the rank of the variable x in the chronological order

of observations and Ky;is the transformed rank equivalent of the series observations y;.

The tests is done with the null hypothesis, Hy: Rsp = 0 (there is no trend), against the alternate

hypothesis, H;: Rsp<> 0 (there is a trend) with the test statistic:

n=-2 1% (3-54)
“=Re |3

Where 1, has Student’s t-distribution with v = n-2 degrees of freedom, At a significance level

of 5%, the two-sided critical region, U, of ¢ is bounded by:
{—o0, t{v, 5%} {t{v, 97.5%}, +o0}— (3-552)

Thus, the null hypothesis is accepted if #,is not contained in the critical region if:

I ————————————————————————————————————————————————————
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t{v.2.5%]} < t; < t{v.97.5%) (3-55b)
3.8.4 Tests for Stability of Variance
Test for stability of variance is carried out using the Fisher distribution test, F-test. The test

statistic is the ratio of two split, non-overlapping subsets of the time series; and is given by:

g (3-56)

Where o’and s° are the population and sample standard deviations respectively. The null
hypothesis for the test.Hy:s{ = sZ, is the equality of variances; the alternate hypothesis is

Hg:sf <> s%. The rejection region, for a 3% level of significance, is bounded by:
{0, F{vy, 15, 2.5%)} U {F{v,, v, 97.5%), +00} (3-572)

Where v; = ny — 1 is the number of degrees of freedom of the numerator, v, = n, — 1 is
the number of degrees of freedom of the denominator, and n; and n, the number of data in

each subset. The variance of the time series is stable if*
Flvy,v4,2.5%) < F; < F{iy,v3,97.5%} (3-57h)

3.8.5 Tests for Stability of Mean
The test for stability of mean is confirmed with the t-test by comparing the means of two or
three non-overlapping sub-sets of the Lime series, using the statistic for the null

hypothesisHy: ¥; = ¥, against the alternate hypothesis, Hy: X, <> X3 . The test statistic is

given by:
b il et fz (3'5&)
L= 0.5
(n; —1)ef +(np—1)et ELE R
ny+n;—2 K (I'I], * Hz)]
i = _'_,_..-'—"-'--_-___

In samples from a normal distribution,  has a Student t-distribution. For a 5% level of
e
significance, the two-sided critical region is bounded by:

e e e e et e e S
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(=0, t{v, 25%)} U {t{v.97.5%), +x) (3-59a)

Where v = ny — 1+ ny — 1 gives the degrees of freedom. Thus the mean of the time series
is considered stable if:

t{v,25%]) < t; < t{v,97.5%) (3-59b)

38.6 Test for Independence of Time Series (Absence of Persistence)

Independence of a time series (complete randomness) can be verified using the serial-
correlation coefficient. After Box and Jenkins (1970), (Dahmen and Hall, 1990) the serial-
correlation coefficient between adjacent obseryations (Jag 1) is.given by:

_ B — D — H) (3-603)
E?=1(I. =t }Z

n

The test statistic for the null hypothesis Hy: 1y = 0 (there is no correlation between adjacent
observations) against the alternate hypothesis Hy: r; <> 0. At a 5% level of significance, the

critical region, as defined by Anderson (1942) is:

{ : -1 - 1.96(n— 2)“-5} {-1 +1.96(n - 2)"5 y (3-60b)
-1 (-1 '*}
3.8.7 Location Break-points and Correction of Time Series Data

Detection of break-points (points in a time series where statistical properties of the time series
changes) have been accomplished in history by comparing the cumulativedepartures from the

mean and double-mass analysis of the time series.

3.8.7.1 Cumulative Departures from the Mean

Cumulative departures from the mean works on the assumption that all previous observations
results in a zero c_t_:;r;ujnﬁv: departure from-the mean. Thus the mean of the time series is
subtracted from each data point. The results are cumulated, plotted and compared to the plot

— e

of the double mass analysis.

_—_— e — .
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3.8.7.2 Double Mass Analysis
Double mass analysis assumes a linear relationship between a stationary, consistent and

homogenous time series data (x;) with the time series of the data to be tested (y;), given by:

y=bx (3-61)

A plot of the cumulative of the stationary time series X; = Y, x; with the cumulative of the
time series to be tested ¥; = }Jy; is made, with the average slope b,, = Y, /X, passing
through the origin. Location of the break point is aided visually with the plot of the
cumulative departures from the mean. Slopes of the time series being tested before (b)) and
after (b) the breakpoint is found and the correction factor (K) of K = by /by can then be

applied to the time series.

3.8.8 Estimation of Missing Data
Estimation of missing data is made by regressing a consistent, stationary and homogenous
time series with the corrected time series used of the double mass analysis. The correlation

coefficient and equation of the slope is then used to estimate the missing data.



Chaﬁr 4: Research Methodology

4 Research Methodology
4.1 Introduction

This section focuses on the research methodology that was adopted in this study. The section
also provides in-depth explanation of the tools and methods employed during the research

process. The general approach to the assessment of the water balance of Lake Bosumtwi is

illustrated below:

[0 Desk Studies and Reconnaissance Surveys
0 Data Collection, Verification and Validation
O Catchment Area Determination

0 Water Balance Model Development

O Estimation of Water Balance Components

O Model Evaluation and Calibration

4.2 Desk Studies and Reconnaissance Surveys

The project begun with desk studies which included a review of literature on the study area
and the determination of water balance methods on similar catchments. This was coupled with
a reconnaissance survey of the study area to provide an insight to the physiological features

that might have a bearing on this study.

4.3 Data Collection

The data for the study was acquired from various sources. Meteorological data was taken
from the regional 'ﬁfﬁcé.&f the mt;mlngical Services Department, Kumasi. Since
climat_n__lc-_gig_al data was not available for Lake Bosumtwi, Kumasi, a nearby town (within 100

km radius from the lake) was used as an approximation of the climatological conditions of the
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lake. Kumasi has a complete set of all metrological parameters from 1945 to date, as

compared with other nearby towns such as Bobiri or Bekwai with punctuated data.

Satellite images were downloaded from the Global Land Cover Facility (GCLF) at the
University of Maryland, USA. Satellite images were used for catchment delineation (STRM)

and for land cover reclassification (Landsat).

Lake level records were taken from the Kumasi regional office of the Hydrological Services
Department of Architectural and Engineering Services Corporation (AESC), under the
Ministry of Water Resources, Works and Housing, Ghana. Additional data were taken from

literature of previous published studies on the Lake Bosumtwi.

4.4 Data Screening, Correction and Validation

Data screening was carried out on the climatological and lake level records. This was done
statistically to ensure that the data were independent, consistent, homogenous and stationary.

Data screening was done in the manner illustrated below.

The climatological data were validated by comparing them with data measured in-situ on the
lake’s catchment. In addition, satellite data were validated by comparing them with GPS way

points on the catchment.

Rough screening of the meteorological data was carried to remove any outliers from the data.
The hydrological data were verified using statistical tools such as the F-Test, T-Test and the
Spearman’s Rank Correlation Coefficient. Meteorological data were corrected using the
double mass curve between the sample data set and the data sets of known accuracy. Missing
lake level and meteorological data were filled using the coefficient of correlation and the

double mass curve. This was dnnm correction as described in the preceding section.

—
e ——— e —
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[ Data Collection

L 3 L 4
I Random [ Climatic Data Altmerric / Satellite Data I
|
' ¥ B )
Rough Screening & Plotting of Data L Lake level Georefrencing
l data & comparison
of
Test for absence of trend using the topographic
Spearman’'s Rank-Correlation Method maps with
I satellite maps
¥ *
Test for Stabilivy Test for Stabilicy -
of Variance using of mean using
the F-Test the 1-Test
| |
¥
Filling-in of missing Data
,I L} T
!

Water Balance Model Development I

Figure -: Flowchart of data validation and verification process

4.5 Modeling of Lake Bosumtwi Water Balances

Modeling of the water balance of Lake Bosumtwi took place in the following sequence:

4.5.1 Schematization of the water balance model
Lake Bosumtwi hydrological cycle was first schematized to abstract the components of the

water balance. This was then used in the design of the water balance model.

4.5.2 Model selections and evaluation
After model design, 'ﬁ_'e:.;gral cnnc;:pt/u_g@dnls were selected 1o estimate the components of
the water balance. The selection was primarily from models that have been applied to

— .
estimation of similar water balance components. The models were then evaluated using two

——— e e e e e e s e
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indices of agreement (index of agreement and coefficient of determination) and two indices of
error (root mean square error and relative bias) performance criteria, The model that provided
the least indices of error and maximum indices of agreement was chosen for the computation

of the water balance components,

4.5.3 Computation of water balance components

The water balance computation was done using the selected models based on the performance

criteria.

4.54 Calibration and Validation of water balance model

Calibration of the water balance model and its componenis were done by trial and error
method. In the calibration, one-half of the data sets were used for calibrating the model, and
the remainder used for validating the model, using the indices of agreement and error

performance criteria described in the previous section.

4.6 Assessment of the water balance

The water balance model, after calibration, was used in interpret the available data to provide

more insight into the occurrences of the lake.

4.7 Software tools

ArcGIS version 9.2 and Erdas Imagine version 9.1 were used for GIS and satellite image
processing respectively. MS Excel, Spell-Stat and Trend were used for statistical data
analysis. MS Excel was also used for the development of the spreadsheet water balance
model, whiles MS Access was used for the development of the CN lookup database for
processing of CN values in ArcGIS.

— — _,..--'—".--_-_
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5 Results and Discussions
5.1 Data Collection

Data used in this project, its format and units, and its dates of acquisition are summarized in
the table below.

Table -: Summary \of data sources

Data Collected | Purpose Format / Acquired Date | Freq. Source
Units
STRM Catchment | USGS DEMT, | b, 3000 | |

Climatological | Inputs into
Data (Kumasi, | hydrological
Agogo, models
Bekwai, 1. Rainfall
Barckese)
2. Other (RH,
Wind speed,
ET,, Tmax,
Tmin, Sunshine
Hours)

5.2 Data Validation

The data used for the project were validated by the following methods discussed below:

52.1 Satellite Data

Satellite data were validated by the use of physical land marks on the project site. With the aid
of a potable GPS device (Garmin 76), it was realized that visible landmarks on the project site
were consistent with satellite data acquired from GLCF. Garmin 76 was used 1o mark
waypoints and aisu__ptck tracks on ,ﬂf_glggc_t site. Garmin 76 has the capability of producing
the longitude, latitude and elevation of any location by accessing three or more satellites. The

m&min?ﬁmpﬁumfmmimmmmmmmgmﬂt
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Assessment of the Water Balance of Lake Bosumtwi

available satellites at the time of acquisition of the information. The data acquire by Garmin
76 was then overlaid on satellite images of the project site using Google Earth and ArcView

GIS. Screen shot of the overlaid map of Garmin 76 data and satellite imagery in Google

Earth is shown below.

Fa ik Vew Temw Add Help
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Figure -; Plot of GPS waypoints on Goagle Earth version 5.0
5.2.2 Meteorological data validation
Meteorological data were validated statistically and on the field. Statistical validation was
done by the use of methods (Time Series analysis, Spearman’s rank correlation coefficient, F-

Test and T-Tests) as discussed in the literature review section.

5.3 Catchment Delineation

5.3.1 Results
Catchment delineation was carried out using ArcGIS 9.2 software. This was done using
STRM DEM downloaded from GLCE at the University of Maryland, USA. Since no

automated approach currently exists for the determination of catchment areas of tropically

e

T ————————————
Mark Amo-Boateng MSc. Thesis (Feb., 2010} Page 38



Cha 5: Resulty and Discussions
closed lakes, such as Lake Bosumtwi. the following procedure was ensured for the catchment

delineation.

Figure -: Digital elevation model of Lake Bosumiwi

The hill shade of the DEM was first created to give a true picture of the terrain of the area.
This was done using the Hillshade tool under the Spatial Analyst extension. Next was the
creation of contours at 5m. 10m, 20m and 50m micrvals study arca, using the
Surface/Contour tool under the Spatial Analyst extension. Next, the Aspect of the study area
was created and reclassified to provide a proper view of the flow directions on the study area.
The contour map generated was then superimposed on the Aspect map, and with the contours

as a guide, the boundary of the catchment area was carcfully digitized into a new shape file.

——————————————————————————eeeee
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- .‘..II 1‘-“#' F- i“* --..‘ ﬁ’. F'l H" 'Ii‘ i |
Figure - Initial catchment delineated of Lake Bosumtwi

The lake area was delineated by converting the raster image of the converting the reclassified
aspect map into polygons, and then extracting the lake area into a separate shapefile. Three
dimensional models of Lake Bosumtwi were generated (using 3D analysl extension)and the

delineated catchment superimposed on it using ArcScene (see figure below and Appendix 3).

Figure -- Delineated catchment superimposed on 3D model of Lake Bosumiwi

e e —
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The delincated catchment was then modified to reflect the actual catchment area of the lake

The results of the catchment delineation are given below

Figure -: Final delineated eatchment area superimposed on Landsat image

Table - Catchmeni area of Lake Boswmiwi

Description B [‘Area (km2) [ Perimeter | X Coordinate | ¥ Coordinate of

| f{km) { ol Centroid | Centroid (km)

' ' (km)
Total Catchment Area 103.79019 | §9.71579 l 61585214 718.48013 |
(including Lake) o AL - L=al
Total Lake Surface Area | 45.84288 20.57527 675. 76488 : 719.1469 .
Actual Catchment Area | 5704731 | 8929106 i) : ]

5.3.2 Deductions

Thus it can be deduced from the catchment areas that the total lake area surface covers

approximately 44% of the total catchment arca as detailed in the table below. The total

.-—"._'_'_
catchment arca and the lake surface area is thus less than that cited in literature (total area

106 knr*and lake surface area = 50 km — 52 km) (Tumer et al., 1996, Peck ef al., 2004)
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Tabff-:fﬂmprifﬂanﬂmhnemmmmﬂhhng&cmnfkﬂr Bosumwi

Description Arca Perimeter
Tl.ﬂa.l L:Ill;l Sorface Ares 44.169% | 49.527%
Actual Catchment Area 55.831% | 149.527%

Using the Pythagoras theorem, it can be said that the centroid of Lake Bosumtwi lays 1.44
radians to the North West of the centroid of the total catchment area, and is at a distance of
0.672 km. Since the distance between the centroids of the total catchment area and the lake
surface is less than 1 km, then dircct runoff response due to precipitation over the entire
catchment is uniform and enters the lake with the same approximately lag time. This can be
Justified on the assumption that the total catchment area and the lake surface area are circular

in nature, and the same soil and land cover conditions exists over the entire catchment area.

5.4 Modeling of Lake Bosumtwi Water Balances

5.4.1 Modeling Approach

A semi-distributed modeling approach was adopted in this study. This was to allow for
accounting of all spatio-temporal variables without increasing the complexity of neither
model nor over-generalization of the water balance model of the Lake. In this semi-distributed
model, rainfall is assumed to be of the same intensity over the entire catchment. All
meteorological variables, such as air temperature, relative humidity and the radiation fluxes
(Ra R., and R,), are also assumed to be eyen over the entire catchment. Land use and soil

characteristics are however considered as distributed in this project.

5.4.2 Model formulation
In this study, the mass balance/volumetric approach was chosen for formulation of the water

balance of Lake Bosumtwi. The water balance computations were made using Microsoft

i——— -r._._,_o—"-'--_-_'_
Excel spreadsheet models.

_-—-'-_._._-
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a) The minimum elevation in water table in the plain surrounding the lake is 200 masl

(Gill, 1969) which is several hundred meters above the current lake levels, suggesting
that the regional aquifer and the lake are hydrologically disconnected (a long term
connection would have the lake levels the same as the regional water table levels) and
also makes it impossible for water to seep out of the lake;

b) Groundwater seepage from the regional aquifer is also inhibited by the raised crater
rim of the lake which induces a groundwater divide that inhibits subsurface flow from
beyond the topographic divide (Tumer et al., 1996);

¢) The lake lies in animpact consolidated bedrock which would require outflow to occur
within a sluggish fracture flow, however, 20m - 1000m thick of mud underlies the
bottom of the lake (Tumer et al., 1996), hydraulically isolating the lake from any

fractures in the bedrock.

Since no data exists currently for the quantification of the subsurface runoff contributions to
the lake, it is assumed the (. component is negligible because the steepness of the catchment
reduces infiltration and storage on the catchment. The time of eoncentration of subsurface
runofT is reduced due to the steepness of the catchment and very short runoff length, thus G.

has a negligible long term effect on the lake.

5.4.4 Simplified water balance model of Lake Bosumtwi

Thus, the simplified water balance model becomes:

AV=P+R—E (5-2)

#
Mark Amo-Boateng MSc. Thesis (Feb. Z010] Page 44



%

55 Estimation of Water Balance Components

5.5.1 Rainfall

5.5.1.1 Location of synoptic weather stations

Since no metrological data exists for Lake Bosumtwi, data for nearby towns (Kumasi, Agogo,
Bekwai, and Barckese) was used as approximate for this study. Locations of the towns are
'shown in the figure below.

F fgur;? -+ Location of synoplic weather .!ta!‘mm
5.5.1.2 Estimation of Lake Bosumtwi’s Areal Rainfall
Since punctuated rainfall records existed for Bekwai, Agogo and Barekese, and it has been
also documented that Lake Bosumtwi's Lake level records correlated with regional rainfall
pattern - rainfall records of Kumasi (Turner ef al., 1996), rainfall records of Kumasi were
used for this study. Rainfall data for Bekwai, Agogo, and Barckese was only used for
comparison. Data also collected at Abono during the study period (September, 2009 —

e ——
s —— e e—
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Assessment of the Water Balance of Lake Bosumtwi
November, 2009) was also used for comparison purposes only. The figure below shows

average monthly variation of the rainfall for Kumasi.

Average Monthly Rainfall of Kumasi (mm)
250.0

g
=]

-
5
=

Rainfall (mm)

1008 ——

500

oo M _I .

¢ & ﬁﬁﬁ\ﬂ*@&@& Q‘“onﬁ*o*

_|

Figure -: Average monthly rainfall of Kumasi in mm (1977 -2002)
552 Evaporation
5.5.2.1 Model selection
Estimation of evaporation was done by the use of conceptual evaporation models, since direct
evaporation measurements were not available. All evaporation models reviewed in the chapter
3.6 were evaluated on a monthly basis and compared to an eight year monthly evaporation
values of Kumasi. Since most of the evaporation models depend on radiation fluxes, radiation

fluxes were estimated as discussed in the following section.

5.5.2.2 Radiation calculations
Most of the evaporation models reviewed in this project require the knowledge of the

shortwave or solar radiation, extraterrestrial radiation and net radiation fluxes. Since these
were not available, the radiation fluxes-were-estimated by methods discussed in the literature
review (section 3.7.1.1 - 3.7.1.3). Summary of average monthly variation of the radiation

———
fluxes estimates are shown in figure 5-9.

—E
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Average monthly variation of radation fluxes of Kumasi
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Figure -: Variation of radiation fluxes md_Air Tenywer:wure. Ta
5.5.2.3 Performance of evaporation models
Eight year (1990 -1998) monthly pan evaporation values of Kumasi were available for this
study. The evaporation models that were evaluated in this project include: a) Energy budget
evaporation model (equation 3-18); b) Priestly-Taylor evaporation model (equation 3-40); c)
Penman Combination evaporation model (equation 3-42); d) Simplified penman combination
evaporation model (equation 3-44); €) Thornwaite-Matter evaporation model (equation 3-45);

and f) Mass Transfer evaporation model (equation 3-47).

Comparison of evaporation models with Pan evaporation values

Evaporation (rmem/day|
[ ST TR O T . BN BT B )

o ﬂﬁmrﬁgiddm H'_: Eghhhn:ﬁm
Tifiiiiiiiciiztigecacitinss
S E RS2 A9 RRZERZAESNZAEZAI ANz
Pan Ewp-nnﬂun:lunasi : I:_Aﬂi!ﬁme‘ mimy/day e Prriestly-Taylor mm/day
—— Penmann Cambinatian mm/day —— simplified Penmann mm/day ——— Energy Budget mmj/day
e Thormwaite mmyday

Figure=-Comparison of evaporation nodels with Pan Evaporation

ﬂ
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Results of estimates of the evaporation models were compared to the pan evaporation values
of Kumasi using the performance models discussed in the literature review section. In the
final analysis, the Simplified Penman Evaporation Model (Valiantzas, 2006) was most
suitable when compared to the pan evaporation values, and was thus selected for this study.

The results of the performance analysis are shown in the figures below.

Table -: Performance evaluation of six evaporation models for Kumasi

: i s 5

[ m —;1 E E L =

= £ = = = £ =2

- EE |2 |2 |&F (e 2 ol

s o e | = = =& = =2 i =5

€ |[2E5(8 LANJEECI™®E |5 |[5E2&

| RMSE [ 0.000 | 5054 ?.94'2 i fﬂg 7% 6.023 |3.567
|RB | 0000 |0486 |0187 0530 |-0256 |0.580 |0.343
D 1.000 | 0.707 | 0.650 @z 0.8¢47 | 0.602 |0.818
R 1000 0368 | 0243 | 0243 0579 | 0243 [ 0313

Average monthly evaporation estimates for Lake Bosumtwi, using the Simplified Penman

Evaporation is shown in the figure given below. Detailed results are shown in Appendix4 and

Appendix 5.
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Figure -: Average monthly variation of Simplified Penman Evaporation, Radiation Fluxes, Relative
— Humidity (RH) and Air Temperature (Ta)
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§.5.3 Surface Runoff

5.5.3.1 Modeling of Lake Bosumiwi's Catchment Runoff

No available gauged measurements exist for Lake Bosumtwi as the time of this study. Thus
Lake Bosumtwi’s catchment was considered as an ungagged catchment. Runoff from the
catchment was estimated using conceptual rainfall runoff models discussed in the literature

review scction.

5.5.3.2 Selection of Rainfall-Runaoff Model

The SCS-CN method (equation 3-10) was chosen as the most suitable method for runoff
estimation given data availability, A particular advantage is that Jand cover changes as a result
of anthropogenic activities and climate change are accounted for in this method. The SCS-CN
method for runofT estimation is discussed in-depth in the literature review section.SCS-CN
method of computing runoff depends on soil the soil characteristics and land cover

classification.

5.5.3.3 Soil Reclassification
Digitized soil map (shapefile) of Ghana, produced by the Soil Research Institute of CSIR was
used in this project. The soil map was integrated with the delineated catchment area of Lake

Bosumtwi (see section 5.4) as shown in figure 5-12.

s ——— e ——
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Figure -: Integrated soil map showing soil groups, towns and Bosumtwi's catchment
The map was then reclassified based on its composition as given by the FAO soil group
classification and the soil classification triangle. The conversion of the soil classification

triangle into HSG based on the four major soils found in Ghana is shown in the figure below:

Figure -: Soil classification triangle and HSG reclassification diagram

The soil reclassification of the majorsefts-imGhana into the SCS-CN Hydrologic Soil Group

(HSG) is given in the table below.

e —

f
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Table -: Soil reclassification table

Soil Composition Reclassified SCS-
CN HSG

sand, loamy sand and sandy loam types of soils | A

silt, silt loam and loam soils B

clay loam, silty clay loam. sandy clay, silty D

clay and clay soils

5.5.3.4 Land Cover Use, Change and Reclassification

Land cover and use information for Lake Bosumtwi and its surrounding catchment was not
readily available for the duration of the project. Satellite images, remote sensing and GIS
technologies was thus used in the determination of land cover and change pattern for the

catchment,
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The Landsat images were converted from TiT (*.1iff) and GeoTiff format (*.tiff) to Imagine
(*.img) format using Import/Export panel in Erdas Imagine 9.1. This was to allow for file
compatibility in Erdas Imagine software. The images were stacked in Imagine and the AOI
(area of interest) was selected using select tools under AOL Using the Subset tool (Fterpreter
- Uttilities = Subset) a subset image of the catchment area was created and used for further

image processing.

Using the Unsupervised Classification tool under the Classifier panel, the subsetted images
were classified into thirty classes using Landsat band combinations (5, 4, 2 — approximate true
colour composite) and thirty iterations (see figure 5-15), The thirty classes for each subsetted
image were then recoded into seven land cover classes using the Raster Attribute Editor tool
by visually comparing the classified images to the original subsetied images with different

band combinations. The seven land cover classes are given in table 5-6.

Figure -; Unsupervised classification of Landsat image 20" December, 1986 and 5" May, 2007
(pl94r135)

— _,.,--'—""--_-_'_
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.,

Table -: Recaded elassification class names

Recoded Class Name Description
No Data/ Cloud Cover/ | Unclassified land cover either due to
Unclassified no information or cloud / shadow
m
_Seulﬂnentsfljrban Area Dense Settlements / Urban area
Open Area Light Settlement / Grassland /
. Farmlands / Roads / Pathways
3 Class 4 Shrubs/Trees/Farmland Land cover is basically grassland with
. : _ shrubs and few trees or farmlands
4 |Class5 Open Forests Forests with widely spaced trees and
) g grass land (50%-75% tree cover)
5 Class 6 Closed Forests Forests with moderate to closely
: : spaced trees (>75% tree cover)
6 Class 7 Water body / Lake Lake Bosumtwi

5.5.3.5 SCS-CN Values of Lake Bosumtwi’s Catchment

A procedure for the determination of CN values of the catchment area was developed using
ArcGIS and MS Access. The database,with three lookup tables (Soil_Group, LandCover and
CN_Lookup) was in MSAccess ® 2000 file format (*.mdb), was used to extend the land
cover and soil classification shapefiles to incorparate HSG and CN values into their attribute
tables. Details of this procedure are given in Appendix 6.The final CN values for Lake

Bosumtwi’s catchment are shown in figure 5-16 below.

Figure -: CN Values for Lake Bosumtwi's catchment
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Since only few satellite images were available for this project, land use change was assumed
to be linear. Land use was thus linearly interpolated and used for the estimation of CN values
for the unknown periods. The resultant interpolation show a gradual increase in settlement, a
sharp decrease in closed forests and an increase in open forests for the catchment of Lake
Bosumtwi. It was realized that interpolating land use and CN values gave similar results. CN
values were weighted for Soils Group A (acrisols) and B (alisols) respectively (using the
weighted CN formula discussed in the literature review section). The interpolation of land
cover changes is shown in figure 5-17 below.lt was realized that interpolating land cover gave
the same results as interpolating CN values. Details of the interpolation of land cover and CN

values are also given in Appendix 7 and 8.

Land Cover Change an Soil Group A (Dec 1986 - Sep 2007)

90%
BO%4%
E 0% S
= 60% —____'—_'_"‘-'—-—_h
g 50% S ¥
E 40% '“'"--—\_...\_H___
30% =
20% S ——
10%
D% : >
2 5% 3w 3 LR MMAAGR G B BN 2 2 2 E §
E 85 R 55 5 8 5 58S SSX=55%33232332-.8
W Sattiernents / Urban Aresas o Open Areas / Grascland = Shrubs / Trees / Agricultural Land

B Open Forests W loseth Fore ste
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5.5.3.6 Antecedent Soil Moisture Condition of Lake Bosumtwi

The CN value (CN;) is based on average soil moisture condition (AMC 1) and was adjusted
based on a S-day prior rainfall depth. The 5-day prior rainfall depth was determined from
monthly rainfall records on the assumption that equal rainfall events occurred on each day in
the prior month. Dormant season was assumed for the whole catchment since detailed farming
information was not available and most of the catchment was made up of forests. The CN
values were adjusted accordingly for dry conditions (AMC I), and wet conditions (AMC 11T)

using equations 3-14a and 3-14b.

5.5.3.7 Surface Runoff into Lake Bosumitwi
Runoff computed by the SCS-CN method (equation 3-11), with estimated CN values

discussed in the preceding is summarized figure 5-18 below. Further details are given in
Appendix 11.

SCS-CN Runoff from Lake Bosumtwi (m?)

1800 -
16,00

14.00 -
12.00
10.00
B.00
600 -

4.00 -
2.00

Runoff (m?)

Jun-E1
Nov-82
Apr-84
Sep-85
Feb-87
Jul-88
Jan-90
Jun-91
Nowv-92
Apr-94
Sep-95
Feb-97
Jul-98
Jan-00

Figure -- Monthly runoff estimates for Lake Bosumwi (Mar-77 to Dec-2007) using SCS-CN method

5.6 Fixing of Datum of Lake Level Records

Lake level records taken from Masi were punctuated (incomplete) and without

datum. Missing lake level records were estimated by correlating adjacent monthly lake level

f
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records. Datum for the lake level records was fixed by comparing it with published lake level

records of Shanahan et al., 2007.Changes in the lake level (reported by Shanahan et al., 2007)
were cumulated and compared to lake level records of Lake Bosumiwi taken from AESC (as

shown in table 5-7 below). Datum of the lake levelswasfound by taking the difference
between L and L’ of August, 1984 as shown in table 5-7.

Table -: Fixing of datum for Lake Bosumiwi lake level records

Year AL L (m)
(Shanahan et. Al, 2007) (Lake Level by AESC) |
5 +2.56 m 748l m -
+1.07m .4 L_LI%“F =
+0.96 m T76.84 m -
“Aug, 1984 059m T T [VigaSa [T 1.062 m
Datum 75.188 m
(with respect to bottom of Lake}
' Datum ' 9 96,388 m
(with respect to m asl, mmmm Eﬂ,
i 1996) b 4

The fixed lake level records (figure 5-19) were then compared to that published by Shanahan

et al., 2007. Further details are given in Appendix 9.

Lake Levels Corrected (m)
7715 -
77.0 4
76.5 =TT
ET&.EI
grﬁ,s L _
75.0
-
3 745 -
74.0 - -
735 +—
?3-.“ .-r--.-l T L [ e e e T 1 T B | ¥
H—'”-IMW.NEgE g:ﬂﬂﬂs
%'f%%z:”%:ahwi T igzistt
Egﬁ"wz*’iz"mz’*i:"‘ Z == h =

Figure -; Lake level records of Lake Bosumtwi
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%
5.7 Water Balance Model of Lake Bosumtwi

With the water balance components (P, E, and R) estimated, the water balance model of Lake
Bosumtwi (AV) can also be determined as AV = P + R - E. Determination of simulated

cumulative lake storage was done by the use of the Level Pool Routing equation. The Level

Pool Reservoir Routing equation is given by:
2 + )t > 3 (5-3)
7 Ui + L )AL+ 5; — Eﬂiﬂf) = (5i+1 *Eﬂmﬁt)

Where /=P +Ris the input to the model O = E is the output of the model and S =¥is the lake

storage. The modified level pool routing equation for Lake Bosumtwi is given by:

1 1 | 1 5
(E(PI +R;) + E(Pm + Riﬂ}) At + (V:' = EE[M) = (Vm t5Ein ﬁf) e

Thus, for a monthly time-step (Ar =) the rouling equation becomes:

1 1 1 b | 5.5
(:..E(P! + Pii1) +Efﬁ'i + R:‘+1]) +(V_! > EEE) = (VIH ¥ 5354-1) #

Lake Siorage-Lake Level relationship was developed from bathymetric data (Tumner ef al.,

1996) and is given by:
h(V) = 0.0005 y9561 RZ = 0.9998 (5-6)

The observed and simulated lake level records areshown in figure 5-20 below:

#
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Observed and Simulated Lake Level Records (m)

Lake Level (m)

Figure -: Simulated and abserved lake level records
Details of performance of the water balance of" Lake Bosumtwi without calibration are given

below in table 5-8:

Table -: Performance of Water Balance Mode! of Lake Bosumiwi

Performance Indices Expected Vaiues | Volume (m”) Levels (m)
e | Satag0es 2097
0.00% 2.70% 2.74%
600 / ;:‘--1:_# ‘4@9-;@,{#’ 0.12
0.00% 0.20% 0.16%
AT —r
1.000 0.90 0.896

58 Water Balance Model Calibration, Validation and Evaluation

Calibration and validation of the water balance model was done by splitting the available and
continuous lake level records (Jan, 1984 — Dec, 1998) into two datasets for calibration (Jan,
1984 — Dec, 1989) and validation (Jan, 1990 — Dec, 1998). In general, the following steps

were ensued for successful model improvement:

a. Incorporation of the cffecﬁﬁmr; SCS-CN runoff, R,

b. Error minimization (removal of systematic errors), and

#
P
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¢. Model evaluation.
58.1 Determination and Incorporation of the effect of slope on SCS-CN runoff
Incorporation of slope into the SCS-CN runoff was done by first determining the effective
rainfall on the catchment, and then determining the effect of slope on the initial abstraction.
The SCS-CN rainfall-runoff model was subscquently modified to incorporate the effiect of
slope. The modified SCS-CN runoff model is given by:

(5-7)

_ 12
R= e ]fnruP:rlJlS.R=ﬂfaruP < 02§

+(1-2)5
Where p is the rainfall correction coeffigient, A is the initial abstraction ratio.

5.8.1.1 Determination of slope and rainfall correction coefficient (u)
Determination of the slope of Lake Bosumtwi was done using the Slope Tool in ArcGIS
spatial analyst extension. The average slope was determined using the statistics tool. Details

of the slopes of Lake Bosumtwi arc given in figure 5-21bclow:

Mimimum = (.0°
Maxsovon = 33.72°

Mean = 11.806°

Standard deviatien = 6.6942°

Columns and Rows = 117, 151

Cos (11.806%) = 0.9788459686

Figure -: Slope of Lake Bosumtwi

I —————————————————— e —
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The rainfall correction coefficient was determined using the following relation between

observed rainfall (P,) and effective rainfall (P,) (see figure 5-22 below):

ll

Pyr= Effective Rainfall

Nav ey

Figure -; Determination of rainfall correctioncoefficient

'Fl
:nsE—J-u;
=P =cos8 xP,

~ Fy= pF,

Where p = cos 8 =0.979

5.8.1.2 Determination of initial abstraction ratio, 2

The initial abstraction ratio, A, for the lake was varied from 0.0 to 1.1 and the resultant runoff
and its effect on the overall performance of the water balance of the lake were determined. It
was observed that optimal values for A ranged from 0.09 to 0.14. The value of 0.12 was
chosen for A since it gave the minimum RMSE whiles maintaining high values for D and R”.
Summary of the results for A is given in the figure below. Detailed results are given in

Appendix 10.

Performance of AV with initial abstration ratio (A)
i 100
L g0
- 60 -]
a : = :
» [ 49 w
= r 20 E
| 1]
- i C T T T T T T T T T ! 'zﬂ
o 01 02 03 04 05 06 07 08 09 1 11 12
— _initfaT Abstraction Ratio, A
D R2 RMSE =—RB
_—-'-'--_._-

Figure - Performance of initial abstraction ratio

ﬂ
Mark Amo-Boateng M5c. Thesis (Feb., 2010) Page 60



Ehaﬁ 5: Results and Discussions
The incorporation of slope in the SCS-CN runoff slightly improved the water balance model.

The performance of the water balance model afier incorporation of slope is summarized in the
figure 5-24below.

Observed and Simulated Lake Levels after Incoporation of the

78.00
77.50
77.00 -
76.50 -
76.00
75.50
75.00
74.50 — 252 3 1 N 3 -
74.00 — = e ===

Lake Level (m)

Jul-9a
Apr-95 -

Jan-84
Oct-84
Jul-B5
Jan-96 -
Oct-96
Jul-97

Apr98 -

Apr-B6
Jan-87
Oct

Figure -: Observed and simulated lake levels of Lake Bosumitwi after incorporation of the effect of
slope

58.2 Error Minimization (removal of systematic errors)
The relation between observed and simulated records is given below; where € is the total error

of the model, 7 is the pure systematic errer and e the pure random error of the model.

AVgim = BVyps + £ (5-8a)
AV = OVsim —T = AVgps +€ = (5-8¢c)

The systematic error of a model can be expressed by the relative bias (RB), and thus, by
accounting for t, the determination of e is possible. The systematic error for the split data set
was determined and incorporated in the water balance equation. The results of performance of

L —"'_'_.-.-.-.---_ - - -
the water balance model after error minimization is summarized in the figure 5-25 and tables

5-9 and 5-10 below.
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Calibration of Observed and Simulated Lake Volumes
218 I
1
g 2.16 & |
& 214 —— |
£
217 +—m :
£ 1
s 210 | =
i 2.08 | i
206 +—— l
2.04 L & R
Feb-82  Nov-84  Aug87  May-90  Jan-93 Oct-95 Jul-98 Apr-01
—\obs calibrated ——Vsim calibrated Vobs validated Vsim validated
Figure -: Calibration and Validation Lake valumes
Table - Performance of calibration dataset (1984 -1989)
Tests Expected | Vg (M) VT (M) Lim=-T | Lyw{m)
ror | RMSE | 0.000 14893854003 | 118,926,70060 | 0358 | 3391
. PRMSE | 0% 6.97 552 | 0463 | 4.411
RB(z) 0.00 \,-17,352,575.27. | 1401564608 | -0.04 | -0.40
e A e - = - — .
Agreeme | D {600 .34 044 | 0.714 0339
ni Indices | - T . BTN O 22 10 0.233
A L NS s S L
Table -: Performance of Validation dataset (1990 - 1995)
Expected | Vym (m)) Viiw— T (m0°) Luw-T | Lum(m)
0.000 139,297,741.73 163,174,702.43 | 0.223 2553
0% 6.63 7.72 | 0.291 3.354
0.00 ~12,702,996.76 1488041149 | 0.02 -0.25
1.000 0.87 0.87 | 0.981 | 0.868
1,000 0.84 0.93 | 0935 | 0.842
S _'_'_.__,_..--"'-_'_ =

M
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583 Water balance model evaluation

The lake levels, afier calibration and validation, are shown in fipure 5-26. The water balance

model after calibration and validation was evaluated using the Nash-Sutcliffe efficiency

equation, E (see equation 3-52). The model efficiency, E, was found to be 100%.

Minimization

Observed and Simulated Lake Levels after Calibration, Validation and Error

76

Lake Level (m)

755 1

74.5

lan-8% -

Jan-B4
Jul-84

Juk-85
lan-B6

- SNEEEEy
W R~ = &3 = . ]
A
fEii::53 635343

Lobs Lsim - RB

33334585
§3 53583

Jul-87
Jan-38
Jul-88

jan-97 7

lan-96
Jul-86

Figure -; Observed and simidated Lake levels after calibration, validetion and evaluation

Results of the water balance model afier calibration, validation and evaluation is given table

5-11 below. Further details are given in Appendix 11.

Table -: Performance of Lake Bosumtwi water balance model

Performance Indices Expected | Lake Valume (m’) Lake Levels (m)
Vi Viim - € Luim -7
Error RMSE G001 19645415498 | 19500085156 | 0.070 5322
Indices | "PRMSE 0.00% 9.29% 9.15% | 0.091%| 696%
RB() 000 1464282817 1453450533 0.00 0.3
PRB 0.00% -0.69% 0.60% | 001% | -0.40%
Agreement | D 1.000 0.87 0.90| 0.983 0.870
Indices [~ | 1000 T O 094| 0942 0.843
= ____,-—"'"_ _._.___,..-—'—'__ i
Efficiency | £ 100% 100% 100% | 100% 100%
—

m
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584 Discussion on model calibration, validation and evaluation

The performance of the overall water balance model provides further information on the water
balance processes. Using an average lake volume of 2,115,386,153.95 m® (January, 1984 —
December, 1998), it can be deduced that the water balance model has a pure systematic error
(1 = -0.692%) approximately equaland opposite of the pure random error (¢ = +0.687%) and
their cumulative tends to minimum the overall error (g = -0.005%) in the model, as shown in

the table below. This cumulative and opposing effect of t and e is responsible for the high

accuracy of the water balance model.

Table -: Error analysis Lake Bosumiwi water balance model

Error Indicator Value (m") Value (%)
[ Systematic Error (t) | -14,642,828.17 | -0.692%
Random Error (2) 14,534,505.33 +{. 68 7%
Total Error (&) - 10332284 |-0.005%

Thus from the preceding results; the final water balance calibration is simplified by the

following expression:

Water Balance Model (5-10a)
AV=P+R-E (5-10b)
Reservoir Routing Equivalent (5-10c)

1 1 1 1 (5-10d)
(E(P: + P +5 (R + H;‘+1)) + (Vi e EE:') = ('u"i+1 +§E;'+1)

Incorporation of Systematic Error

AV=P+R-E+(£) (5-10¢)
= AV=P+R-E+(t +&) - (5-100
= AV = AV, + € (5-10g)
= AV = AV, + (T +€) (5-10h)

e ——
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Application of Systematic Error in Water Balance Model

G G+ %(R‘ i R“‘}) s (Vi = ';_'EI) = (Vi+1 +%Ei+1) + (r +e); G-18)
Since random cannot be easily quantified
(';' (P, +Piyp) + % (R; + R.I+1]) + (V.' - %E’[) = (Vi+1 +%El-+1) + (1), (5-19))
Final Application of the Water Balance Model

(5-10k)

1 1 1 1
(E (P + Piya) +5 (R + R.—+1]) + (Vi - BT T;) + (Vm +EEI'+1)



Chapter 6: Conclusions and Recommendations
6 Conclusions and Recommendations

6.1 Introduction

The main goal of this research was to establish the hydrological processes that affect the water
balance of Lake Bosumiwi, contributing to the marked lake level rise and fall within the past

centenary. Since limited data was available for this study, several assumptions were made

during the course of this study, and they include:

a) Regional climatic conditions (Kumasi) exist over Lake Bosumtwi's catchment.

b) The Lake is hydrologically isolated from the regional aquifer.

¢) Abstraction from the Lake for domestic, agriculture and industrial purposes is
negligible.

d) Runoff from the catchment can be modeled using the SCS-CN rainfall-runoff model.

¢) Sub-surface runoff within the catchment is negligible.

f) Land cover changes assumed a linear model, and soil characteristics, however,remains

unchanged.

6.2 Conclusions

The assessment of the watcr balance of Lake Bosumtwi was done by the development of a
distributed hydrological model. Since data was not available for the study area, satellite
altimetry provided a useful tool for the assessment of the hydrology of the Lake, Software
tools such as ArcGIS, ERDAS Imagine, MS Access, MS Excel, Trend and Spell-Stat were

used for satellite image processing and hydrological data analysis. In the end, the following

conclusions were drawn from the study:

e= s = J_._H__.-—-—'_
a) Regional climatic conditions can be successfully used to model hydrological

~conditions of Lake Bosumtwi.

_M
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b) Inputs to the Lake can be simplified by only surface runoff and precipitation.

¢) Outputs from the Lake are simplified by only evaporation.

d) The Simplified Penman Evaporation model (Valantias, 2006) provides the best
evaporation estimates for the Lake

¢) SCS-CN rainfall-runoff model successfully models surface runoff, although it was
modified by incorporating the effect of steep slope into the equation (= 0.98 and A =
0.12) to improve the performance of the model.

f) Land cover changes for the lake can be assumed to be linear in nature.

g) The use of satellitc altimetry and software tools such as ArcGIS and ERDAS Imagine
allows for the development of distributed hydrological models which greatly improves
model performance.

h) The overall water balance model has a total error of 0.005% (systematic error = -0.692
% and random ecrror = + 0.687%) which may be due to the effect of parameter transfer
of meteorological data.

i) The model shows that Lake level rise and fall reflects regional climatic conditions.

6.3 Recommendations

The following are recommended to improve upon the study:

a) Further research on the effects of siape on the SCS-CN method is should be carried
out to allow for easy application to steep sloped catchments.
b) Further research on the transfer of meteorological parameters from Kumasi to Lake

Bosumtwi must be carried out to improve upon the model.

¢) Further res_ea_lmhshnuld be carried out to establish the link between the water balance

o

of the Lake and climate change.

e
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d) Further research should be carried out to scale up the water balance of Lake Bosumtwi
for the West-African sub-region.
¢) A meteorological station should be set up at the Lake site to use actual meteorological

data of the site as inputs to the model.
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ppendix 1. Bathymetric Data of Lake Bosumtwi
I
Elevation Depth Area Lake Volume
masi m ki’ m knt m
| 2134 1922 723 72,300 923 9,234,200,000
| 198.1 1769 | 69.5| 69,500 8.15 8,153,600,000
. 182.9 161.7| 667| 66,700 7.12 7,115,500,000
167.6 146.4 | 64.1 64,100 6.12 6,119.300,000
152.4 131.2] 61.0 61,000 5.12 5,116,000,000
137.2 116.0 | 57.5 57,500 426 4,262,700,000
| 121.9 100.7| 549 54,900 3.41 3,406,600,000
106.7 855 520 52,000 2.59 2.592,100,000
90,8 786 | 506 50,600 2.24 2.237.400,000
93.7 725| 479 47.900 1.94 1,.939.300,000
78.5 573 40.8 40,800 1.26 1,263,100,000
63.2 0] 317 31,700 0.71 710,700,000
51.0 298| 237 23,700 0.37 373,000,000
38.8 17.6 14.6 14,600 014 139,300,000
29.7 8.5 1.7 7,700 0.04 37,500,000
23.6 24 33 3,300 0.00 4,200,000
21.5 0.3 0.6 600 0.00 100,000
21.2 0.0 0.0 a 0
source: (Turner et al., 1996)
Area-Elevation-Volume Curve of Lake Bosumtwi
Elevation (m.a.s.1)
250.0 200.0 150.0 100.0 50.0 0.0
80,000 +— — : — : + 10,000 .
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"5 40,000 ———— E
- | -s
20,000 —
10,000 : f =
S = i 25;:10
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e ——
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g Appendices
ppendix 2. Geology of Lake Bosumtwi

4

[ Granodiorite of the s
l:l Lake Beds wﬂ Kumasi bathclith » ” Fauits
- Suevite LK 2 \Peraiciagpis /" Morphalagical
G777 Tarkwaian 7, %] Granodiorie of the e
{ Metasediments [ * % 'Banswintrusion A ﬁt&hw boreholes
# % Granodiorite of the 2
B'““'IT" Supergroup ] S o6 ICOP borehales
Metavolcanics Minor Intru 5,,_,55 (2004
Metasediments ibolite, wenite. . lea-es Olivine pyroxenite,
- nflta i retet dolerile, fh;mlgahnm
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ndices
ppendix 3. Catchment Delineation of Lake Bosumtwi

) DEM of Lake Bosumtwi (b) Hill shade view of DEM
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) Reclassified Aspect map (D) Initial digitized catchment boundary

= (2) 3D Model of Lake Bosumtyi
e il
e
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(h) Overlay and correction of digitized catchment on 3D model of Lake Bosumtwi (with
Landsat 5™ May, 2007 draped on the 3D model)

(i) Final delineated catchment of Lake Bosumtwi

A ————————————————————— e ———
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Appendix 4.

(a) Table showing evaporation from conceptual models and pan evaporation

Comparison of Pan Evaporation to Evaporation models

Diate Pan Mass Priestly- Fenman Simplifie Energy Thornwaite

Evaporation | Transfer | Taylor | Combinatio | d Penman | Budget -Matter
, Kumasi n

Month mm/day mm/day | mm/day mm/day mm/day | mm/day mm/day
“Jan90 | 5300 3890 | 4907 4315 5624 | 4315 4.549
| Feb-90 6.500 5.621 5.081 4.658 6.395 4.658 5.513
| Mar-50 6.700 6.720 5.605 5.138 6610 5.138 6.470
| Aproo 5.500 4.177 5.559 5.096 5.896 5.096 5.325
| May-90 | 4000 3340 5337 4.893 5.569 4893 1816
[ Jun-90 3.800 2.589 4.916 4.507 4.891 4.507 4454
TR 3.800 3.108 3.804 3.488 3.923 3.488 3341
| Aug%0 3.600 5.395 3.752 3.440 3812 3.440 3.366
| Sep90 | 3300 2.430 4. 1IN IBINE 3.857 3.887
| Oect-90 4.900 5.024 4.929 4.519 5.119 4519 4,190
Nov-90 5.300 1.519 4.955 4.542 5219 4.542 4.808
Dec-90 5.400 6.286 4.547 4.169 4.967 4.169 3.986
Jan-91 5,600 ‘ 5.601 4367 4.485
Feb-91 6.900 6.056 4.953 6.145
Mar-91 6.700 5.146 5292
Apr-91 5.600 5.296 5.114
May-91 3.900 _-ff}i 4.719
Jun-91 3.600 4338 4,711
Jul-91 3.000 ~ 3.939 3.766
Aung-91 3.500 3.454 3.346
Sep-91 3.500 | 3.895 4.093
Oct-91 5.300 4.104 3.766
Nov-91 5.000 4093 4679
Dec-91 4,900 3.752 4,559
Jan-92 6.100 b /3.569 4526
Feb-92 7.100 4.680 6.873
Mar-92 6.300 4513 5.809
Apr-92 4.900 : : : 4.994 5.325
May-92 5.100 3781 5.214 4.780 3460 4.780 4.780
Jun-92 3.200 2.153 4.391 4.026 4.297 4,026 3.964
Jul-92 3.900 2,465 3.376 3.095 3462 | 3095 3.012
Aung-92 3.900 4.594 3.629 3.326 3.662 3.326 2.989
Sep-92 3.700 2516 4188 3.839 4219 3.839 3.546
Oct-92 5.000 6.734 4.704 4312 5.058 4.312 4.243
Nov-92 4700 1 6149 | 4571 4,190 5.123 4.190 4.200
Dec-92 5500 | 5716 | —4+¥2— | 3.806 4.718 3.806 4.304
Jan-93 6.400 7417 4338 3977 6.241 3977 4282
Feb-93 6.800 8.536 5.339 4.804 6.483 4.894 6.362
5.800 5.175 5.310 4.868 5.967 4.868 4.674
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Aﬂpendim
Date Pan Mszss Priestly- Penman Simplifie

Energy Thornwaite
Evaporation | Transfer | Taylor | Combinatio | d Penman | Budget -Matier
, Knmasi n
Month mm/day mm/day | mm/day mmn/day mm/day mm/day mm/day
5.000 4.253 5.580 5.123 5,045 5.123 4.864
4.500 4.106 5.378 4.930 5677 4930 5.047
4.000 2.562 4.751 4.356 4.736 4356 4214
| 3.600 2955 3588 3.289 3762 3.280 3304
3.700 4.073 3.497 3.206 3.467 3.206 3.178
3.400 2300 4365 |  4.001 4373 4.001 3.770
5.100 6.606 5.122 4.695 5.322 4 695 4.290
5,500 5.436 4.852 4.448 5204 4.448 4662
5.400 3.726 4233 3.881 4.936 3.881 4.078
5.900 4716 4.597 4.214 5.846 4214 4.490
5.900 6.807 4,675 4.286 6.046 4286 6.380
6000 | 6683 5.494 5.037 6.347 5.037 5770
4,300 4510 5050 /| |\ 4629 | | 5407 4629 5218
4700 3019 528§ || dsdg_J | BS540 4846 4428
3.100 2.823 4.776 4.378 4.776 4.378 4.141
3,600 3755 3.698 339 3.876 3.390 3433
3.900 7.341 3.666 3.360 3.853 3.360 3.433
3.900 1.617 3945 . I 3617 ], 3941 3617 3,793
4.900 3.042 4702 | 4711 4311 3.078
5.000 5.723 5.08 5.650 4.660 4.706
5,200 7.298 4.450 5.782 4,080 4274
5.200 "5340 [ as%e | 4213 | 6850 | 4713 4.447
5.700 9.290 5.482 5.026 7.168 5.026 7299
5.800 5345 | 83371 5076 _| -e1n | 5076 5.440
5.700 4.007 5.709 5.234 5.935 5234 5.325
3800 2570 | 5614 | Sa46 | 5780 5.146 1844
4.600 2282 4,640 4.254 4.668 4.254 4.284
3500 | 13008, | 431 | 3857 | 4481 | 3957 3.742
4,000 2,926 4.033 3.698 3.921 3.698 3.241
4.100 2472 |- 2405 4038 | 4443" | 4.038 3895
4.900 5.252 4.846 4442 5.031 4.442 4.027
4.700 5.192 5089 | 4665 | 5.581 4.665 4.868
4.800 4.892 4.706 4314 5.295 4.314 4,175
Jan-96 6.100 2.0355 4.434 4.065 4.808 4.065 4.397
Feb-96 6.500 4.815 5.367 4921 5.931 4.921 5.546
Mar-96 5.900 4.096 5.256 4.818 5626 4818 5.109
Apr-96 5.800 3.829 5.385 4937 5.651 4.937 5.279
May-96 4.200 3.787 5337 4.893 5.576 4.893 4.892
Jun-96 3.800 2.500 4,394 4.028 4.492 4.028 4.037
Juk96 3900 - | 2720 | 4M15 | 4047 4432 4.047 3.557
Aug-96 4200 | 4.734 ] 4118 3.776 4.040 3776 | 3.365
Sep-96 4,200 2.838 4.001 3.668 4.053 3.668 3533
Oct-96 | 5.300 4.840 4.692 4.301 4.829 4.301 3.817

eeee———— e et
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Pan Mass Priestly- Penman Simplifie | Energy | Thornwaite
Eum Transfer | Tayler | Combinatio | d Penman | Budget -Maiter
] n

mm/day mm/day | mm/day mun/day mmiday | mm/day mm/day

5.700 5.092 4.152 3.807 4.501 - 3.807 4.346

6.600 6.530 4.842 4.439 65.474 4.439 6.053

R

4.900 3349 5.638 5.169 5773 5.169 4.703
Jun-97 4.000 2.130 4.224 3.873 4.254 3873 3.987

Aug-97 4.500 4.587 4.060 3.722 3.992 3722 3222

Oet-97 5.200 4.938 5.076 4.653 5.270 4.633 4.551

552 s.ag &% T8 | &
Dec-97 5.300 6.197 4.553 4.174 5.3 4174 4812

| hsAl T A3 4015 | 5964 4.013
Feb-98 6.200 5.143 5316 4.874 6.337 4874 6.518
_7az | 5308 | RTARSEN, | 64s | 4
Apr-98 5.300 4742 5770 5.290 6.225 5.290 6315
Jun-98 3.800 1.806 4,722 4.328 4.748 4.328 4.422

Aug-98 3.800 4781 | 3.869 3.547 3840 | 3547 3.240

Oct-98 5200 4823 | 4685 4205 | 4380 | 4295 2309
~ais [TAST| 43

Dec-98 5.100 5798 | 4511 | 4135 5108 | 4135 4315

F
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Appendices

Appendix 5. _ A?‘-‘I:lg_e monthly variation of Simplified Penman
Evaporation, Radiation Fluxes, Relative Humidity (RH) and Air
Temperature (Ta)
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Appendix 6. Procedure for the generation of CN values of Lake
Bosumtwi’s catchment

The following procedure outlined the steps used in generating the CN values of Lake

Bosumtwi.

A new ArcMap project (Lake_Bosumtwi_CN.mxd) was created using ArcGIS and was
georeferenced to UTM Zone 30 N.

Shapefiles (the soil map shapefile of Ghana — Soil_map. shp, catchment area shapefile
of Lake Bosumtwi — Cathment boundary.shp), the reclassified land cover raster
images (Landsat_pl54r055_861229.img and Landsat pl154r055 2007055.img) and
the CN lookup database (CN_Lookup_db.mdjf) were added to the ArcMap project. The
reclassified land cover raster images were converted to shapefiles and added to the
ArcMap project (using the From Raster tool found under the Conversion Tools).

The soil map and land cover shape file were extended by joining it to the soil group
and land cover lookup tables using the Joins and Relate tab found under the properties
of each shapefile (using FAO_Soil Group and LANDCOVER columns as the foreign
keys respectively).

The catchment, land cover and soil shapefiles were merged using the Union tool
(Toolbox 2 Analysis Teols = Overlay 2Union) and the resultant shapefile
(Lake SCS CN.shp) was added to the ArcMap project.

A new text field was added to Lake SCS CN.shp and named CN _[D. Using the field
calculator, CN /D was given the value equal to the concatenation of
Soil Group.SCS Soil Class and LandCover.ID.

Lake SCS_CN.shp was extended by joining it to CN_Lookup table on CN_ID with
CN_Lookup.CN_Group as the foreign key.

CN Lookup.CN Value was set as the default label and was used accordingly as the CN
values for surrounding catchment of Lake Bosumtwi.

*
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Appendix 7. Land cover interpolation of Lake Bosumtwi’s catchment

(a) Land cover classification of 29" December, 1986 Landsat image (Path: 155, Row: 54)

Soil Land Cover - Dec, 1986 Area (m’) CN CN; x A, Weighted
Group : : Value CN
| Closed Forests 1261596895 | 58 731,726,199.36 61.73
» Open Area / Grassland 4,419,554.74 69 304,949,277.30
b Open Forests 3,841,926.22 65 249,725 204.07
b~ Shrubs / Trees 428,964.20 61 26,166,815.94
Settlement / Urban Area 42896420 85 36,461,956.64
£ Shrubs / Trees* 9,952,387.0% 61 607,095,666,59
_ [TowlAreaw/Unclassified | 21,755.378.31
A Closed Forests 17,432,782.69 32 557,849,046.10 3405
Open Area / Grassland 23534309 49, | 61,521,616.24
Open Forests 1,748,165.35 a4 76,919,275.24
‘Settlement / Urban Area 14580000 = [97 T | 11,226,600,00
Shrubs / Trees 2,932,673.77 39 114,374,277.03
Unclassified / No Data 2038 & 4 |50 1,018.90
Total Area w/o Unclassified
23,514,965.00

*Unelassified data were taken as Shrubs/Trees

(b) Land cover classification of 29" December, 1986 Landsat image (Path: 155, Row: 54)

Soil Land Cover - May, 2007 Area (m2) CN CNi x Ai Weighted
Group Value CN
B Closed Forests T | 431028933 ’M? 75,996,781.08 :
;' Open Area / Grassland 2,675,590.88 69 184,615,770.98 | 0424
! Opufosts \TpoN, | 1SML6BMTA PS5 A IE120565
i Settlement / Urban Area 1604, 891.24 85 136,415,755.45
Shrubs / Trees ] 1433331009 ;ﬁﬁ;f 874,331,915.33
: Total Area 31,371,731L.01
A Closed Forests 3,755,356.16 32 120,171,397.16
Open Area / Grassland 1,135,094.30 49 5561962060 | 218
Open Forests 13,781,23289 | 44 606,374,247.08
Settlement / Urban Area 536.042.34 77 41,275,260.15
T*‘" Shrubs / Trees 4,200,969.59 39 163,837,814.10
Total Area 23,408,695.28
e = _'__,_,..-—'-"-'-_-__'_
L
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Appendices
Appendix 8. CN value interpolation of Lake Bosumtwi’s catchment
(a) Linear interpolation of CN Values of Lake Bosumitwi

Weighted CN Values
80.00
FO00  —
60.00
50.00
40.00 — ——
30.00 -
2000 +——
10,00 - - —
- T T ™ T T Fammm B T 8T T T T T T T
TE88388858s08a3h3855 388858
§3 3335533533283 8533¢333358338°&
=50il Group A ==S5gil Group B
(b) Equation for estimation of monthly (c) Hydrologic Seil Groups of Lake
CN values for Lake Bosumiwi Bosumrtwi

The equation uses March, 1977 as the base
month (e.g. i = 1 for March, 1977;i=118
for December, 1986; i = 363 for May,

2007)

CN; = CN,(1 + 1)’

r = —0.00021651
where {CN, = 33.40 = Soil Group A
CN, = 69.32 = Soil Group B

e e e e e T e e
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(d) Lake level records

(depth) with fixed datum

Month | Lake Levels (m)

Feb-80 | 76.68

%6

Apr—ﬂli EEE

Jun-80 | 76.70

76.66

77.00

Jun-85 | 76.79 i 76.86
\’_A Aug-85 | 76.86

: S Apr-89

Oct-85 | 76.98 May-89

Nov-85 17695 = Jun-89
Dec-85 | 76.90 Jul-89 | 76.85
Jan-86 | 76.80 Aug-89 | 76.82
Feb-86 | 76.68 Sep-89 | 76.89
Mar-86 | 76.63 Oct-89 | 77.01
Apr-86 | 76.66 Nov-89 | 77.01
May-86 | 76.62 Dec-89 | 76.90
Novz — Jun-86 | 76.68 Jan-90 | 76.80
—— — Jul86 | 7688 Feb-90 | 76.71
T — | Aug-86 | 76.95 Mar-90 | 76.64
th . Sep-86 | 76.97 Apr—?[ll Tﬁl.ST
W : Oct-86 | 76.98 May-90 | 76.61

I ———————————— e ——————
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Month | Lake Levels (m) Month | Lake Levels (m) Month | Lake Levels (m)
SRR ] /559 Jan-94 | 7635 Aug-97 | 75.77
[Jul-90 | 7652 Feb-94 | 76.26 Sep97 [ 7573
Aug-90 | 76.41 Mar-94 | 76.20 Oct-97 | 75.69
Sep-90 | 76.44 Apr-94 | 76.14 Nov-97 | 75.64
Oct90 | 76.54 May-94 | 76.17 Dec-97 | 75.55
Nov-90 | 76.52 Jun-94 | 76.27 Jan98 | 7547
Dec-90 | 76.48 Jul94 | 76.26 Feb-98 | 75.42
 Jan-91 | 76.49 Aug-94 | 76.17 Mar-98 | 75.33
Feb-91 |76.47 Sep-94 | 76.12 Apr-98 | 75.27
Mar-91 | 76.44 Oct-94 | 76.16 May-98 | 75.28
Apr-91 | 76.49 Nov-94 | 76.19 Jun-98 | 7529
May-91 | 76.57 Dec-94 | 76.08 Jul-98 | 75.24
Jun-91 | 76.75 Jan-95 | 75.96 Aug-98 | 75.17
Jul-91 | 76.90 Fcb—'}S 75.86 | Sep-98 | 75.11
Aug-91 | 76.84 51,75.98 Oct-98 | 75.16
Sep-91 | 76.77 Apr—ElS 75.94 Nov-98 | 75.13
Oct-91 | 76.76 May-95 | 75.95 7 Dec-98 | 75.08
Nov-91 hTﬁ;Tﬁ Jun-95 | 7594 Jan-99
Dec-91 | 76.67 Jul95 [7594 = Feb-99
Jan-92 | 76.54 Aug-95 | 75.89 Mar-99
Feb-92 | 76.44 Sep9s |7592 . Apr-99
Mar-92 | 7633 > Oct-95 | 75.93 ay-99°
Apr-92 | 7635 ‘Nov-95 [7590 Jun-99
May-92 | 76.39 Dec-95 | 75,84 " Jul99
Jun-92 | 76.42 Jan96 [7599 Aug-99
Jul-92 | 76.39 Feb-96 | 75.92 Sep-99
Aug-92 | 76.32 "Mar-96 [7593 . 7 Oct-99

Sep-92 | 76.34 Apr-96 | 75.96 Noy-99
Oct-92 | 76.50 May-96 [ 7600 Dec-99
Nov-92 | 76.50 Jun-96 | 76.03 jar

Dec-92 | 76.45 | Jul-96 | 76.13 .| | Feb-00
Jan-93 | 76.34 Aug-96 | 76.12 Mar-00
Feb-93 | 76.23 Sep-96 | 76.10 Apr-00
Mar-93 | 76.20 Oct-96 | 76.09 May-00
Apr-93 | 76.20 Nov-96 | 76.03 Jun-00
May-93 | 76.23 Dec-96 | 75.93 Jul-00
Jun-93 | 76.31 Jan-97 | 75.90 Aug-00

Jul-93 | 76.41 Feb-97 | 75.83 Sep-00
Aug-93 | 76.35 Mar97 | 75.74 Oct-00
Sep93 | 7634 Apr-97 | 75.77 Nov-00

Oct-93 | 76.48 May-97 | 75.80 Dec-00
Nov-93 | 76.47 Jun-97 | 75.86 Jan-01
Dec=93—1776.45 Jul97 | 75.85 Feb-01
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Month | Lake Levels (m) Month | Lake Levels (m)
Jan-04 | 74.14 Nov-06 | 74.20
Feb-04 | 74.10 Dec-06 | 74.10

Apr-04 | 74.08 Feb-07 | 7391

May-04 | 74.10 Mar-07 | 73.86

Jun-04 74[14 Apr-07 '?393

Jul04 | 74.07 May-07 | 74.10

Aug-04 | 74.03 Jun-0 74.15

Sep-04_| 74.09 Jul07_ 7421

Oct-04 | 74.26 Aug-07 | 74.20

T4.52 Nov-04 | 74.23 | | Sep07 | 7439

74.43 Dec-04 | 74.13 Oct-07 | 74.47

2 | 7438 Jan-05 | 7401 Nov-07 | 7446

74.33 Feb-08 | 73.95 Dec-07 | 7441

02 | 74.36 Ma 7 Jan-08 | 7431

74.40 Apr-D5 | 73.93 Feb-08 | 74.22

74.52 74.16

74.52 74.13

74,50 620

74.52 74.19

| 74.55 74.20

74.46 74.19

7426

T74.34 7431

7423 7428

74.21

74.24

74.27
74.25 \Z
T74.18
74.12
74.20
| 74.25
T74.20

e e e
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(e) Lake Ievels records (1932 - 2004)
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(Source: Shanahan et al., 2007)

() Lake level records (with datum fixed) (1984 -1998)

Lake Levels Corrected (m)
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Appendix 10. Performance of AV with i
Lake Volume (m") Lake Level (m)
. RMSE | PRMSE | RB D | ¥ | RMSE [FRMSE| ®B | D | K
0 363.523.502.94 17.18 | -27,09544213 | 068 | 0.61 | 7.876699 1031 | -0.59 | 0.676702 | 0.605763
0.001 | 36000924320 | 17.02 | 2683350468 | 0.68 | 061 | 7.797628 | 1020 | -0.58 | 0.680343 | 0.609741
0.01 | 32887416646 | 1555 | -24512.833.08 | 0.2 | 0.64 | 7096832 | 929 | -0.53 | 0712271 | 0.643915
002 | 29521378281 | 1396 | -22.00393621 | 075 | 0.68 | 6338679 | 829 | -0.47 | 0.745509 | 0.678514
0.03 26247909787 | 1241 | -19,564,036.85 | 0.78 | 0.71 | 5.600867 733 | -0.42 | 0.77587 | 0.709627
004 | 23065920402 | 1050 | -17,192321.99 | 081 | 074 | 4883196 | 639 | -0.36 | 0.802159 | 0.737382
0.05 | 19975623933 | 944 | -14888.051.00 | 083 | 0.76 | 4.18576 548 | -031 | 0.824141 | 0.761961
0.06 | 16961398167 [  8.02 | -12,642279.77 | 085 | 078 | 3505042 | 439 | -0.26 | 0.842037 | 0.784024
0.07 140.405,187.09 |  6.64 | -10,465.184.76 | 0.86 | 0.80 | 2.84502] 372 | -0.21 | 0.855767 | 0.803013
0.08 | 111,959.818.58 529 -8344992.17 | 0.88 | 0.82 | 2.201865 2.88 | -0.16 | 0.865773 | 0.819607
0.00 84,273,899 36 398 | -6,281,405.50 || 0.88 | 0.83 | 1575518 | 206 | -0.12 | 0.872342 | 0.834038
n.10 57.338,291.92 271 4,275, ] 126 | -007 | 087583 | 0.846521
0.11 31,204,693.79 |  1.48 -2,325.860.55 | 0.89 | 086 | 03739 049 | 003 | 0.876632 | 0.857266
012 578852083 | 0.7 431,451.54 umn.w 0202046 026 | 002 | 0.875119 | 0.866479
0.13 18,907,631.12 0.89 1,409291.62 | 0.89 | 0.87 | 0.761962 1.00 | 0.06 | 0.871649 | 0.874342
0.14 42,880,897.38 2.03 3,196,153.38 |~ 0.88 | 0.88 | 1.305756 L71 | 0.10 | 0.866559 | 0.881011
0.15 66,136,817.52 3.13 492954733 | 088 | 0.89 | 1.833527 240 | 0.4 | 0.860149 | 0.886627
0.16 | B88,699.06630 | 419 6.611.23 87 |0 45793 3.07 | 017 | 0852684 | 0.891319
0.17 110,574,456.83 5.23 8,241,733.40 | 0.87 | 0.89 | 2.842685 372  0.21 | 0.844398 | 0.895205
018 | 13178882246 %&im@i\ @ | 337 ] 435 025 | 0835486 | 0.898385
0.19 152,378.645.67 720 | 11,357,633.67 | 0.85 | 0.90 | 3.792862 496 | 0.28 | 0.826104 | 0.900946
0.20 172,352,098.10 815 | 12,806 o 556 | 032 | 0.8164 | 0.502964
0.25 263,259.999.84 | 12.45 19.622.24185 | 0.79 | 0.91 | 6317012 827 | 047 | 0766894 | 0.907155
030 | 34137352295 | 1614 25,444.480.10 | 0.75 | 0.90 | 8 1060 | 0.60 | 0.720816 | 0.905301
0.40 470,118,600.30 | 2222 | 3508057227 | 0.68 | 0.89 | ILOAI7S | 1445 | 0.82 | 0.646105 | 0.894989
050 | 57531008280 @_J\x.iz,sn =15 5*' 13.45278 4/ ﬁ 1.00 | 0591377 | 0.882476
0.60 663.109.773.34 | 3135 | 4942528432 | 0.58 | 0.87 | 1546949 | 2024 [ 115 | 0551634 | 0.870415
0.70 | 74202913823 | 35.08 ’;__E’EM 0.55 uﬁ@,f 22.62 | 1.29| 052027 | 0.857157
0.50 805.285.353.79 | 3807 | 60,022,426.41 | 052 ] 0.84 | 1874032 | 2452 | 1.40 | 0.496679 | 0.B46831
099 | 86114818851 | 4071 | 64.186,19627 083 | 200281 | 2621 | 1.49 | 0.477272 | 0.834851
1.00 00600768004 | 4284 | 6754473263 | 049 | 0.83 | 21.06891 2757 | 1.57 | 0.462705 | 0.82766
100 | 94234875915 | 4455 | 7023852947 | 048 | 0.82 | 21.90376 | 28.66 | 1.63 | 0451592 | 0.820438
= ) === -
———
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Appendix 11. Performance of AV after calibration, validation and

evaluation
Date __Inputs (m?) Outputs (m°) Lake Levels (m
P S Imgs E | Lsim-RB | Lsim | Lobs
Mar-77 | 414648171 | 317,421.63 8.493,723.69 76.77
May-77 | 4,782,534.53 1,227.402.40 ] 8, ﬁ?? 4311.90 76.62
Juk-77 ,ssa 472 51 129 934 26 | 6.089.963.82 76.76
Aug-77 | 1 | 6478303 | 5441.266.49 | | 7667
@En __;a,w-:,azm.s;_ 3,529,334.63 5,451.24&32 76.79
_Oct-77 | 8,851,33040 | 3,856,234.91 | 7,430,512.10 7691 |
Nov-77 | 888,531.80 5,401.93 | 8,331,103.30 76.74
_Dec-77| 73801548 549.83 | 7,300,460.71 | 7659 |
Jan-78 72,830.48 0.00 | 8,047,831.58 76.41
| Feb-78 | 7,758.873.27 | 1,273,343.08 | 8,580,140.14 76.42
Mar-78 | 3.753,197.15 730 0«65.50 8, '?21 148.05 76.33
| Apr-78 | 5,049,579.60 - 87212 |
May-78 | 12,716,200.94 | 6,947,760.22
Jun-78 | 10,307.939.90 | 4,948,366.10
Jul-78 | 2,777.268.78 |  369.770.71
_Aug-78 | 864,254.97 4,082.14
Sep-78 | 10,545,852.78 | 5,124,112.48

| Oct-78 | 10,210,832.60
Nov-78 | 1.976,133.56
Dec-78 752,581.58
Jan-79 704,027.93

Feb-79 | 1874170891

Mar-79 | 4894720792
Apr-79 | 4,850,509.64
May-79 | 5.802,161.18
Jun-79 | 6,918,895.13
Jul-79 | 14 585 516.46
Aug-79 | 952622613 | 428439713 | 5,956,271.45 | “17689 ]
Sep-79 | 16,085,824.25 DBEU,IISJSQ 6!16] 42] ‘?'F b
Oct-79 | 503501351 | 1,325 43w~&49‘13 P D)
Nov-79 | 4.000,820.76 §22.046.53 | 7.542.143.43 T71.23
Dec79 | 407,850.66 | 000 | 7,068353F7| =~ | 77.08
Jan-80 247,623.62 0.00 | 7.344.226.94 76.92 | 7691
Feb-80 | 4,899063.20 | 410 : 61 | 76.86 | 76.68
Mar-80 | 2.379,128.85 | 250,467.88 | 8,630,078.17 76.72 | 76.66
[ Apr-80 | 261218637 | 313.719.72 | 9,108,775.73 76.58 | 76.68
May-80 | 5.826438.00 | 1,756,115.65 | 7.678,754.18 = 76.58 | 76.66
Jun-80 | 13910,620.73 | 7,822,687.97 | 6,783,087.17 ~ | 7692 | 76.70
Jul-80 | 6307,119.14 | 2,038.911.41 | 5,833,100.33 7698 | 76.67
Aug-80 | 1,864460.16 | 129871.17 | 6,204,133.77 ~ [ 76.88 | 76.66
Sep-80 | 8.292,963.42 | 3,343,646.66 | 6,446,805.82 77.00 | 76.67
Oct-80 | 5,700,198.51 | 1,676,741.52 | 7.239,579.87 | 77.00 | 77.00
Nov-80 SES'IUIEII 528,273.053 | 7.595.,423.88 76.92 | 77.03
‘Dec-80 |~ 1,048.7 | 1390105 7,728333.94 176.77 | 76.96
Jan-8T | n.um 0.00 | 9,103,562.66 76.56 | 76.85
Feb-81 | 1,121,58932 | 0.00 | 7,882,806.64 76.41 | 76.74
Mar-81 | 8,351,227.80 | 3,369,043.99 | 8.634,039.17 76.48 | 76.85
——FApr81 | 218491425 | 198.737.43 | 817581527 176337693

. L)
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bl %““Fﬂﬁ 6,450,298.02 765508351 765817695
. JP_!-;n_ 10,:}3459311_ 4629?&355 5111,41145. ﬁ 77.04
Sep-81 _z,ﬁmm?n 5,343,419.22 76.88 | 77.15
N_nv-_m I 378 Tlﬂ 4}' 7,637.256.82 7%.67 | 77.21
| Dee81 | 1,505,163.15 | :wm _ 6.453,293.91 | 76.56 | 77.14_
_Jan-82 0.00] 000 ] 9,503,345.26 76.35
Mar-82 | 2.655884.66 | 318.954.58 %.51 ﬁ
Apr-82 | 375319715 | 698,650.42 | 8,368,37185 | 76.09 |
% 6?331,493,56 2,325_,;96.53 T 533 41485 76.13
| 6,710,114.43 | 2,247,937.67 | 6,556,089.72 | 76.18
Jul-82 | 2422827.14 | 254,331.64 | 5.578,208.61 76.12
| Aug-82 | 3,704,643.50 |  676,716.37 | 4,989,791.07 T76.11
Sep-82 |  708.883.29 19.25 | 5,795.321.70 75.99
_Oet-82 | 884647503 | 5.320,12092 | 7,364,423.60 76.14
Nov-82 | 679,751.10 0.00 | 7,314,145:14 75.99
Dec82 |  407,850.66 2,308.42 | - 75.83
_Jan-83 0.00 0.00 | 9,108,030.29 75.63
| Feb-83 | 2,578,198.82 36,379.68 | 9,438.807.40 75.47
Mar-83 | 326280528 | 506,803.35 | 9,219,408.35 75.35
| Apr-83 | 5379,744.42 | 1,462,223.00 .58 75.29
May-83 | 5,641,934.13 | 1,603,816.69 | 8,324,372.06 75.27
_Jun-83 | 11,211,037.79 | 5.409,998.05 | 6,343,373.45 | 75.50
Jul-83 | 1,645.968.74 84.343.24 5,3.13 937.07
%33 4,593,175.29
Nov-83 | 3,267,660.65
Dec-83 | 4.190,180.00 |
Jan-84 0.00
Feb-84 | 432,12749 | La@
Mar-84 | 6,520,755.20 | 3.261,200.85
[Apr-84 | 3,908,568.67 | 74801117
May-84 | 6,433,358.63 | 2,043 556.26 !
T mah PR 5576
Jul-84 | 13,425 08423 7, 146 Elﬂ ﬁ] Tﬁﬁ] 760.61 ¥7.15 | 76.97 | 76.92
Aug-84 | 8312384 : .09 | 6,413,410.25 08| 77.09 | 76.92
Sep-84 | 10,420,324.02 | 4,767,878.04 | 6,494,946.13 77.16 | 77.28 | 76.90
"Oct-84 | 6,739,246.62 :MEIM4E? 76.98 | 77.32 | 76.96
Nov-84 | 2,155,782.06 182,365.28 | 7,425,343.01 76.89 | 77.21 | 76.97
ec-84 | 63.119.75 0.00 | 6.989.726.65 | 7685 | 77.05 | 76.89.
Jan-85 |  898,242.53 0.00 | 7.811,181.71 76.77 | 76.90 | 76.81
_Feb-85 | 2200,191.08 | 193,980.08 | 9,039,111.67 76.69 | 76.75 | 76.70
Mar-85 | 12,012,173.01 | 5,982,925.44 | 8,025,900.88 76.95 | 76.97 | 76.69
Apr-85 | 8,103,604.19 | 3,091.925.84 | 845230541 76.77 | 77.03 | 76.74
May-85 | 5,107,843.98 | 1.296.353.82 | 7.736,986.39 76.73 | 77.00 | 76.75
Jun8S | 7.729,741.08 | 284067150 | 7,110.570.84 | 7685 | 77.08 | 7679
Jul-85 | 20,251,727.42 | 13,125,138.55 | 6.240.954.31 77.43 | 77.69 | 76.88
Ang-85 |- 427, 6,127.246.44 76.90 | 77.68 | 76.86
Sep-85 | 0,846,680.22_ ,,.4;1-&-52931 6,348,284.87 77.07 | 77.86 | 76.88
Oct-85 | 4,840,798.91 | 1.158,798.95 | 7,581,445.50 76.87 | 77.82 | 76.98
Nov-85 | 5,360,322.96 | 1.422,175.46 | 7.365,160.48 77.01 | 77.81 | 76.95
———FDec8s | 0.00 0.00| 7434,19497| 76.83 | 77.64 | 76.90
| Jan-86 0.00 0.00 | 8,729,980.49 76.73 | 77.45 | 76.80
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nzf.mua _ 445,561.&] 7,963,500.83 76.61 'g.an gﬁg

T - (90569347 |76 77.19 | 7666
_?51& 105.02 21531-;,993.59 76.71 | 77.22 | 76.62

| 13,012,378.20 | 6,755.41352 | 7.433876.70 | 76,92 | 77.50 | 76.68
ss&upna 50 | 3.380.434.48 | 5,578,208.61 76.84 | 77.64 | 76.88
142747731 48,006.79 | 5,907,196.24 |  76.82 | 77.54 | 76.95
_Sep-86 | 5,544,826.83 | 1,511,341.93 | 6,458,978.79 77.00 | 77.55 | 76.97
| Oct-86 | 3,187,181.86 | 6,938,965.44 77.11 | 77.65 | 76.98
Nov-86 | 631,197.45 0.00 | 7,734,383.24 | 76.86 | 77.49 | 76.97
_Dec-86 0.00 0.00 | 8. 91| 7682|7731 7693
Jan-87 | 286,466.54 0.00 | 7,965416.54 76.79 | 77.14 | 76.82
b 3,14627652 | 8291432 | 8,859,537.60 76.73 | 77.01 | 76.79
‘Mar-87 | 5,340,901.50 | 1,398,021.32 | 8917,610.56 76.77 | 76.97 | 76.80
| Apr-87 | B302,674.15 | 3,191,601.80 | 8,788,455.60 76.89 | 77.03 | 76.84
_May-87 | 2,248,034.00 | 196,926.70 | 8.505.642.73 76.73 | 76.89 | 76.79
_Jun-87 | 11,939,342.54 | 5,868.834.15 | 7,036,729.31 77.06 | 77.13 | 76.74
Jub87 | 761321232 | 2.731.278.68 | 6,430,757.31 76.86 | 77.22 | 76.85
| Aug-37 | 9,327,156.17 | 3,897, 6,0845322:82 4= =F.05 | 77.38 | 76.96
Sep-87 | 9,162,073.76 | 3,778,773.62 | 6,622,244,99 77.14 | 77.52 | 77.06
Dct87 | 3,612391.56 | 6083 03 | 77.45 | 71.24
Nov-87 | 145,660.95 0.00 | 8,068,054.63 77.12 | 77.27 | 77.21
Dec-87 | 6355.474.28 0.00 | 7,58%,961.4] 77.11 | 77.12 | 97,14
Jan-33 0.00 0.00 a,na:,m 28 77.01 | 76.94 | 76.87
Feb-88 |  485,536.50 0.00 | 78, 76.70 | 76.74 | 76.79
Mar-88 | 15,027,354.68 11,058.440.65 a,mﬁmsu'r 77.21 | 77.13 | 76.88
| Apr-88 | 6,588,730.31 6 | 8.613,088.05 | 76.91 | 77.13 | 76.94
May-88 | 5,374,889.06 76.94 | 77.10 | 76.92
_ Jun-88 | 16,590,782.21 77.39 | 77.53 | 76.93
Jul-88 | 6,730,246.62 77.03 | 77.59 | 76.98
Aug 88| 86| 7601 | 37.40 [ 76.89
Sep-88 9,{:015,?&2.03 &Zaﬂ,ﬁﬁﬂ 53 77.11 | 77.67 | 76.94
Oct-88 | 6,622.717.86 24587 7701 | 77.69 [ 77.01
Nov-88 | 13874.17089 | 115, 131,32 7,761,104.03 76.92 | 77.56 | 76.99
 Dec-88 | 3,830,882.99 . q 96 | 77.50 | 76.94
Jan-89 | 2,607331.01 | 281 1’.nﬂ 8,945,593.63 76.84 | 77.36 | 76.86
Feb-89 | 11167340 [ _76.68.] 77,15 | 76.75
Mar-89 | 5467,140.99 |  483,664.07 | 9,617,126.11 76.69 | 77.07 | 76.72
| Apr-89 | 3,748341.78 - 651,107.12 | 8.856. 64 | 76.97 | 76.74
May-89 | 6,127,470.63 | 1,802,020.00 | £,390,767.56 76.75 | 76.96 | 76.72
| Jun-89 | 15,071,052.96 | %, f 6,807,1 12| 77.33 | 76.73
Jul89 | 433584095 | 892,277.80 | 6,662,227.21 76.72 | 77.30 | 76.85
Aup-89 | 8,593,996.05 | 3,348,28433 | 6,177,381.14 77.01 | 77.43 | 76.82
Sep-89 | 13,653,286.38 | 7,190,741.72 | 5,832,909.70 77.19 | 77.76 | 76.89
Oct-89 | 9,045,545.00 | 3,657.104.86 | 6,947,348.33 77.06 | 77.89 | 77.01
Nov-89 | 1,917,869.18 121,428.12 | 7,950,765.50 76.92 | 77.76 | 77.01
Dec-89 | 398,139.93 0.00 | 7.691,242.18 |  76.88 | 77.60 | 76.90
Jan-90 | 1,738220.67 | 230,389.00 | 8,191,297.72 76.80 | 77.46 | 76.80
Feb-90 | 3,355.057.22 502,789.46 | 9,314,917.70 76.71 | 77.34 | 76.71
Mar-90 | 5,350,612.23 | 1372, 1m 87 | 9.628.438.75 76.67 | 77.27 | 76.64
|_Apr-90 | 9.667.031.72 | 4,088,0° 76.77 | 7739 | 76.57
May-90 | 5,598,235.85 14:;9921: 48 | 8,111,970.83 76.56 | 77.36 | 76.61
Jun-90 | _6,137,181.36 | | _7.276,167.28 76.64 | 77.38 | 76.59
Jul-90 | 1,097,312.49 12,391.11 | 5,567,258.85 76.51 | 77.28 | 76.52
“Aug-90 | 143718804 |  44,883.80 | 5,552,561.64 76.44 | 77.19 | 76.41
4 Sep90 | 7.720,030.35 | 2,749.991.05 | 6.209.087.98 76.51 | 77.28 | 76.44
| Oct-90 | 667612688 | 2,102,12533 | 745643546 |  76.48 | 77.31 | 76.54
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Nov-90 | 5,083.567.16 1.230.647.84 g 76.52 | 77.28 | 76.52
_Ju—_!l_:l_“ 2,660,740.02 | 288, 55341:- s 159n1331 76.37 | 77.11 | 76.49
erhﬂ 3???4?3 ‘?? 650471 U‘jl S,ESI,H?_TID 76.37 | 76.92 | 76.44
Ma]r-!ll 149m 115. |9 7,424,444.98 76.85 | 77.27 | 76.57

" 8341,517.07 702852591 | 76.68 | 77.37 | 76.75

Jul-91 4,271,576.57 851,837.00 | 6,360,206.22 76.75 | 77.34 | 76.90
Aug91 | 3,384,18941 |  505063.62 | 5401 1 76907731 7684
Sep-91 | 6.952.882.68 | 2.255463.10 | 6.357.374.02 76.94 | 77.37 | 76.77
m 594782213 | 1,673,011.49 | 1T 7682|7739 | 7676
N{_w-!I_l_ IISD'HI =4 15.492.47 | 7.080,397. 5'? T6.65 | 77.26 | 76.76
Dec-91 485537 | 000 | 725993951 | 76.62 | 77.10 | 76.67
Jan-92 | 174,793.14 0.00 | 8,812,285.64 76.49 | 76.90 | 76.54
92 | 267,045.08 0.00 | 9521,037.78 | 7635 | 76.70 | 76.44
Mar-92 | 3.607,536.20 | 126229.41 | 8517.684.35 76.33 | 76.59 | 76.33
pr-92 | 741899772 | 253473369 | 8401582.63| 7637 | 76.62 | 7635
May-92 | 7,297,613.60 | 2457.273.64 |, 7,952,818.34 76.39 | 76.66 | 76.39
un-92 | 6,443,060.36 | 1,943 ; 76.43 | 76.71 | 76.42
Jul-92 | 384544908 |  668,393.41 | 4,839,672.38 76.41 | 76.70 | 76.39
Aug-92 | 1,476.030.56 47,537.88 | 5,334,205.30 76.31 | 76.61 | 76.32
Sep-92 | 15,187,581.72 | 8.382,778.98 76.72 | 77.01 | 76.34
| Oect-92 | 238883958 | 21489092 76.23 | 76.90 | 76.50
Nov-92 | 3,185,110.44 | 433,072.93 ?45:,42-591 76.42 | 76.81 | 76.50
Dec-92 | 34473092 0.00 | 76.36 | 76.66 | 76.45
Jan-93 97,107.30 0.00 | 9,090,995.44 76.25 | 76.46 | 76.34
Feb-93 | 2.578.198.82 24 : 76.19 | 76.31 | 76.23
Mar.93 | 570505388 | 152585979 | 869216669 76.19 | 76.27 | 76.20
-93 | 741414236 | 2.516,1 |1 7622 | 7630 | 7620
May-93 | 6,797, 511.00 8,268,554.00 76.20 | 76.32 | 76.23
Jun-93 '-Lﬁ.msal.%- 0,442.52 _ 53834 | 76.65 1 76.74 | 7631
Jul-93 | 1,505.163.15 50,195.11 | 5.333,630.29 76.22 | 76.66 | 76.41
Aug-93 | 4,981,604.49 | 1 0| 5,049, || 7644 | 76.68 | 7635
Sep-93 | 8,157,013.20 | 298534081 6.369.336.95 7645 | 76.79 | 7634
0et-93 | 12,483,143.42 .19 , : 58| 77.03 | 76.48
Nov-93 | 2,544.211.26 249,345455 7,580,205.34 76.38 | 76.93 | 76.47
Dec-93 | 1,296,382:46 | mw 18908785 | 76.35 19680 | 76.45
Jan-94 0.00 8.515.088.83 |  76.26 | 76.60 | 76.35
| Feb-94 | 354441 *‘Vg\x&m 8.807,222.09 | 151 76.41 | 76.26
Mar-94 | 2.520645.17 2047267 '}244 '.FT':-J T-l 76.10 | 76.26 | 76.20
| Apr-94 | 9.463.106.39 | 3, 46 | 82 | 7631 | 76.38 | 76.14
May-94 | 10,142,857.49 | 4,348,139.39 ?924{}15 55 76.28 | 76.53 | 76.17
Jun94 | 5,637.078.77 | 147653116 | 7.108296.36 | _ 76.16 | 76.53 | 7627
Jul-94 | 4,685427.23 | 1,008,767.53 | 5.498,937.79 76.26 | 76.54 | 76.26
| Aug94 | 3.063,73532 | 38818287 | 5.611,638.51 76.20 | 76.49 | 76.17
Sep-94 | 757922477 | 2,598,202.21 | 5,739,911.01 76.26 | 76.59 | 76.12
Oct-94 | 8,601,103.35 | 3322,191.21 | 6,862,763.12 | 76.22 | 76.70 | 76.16
Nov-94 | 1,709,088.48 77,115.27 | 8,230,555.35 76.00 | 76.56 | 76.19
Dec94 | 0.00 ~ 000| 842258226|  75.99 | 76.37 | 76.08
Jan-95 0.00 0.00 | 9,978,276.56 75.84 | 76.14 | 75.96
Feb-95 | — 3398756 |  0.00 | 10,441,697.72 75.70 | 75.91 | 75.86
Mar-95 | 5004,123.84 | 54657324 | 8088304.31 75.76 | 75.85 | 75.99
Apr95 | 065246562 | 307793656 | 8,644,58535 |  76.08 | 75.96 | 75.04
May-95 | 8,535,731.67 | 3,207,686.54 | 8,419,258.90 75.99 | 76.04 | 75.95

_ FJun95| 7.530671.12 | 255641133 | 6,951,771.91 |  76.00 | 76.11 | 75.94
Jul-95 | 663242859 | 2,013,793.53 | 6,377,829.10 75.96 | 76.16 | 75.94
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Nov-95
Jan-9%6
Mar-96
May-96
Jul-96
96
Nov-96
Jan-97
Mar-97
May-27
Jul-97
Sep-97
Nov-97
Jan-98
Mar-98
May-98
Jul-98
98

Nov-98

Mark Amo-Boateng

6,739.246.62 | 2,073,82497 | 6,471,74938 7591 | 7630 | 75.92
1,942,146.00 11438701 | B.12861137 75.76 | 76.13 | 75.00
179,648.51 0.00 | 7,003,695.44 7565 | 75.96 | 75.99
3.505,573.53 522960.14 | $,194,932.12 75.79 | 75.76 | 75.93
7,074,266.81 | 226341887 | 812257808 75.96 | 75.75 | 76.00
9.841,824.86 | 4,087,50898 | 6514.738.27 76.18 | 75.92 | 76.13
3,520,139.63 52535450 | 5 4,61 76.06 | 75.89 | 76.10
135,950.22 0.00 | 862234735 75.88 | 75.64 | 76.03
607,33101 255,183.96 | 7,477,874.88 75.80 | 75.45 | 75.90
27045 | 58,709.56| 10, 430,456.87 4~ ~25:70 | 75.27
6,700,403.70 | 2,031,526.75 | 8,619.825.16 75.79 | 7527 | 15.74
86796 | 7.595 8,408 8220340 76.01 | 75.58 :
10.618,683.26 | 4.631.885.15 | 808233762 75.80 | 75.75 | 75.80
97860 | 5.788,439.70 | 616688565 | 7603 | 76.01
3.563,837.01 536,053.95 | 6,368,195.00 75.78 | 75.96 | 75.85
66535 | 320,016 : 75.76 | 75.90
4,675,716.50 978.476.11 507,295.57 75.71 | 75.88 | 75.73
: 402.03 | 2.737.634. : 75.76 | 75.95 :
538,945.52 0.00 | 8,042,780.97 7547 | 75.78 | 75.64
548656 : 7542 | 75.61 Il
2,515,079.07 8.686,760.80 75.36 | 7548 | 75.47
1,743,076.04 6.92 | 9,401,622.00 75.19 1 75.13 | 75.33
2,983.246.01 | 6, £ 9,0 2550 | 7537 | 7527
8,899.884.05 | 3,39920456 | 826877982 7529 | 75.46 | 75.28
073.76 ; 4 | A 17559 |
2,743,281.23 284,764.83 | 5,966,000.41 75.15 | 75.52
1,626,957.66 551,794.83 | 6.229.698.81 75.04 | 75.45
$,35423 2,32 [08.3 74961 7538 | 75.16 |
1,141,010.78 11,255.02 | 8.214,05637 7401 | 7522 | 75.13
15071 48, 7,439, 91 | 75.09 | 75.08 |
: ___,_..--""-'-_-_._—
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Appendices

Appendix 12.

Sample Microsoft Excel VBA programs for evaporation

calculations.
Fublic Fonction Lake Surface Area(levels As Double) A= Dounble
Dim A, D As Double
If Isflumeric(levels) Then
D= lagals
A= {;‘l!.‘?-H =D ™ 3 = SBO5.T * (D ™ o2Yox (1000000#) * D) ‘Pohiished in T.M Shanahan =t gl
A=0:012 = ¢d = 3) — &.411 = 4™ 2) + 1242 * . d = 23622
*A=-5.586 % d "2 + 985.5 + g
'A=0} * |d " %) + 0F = (d “3) - 4,268 * (d * 2] 4+ 9421 * &
A= 0,012 * |4 * 3) — 5807 = fd-= 2} + 98T.4 = d — 47.98

Lake Surface Area = A
Else

MagBax "Input Not Numeric™, vbExclamation, "Lake Surface BArea Calculaclon™

Exit Function
End If
'Return
End Function

Function Storage from ArealA As Double)
On Errar GoTo errorhandier

Storage from Ares = <7E-37 * B "~ € 4+ 1E-JA *# B ~ 5 _ EF-71 & & ~ 4 + 0.00C0000000001 = A ™ 3 +

0-0000004 = A " 2 - 4,.9738 * A + S000000%

Exit Function
srrorhandler:

HagBox "Storage from Area Calculation. Error is " & srr Deseription, v OROn 1y

Besume Next
End Function 2

Function Area from Storage (Storage A= Dooble)
On Erraor GoTo errorhandler

Dim 5 As Double

3 = Scorage

Area from Storage = -5E-51 * 5 * 6 + 1E-40 * 5 ~5 = 3E-80 * 5 ~ 4 + 1E-20 * § ~ 3 -

0.00000000004 * S = 2 + D.0624 * 5 + 30000004

Exit Function
errorhandler:

MsgBax "Area from Storage Calculation. Errer is " £ err.Description, vbOROnly

Resums Next
End Funcrion

Sub Surface Jrea (D As Double)
Lake Surface Area (D)

Function Elevation (L A= Double)
Elsvacion = L + 21.2

End Function|

VP Armospheric Pressure

Funccion P _atm(z)
Fatm=101.3 *

End Function

' i armeEpheric Frassurs
Funccion F_acm(z)

B arm = 101.3 * ({293 = 0.0D065 * CIbl{z)) / 283} = 5.26
End Functiom i
"' Drag Coefficisnt here refered to
Funseion CCd(Opcional 2r As Double =

Dim k, Cd As Double

If use ref = True Then

k=10.1
Cd=1% "2 ® Log({Zc / Ia)
ECa = g
Elas= e
Chd = 0.0007%

End If i = _._,_,_.--""-_-_-_._—

End Function

az CCa

* {=2))

({293 — 0.0065 = CDbl (z)) f 293)

el

2§, Oprional Io As Double = 000006, Cpticnal use_ref A= Boolean = Falae)
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*
t'! Orag Coefficient here refered to as CCd
Function CCd({Optiomal Zr As Double = 24, Oprional To As Deuble = 0. 000E,

Nin ¥, Cd As Dochle Opricnal use ref As Boolean = False)
If use ref = True Then
E= 0.4
Cd =%k = 2 = Logi(Zc / Zao) = [-2))
CCd = od
Else
cfd = 0.00DTY
End 1T

*¥'Bulk Transfer Escimate of Evaporation

Punceion Bulk Transfer Fatimate Evaporation(Tw, Ta, RH, U, Cd, Optional £ As Dogkle = 1§, Opriomal B As Double = §,31451)
On Erfor GoTo errorhandler

Bulk Transfer Estimate Evaporation = ((0.E22 *Cd*D* £ / (R * Taj) * [ea|CDRL(Tu})} + CDBL{RE} * == (COBL[Tall)

ercorhandler:
MsgBax "Bulk Transfer Calculacian. Error is ® & err.Description, vhiRDnLy
Hesgme Hext

End Function

'*"Zaturated Vapour Pressure
Function =s(T As Double)
es = 0,6100 = Exp({17.268 * T} / (T + 237.3))
End Fumction
ihd [!.
Function ea(Tmin, Tmax, RAmin, RHmax)
es = (ea({CObl(Tmin)) * (CObl (REmax) f 100) + es(CDbl(Imax)) * (CDb1(REmin) / 100)) / 2
End Fonctiem

' "Cotgoing Senaible Heacflux

Functicn H(Patm, Cd, O, Tw, Ta, Opcional Cair As Double = 1.005, Opcisnsl R As Double = B, 31451)
H= ((Patm * Cd * U * Cair) / (R = Ta)) * (I — Ta)

End Function

"""Lecent Heat of Eveporacicn of Water LamdaV
Function Lv{Optional Tw As Double, Optiomal L v Am Double = 3.45] 'Optional Tw As Double)
If Tw <= 0 Then 3
Lv = 397.3 - 0,564 & Iw
Else
Iy =1L w
End If
End Fonction

'!'Mass Iranafer Evaporaclion

Mnccion Mass Transfer Evaporation(UZz As Double, A As Double, es As Double, ea As Double)
On Error GoTo errorhandier
Hn:s_‘l‘rnn:fer_!umwtinn = [2.908 * (A = (-D.05))) * U2 & (ms = =8}

Exit Function

errorhandler:
MagBRnx "Mass Tranafer Evaporation. Error is "™ § err.Description, vbOEOnly
Resume Hext

End Function

*'' Epergy Dudget Evaporation

Function Energy Budget Evaporaticn(Rn, Pacm, Cd, U, Tw, Ta, _

Optional Cair As Double = 1.005, Opticnal R As Double = B.31451)

On Error GoTo errorhandler

Dim LH Aa Double
Energy Budgec Evaporation = (Ran — H(Pamm, Cd, U, Tw, Ta, Cair, R)) / Lv(CDbl (Tu})
Exit Function

erz-nmam_ler:l

HagBox "Energy Budget Evaporation. Error is " { err.Descriprion, vbEOHOnly
Resume Hexe
End Function <L

—— e e e S —————
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f*! Slope of the sAturation wapour curve
Function Sat_Slope (Tw As Double) As Dooble

Sac_Slope = (((25083) / (Iw + 237.3) ~ 2) * Exp({17.3 * Tw) / (Tw + 237.3)))

"Vifaychomarric Constane
Function Faycho censt (Cair, Patm, LamdaV)

Pahcho _const = ((Caixr * Pacm) / (0.622 = 1000 * Lamdav) )
End Function

1 Drying power of Air Oefersd te &s DEa
Function DEa (U2, wvar _Ea, wvar _Ea)

DEa = 0.26 * (1 + 0.5 * 02) * (var Es — war Ea}
End Funccion = -2

‘"'Priescly Tevlor Evaporarion Modsl

Function Friescly Taylor Evaporation(Tw, Patm, Bn, Optiopal Cair As Double = 1,005,

Oprional alpha const As Double = 1,26] As Double
On Error Golo l:::l:a:hu.nn.lr.t

Frisatly Taylor Eveporation = alpha const * ((Sat Slop= (CObl(Iw)) / (Sat_Slope (CDb1 (Tw) )
+ Paycho cnnatil:air. CObl (Facm), Lw(CDbli{Iw)))}) * (CDBL (Rn) /f (9584 = Lv(CObil(Tw)ijdii = B6.4

Exit Function
errorhandler:

MogBox "Prieatly Taylor Evaporation. Error is " & srr.Description, vhOEOn1y

Resume Next
End Fancrtion

"' '"Pannman Evaporation Hodsl

Funce ion Pm_!vlpnrl.uun (Tw, Patm, Rn, T2, war Es, var Ea, Opcicnal Cair As Double = 1.005)

On Errer GoTo errochandler

Pennman Evaporation = (Rn / Lw{CDbLl(Iw))} = (Sac - Slope [CDBL1{Tw)) [ (Sat Slope=(CObl{Tw)) +
Paycho consc{Cair, Pacm, Lv(CDODL({Iw)))) + (DEa(UZ, wvar Es, var Ea} = [Fsycho consc(Cair, Patm,
Lw {COBE (Tu}) / (Psycho consc(Cair, Fatm, l.vqcnn]_rjm”] + Spc Elnpcl:cﬂnj.{'r'u;jblnb'” i
Exic Funccion
errorhandler:
MagBox "Fennman Evaporation. Error i3 * i srr.Description, wbOXOnly
Resume Wext

End Funccion

Fumctice Simplified Penmman (Ta A= Double, Bs A= Dopkble, Ra As Double, RH As Double)
Op Exrrer GoTe erzorhandler

Simplifiad Pemmman = 0.047 * Bg * Sqr(Ta + 8.5} -~ 2.4 * ((RE / Ra) 2 2) + 0.08 # [Ta + 200 * (1 - (R / 100))

Exit Function
errorhandler:

HagBox "Simplified Penmman Evporation. Error is ® & err.Description € ®. Ecror Source is: " & err.Source, vbCritical

Bssume NMext
Ind Fonction

' Annual Heat Tndex
Funetion AMI [Parasirray Th Reray ()}
on Error GoTo errorhandler
Dim I A= Double, = A= Iartsges
Z=0
I=q

For x = 00 Ta 11 Scep 1
I =1+ |CObl{Ia_Array(x]) ! &) = 1.514
Hext x

Ewit Function

ercochandler:
MsgRax "Error ia ™ £ err.Descripticon & ". Ersar Ssuees is: ® [ err.Source, vbCricical

Resume HexC
End Farction

tis Thornwaite Hatter Evaparation
Funccion Thornwaite Evaporscion(Ta As Double, I As Double, D AS Integer)
0n Error GoTo errorhandTer
Thommwalce Evaporation=(({1.8 * li:l_.E___‘_J.lLJ—-i-}—‘ C(8:. 75 * 10 = {=T) *
(L=~ 3)) - (T-F %10 » (-5} » (F="3)) + [1.739 * 10~ (-2} * 1) 4+ 0.48)7) * (10 / D)

Exit Function

Page 136

errorhendler:|
MagBox "Thornwaite Evaporacion. Error ie ® ¢ err.Descripuiom & ™. Error Scurce ia: " & err.30urce, vbCritical
sl
End Function
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Appendix 13. Radiation Calculations

(a) Ra —Extraterrestrial Radiation (MJ m™ day™)

Mar | Apr May | Junm Jul Asg Sep Ot Nav Dex |

37.265 | 37685 | 36,76 | 35841 | 35.996 | 36926 | 37267 | 36,108 | 13998 | 32719
37307 | 37660 | 367 35827 | 30019 | 36958 | 37293 | 36047
37265 | 37.685 | 36.762 | 35841 | 35.996 | 36.926 | 37.267 | 36.108 | 33998 | 32719
37307 | 37.669 | 36.724 | 35.827 | 36.019 | 36.955 | 37.253 | 36047 | 33.933 | 32.706
37265 | 17.685 ]ﬁ-i&! 385.841 | 35.99¢6 _36.93‘ 31267 3'b.|hl ]3?9! 79
307 | 37265 | 37685 | 36,960, I59A] | 65996 | 928 | 37367 | 36108 [ 35998
g 37307 | 37.669 | 36.724 | 35827 | 36.019 | 36955 | 37293 | 36047 | 33,073
137265 | 37.685 | 36.762 | 35 5.996 | 36.926 | 37267 | 36.108 | 33.998
J7265 | 37.685 | 36.762 | 35841 | 35906 | 36.926 | 37267 | 36.108 li.m 31719
[37265 | 37.685 | 36. 36.026 | 37.267 | 36,108 | 33.998 | 32719 |
37307 | 37669 | 36.724 | 35827 | 36.019 | 36.955 | 37253 | 36047 | 33033 | 32706
37265 | 37.685 | 36762 | 35384 926 | 37267 | 36108 | 33.998 | 32719
37265 | 37.685 | 36.762 | 35841 | 35.996 | 36926 | 37.267 | 36.108 | 33.998 | 32.719
37285, : B 33 926 36,108 | 33.998 | 32719

539190

£

37.307 | 37.669 | 36.724 | 35.827 Jﬁ.ﬁlg 35955 | 37253 | 36,047 | 33,933 | 32.70¢

g
Wi
| ¢
.
el

(1981 | 33360 | 37.265 | 371 6| 3584 1267 | 36.108 | 33998 | 32719
1982 | 33.360 | 35.507 | 37.265 | 37.685 | 36.762 | 35.84) | 35.996 | 36.926 | 37267 | 36.108 | 33.998 | 32.719
(1983 | 33360 | 35.507 | 37.265 | 37.688 35841 1 37267 | 36,108 | 33.958 | 32.719 |
1984 | 33.360 | 35.507 | 37307 | 37.669 | 36,724 | 35.827 | 36.019 | 36.955 | 37.253 | 36.047 | 33.933 | 32.706
! 35507 | 37 w 37367 | 36,108 | 33.998 | 32719
33.360 | 35.507 | 37.265 | 37.685 | 36.762 | 3584] | 35.996 | 36.926 | 37.267 | 36.108 | 33.998 | 32.719

1986
(1987 | 33.360 | 35.507 | 37265 | 37 35841 I3 37267 | 36,108 | 33.098 | 32.719 |
1988

.33.361':! 35.507 | 37.307 | 37.669 | 36.724 | 35.827 | 36019 | 36.955 | 37.253 | 36.047 | 33.933 | 32.706

1989 | 33360 | 35.507 | 37.265 | 37.685 | 36.762 | 35.841 | 35.996 | 36.926 | 37.267 | 36.108 | 33.998 | 32719
33360 | 35.507 | 37265 | 37.685 | 36.762 | 35.841 | 35.096 | 36.926 | 37.267 | 36.108 | 33.998 | 32719
1991 | 33360 | 35.507 | 37265 | 37.685 | 36.762 | 35841 | 35996 | 36.926 | 37267 | 36.108 | 33998 | 32719
1992 | 33.360 | 35.507 | 37.307 | 37.669 | 36.724 | 35.827 | 36.019 | 36.955 | 37.253 | 36,047 | 33.933 | 32.706
(1993 | 33360 | 35.507 | 37.265 | 37.685 | 36.762 | 35841 | 35996 | 36.926 | 37.267 | 36.108 | 33998 | 32719

1994 33.360 | 35.507 | 37.265 | 37.685 | 36.762 | 35.841 | 35996 | 36.926 | 37.267 | 36.108 | 33.998 | 32.719

1996 33360 ._léh_iﬂ? 35827 | 36019 | 36955 | 37253 | 36.047 | 33933 | 32.7T06
1998 33360 | 35507 | 37.265 | 37.685 | 36.T62 | 35841 | 35996 | 36.926 | 37.267 | 36.108 | 33.998 | 32.719
(1999 | 33360 | 35507 | 37265 | 37685 | 36762 | 35841 | 35996 1737267 | 36.108 | 33.99% | 32719

e ———
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Date Jan Feb Mar Apr Msy | Junm Jul Ang ~ep Ot Nev Dec
33.360 | 35507 | 37.307 | 37.669 | 36.724 | 35.827 | 36,019 | 36.955 | 37.253 | 36.047 | 33933 | 32706
2002 35.507 37.685 | 36.762 | 35.841 | 35.996 | 36926 | 37.267 | 36.108 | 33.998 | 32719
[3ss07] 37685 | 36762 | 35841 | 3599 | 36926 | 37367 | 36108 [ 13098 |

2004 35507 37.685 | 36.762 | 35.841 | 35.996 | 36.926 | 37.267 | 36,108 | 33.998 | 32719
2006 33360 | 35.507 | 37.265 | 37.685 | 36.762 | 35.841 | 35.996 | 36926 | 37.267 | 36.108 | 33.098 | 32710
2008 33360 | 35.507 | 37.265 | 37.685 | 36.762 | 35.841 | 35.996 | 36.926 | 37.267 | 36.108 | 33.998 | 32719
2009 | '33360 | 35507 [ 37265 | 37.685 | 36.762 | 35.841 | 35.99 | 36926 | 37367 | 36.108 | 33998 | 32719
Average | 33.360 | 35,507 | 37275 | 37.681 | 36.753 | 35.838 | 36.001 | 36.933 | 37.264 | 36.094 | 33.982 | 32716
(b) Rs — Shortwave or Solar Radiation (MJ m™ day™)

Date Jan Feb Mar Apr May Jsn Jal Ang Sep Ot Now Dec
(1361 | 17355 [ 19933 | 19766 | 19825 | 19063 | 16491 | 13080 | 13159 | 19886 | 18006 | 18330 [ 1733 |
1962 18.504) 20928 | 20234 15,825 19.063 I4.753 15.558 13,763 13,803 lﬁ..b!T .]ﬁ.ﬂ] 18311
(98 | 15495 | 19422 | 20546 | 2061 | 18768 | 16936 | T2 15374 | 16588 | 17397 | 18986 | 16452 |
1964 | 17498 | 19673 | 21031 | 20588 | 19488 | 16050 | 14986 | 13323 15348 | 15508 | 17038 | 14.929
[1965 [ 17069 [19.120 | 20350 | 19.515 | 20.11 13763 | 15969 | 17000 | 18230 | 16904 |
1966 16.926 19.873 | 20390 | 21.223 20,559 16347 | 13 809 13461 15041 Iﬁ.9.¢|-| 18375 16622
(1967 TTIB3ST [RO% | T9EET[20.036 | 1@e6l |1 S R T B T
1968 17928 19.572 19.0:3 19657 19.3373 15905 14 986 14078 16276 18588 17 183 15065
1969 | 16926 | 18,066 | 20078 : P%WWW’W
1570 15.638 17915 18.518 18,738 18165 17360 14100 12.253 13,958 17.550 18.084 16,200
1971 | 18500 | 19,120 | 19.922 | 20291 | 20.708 | 1406 13494 | 17854 [ 17939 [ 16904
1972 17.642 19.271 19,159 Ilg‘.]ﬂ 18.442 16050 I;.m-n 12717 |.‘.; 193 16916 17.328 15913
'@: ﬂ'ﬁ 19271 |1:f&-~?_ﬁﬁjw“:ﬁﬁr |

1974 15638 | 16710 | 20390 | 20957 | 19212 | 16,926 | 18.829

(1975 | 19502 | 20325 | 20234 hﬁ""t’s“‘ﬁz

1976 18 500 19271 20,563 19 502 1B B2D 15.616 13673

1977 16211 | 18066 | 16803 | 18272 | 19.661 | I5.067 | 13.055 |

9T [ 16036 | 18316 | 19610 | 17341 | 18513 | 14898 | 13955

1979 | 15352 | 19572 | 19.766 | 19515 | 18764 | 14468 | 13517

1980 16.067 16.861 19.159 19.967 17.546 15,761 13235

(1981 | 18214 | 16258 | 18518 | 19.670 | 18464 | 16.636 | 11.768 :

1982 19376 | 18066 | 19298 [ 18272 | 17417 | 15043 | 12643 | 11497 | 13030 | 16637 | 16777 | 15218
1984 16,211 1T.Tﬁf_r_ 18.534 17.640 17.994 15.326 15.633 14.532 14,419 16,308 16458 13,803
98| 15495 | 1743 | 1659 TEB | 1757 1637 | 15 | W06 | 14367 | 17397 | 1698 | 143
1986 16067 | 19873 | 17.271 | 20291 | 20110 | 17360 | 12643 | 13.159 | 14422 | 15571 | 17068 | 16060
(1987 | 15024 | 18970 | 19142 | 1949 | 19207 | 16347 | 14683 | 14065 | 15350 [ 17345 | 17649 | 15010 |
l’ﬂ_Tl‘:_ﬁ-}ﬁ 18,367 18378 19.502 19488 16.195 14,694 12.566 14,265 17676 17473 16.757
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Jan

Feh

Mar

Apr May Jum Jui Ang Sep Oxt Nov Dree
BB | 18218 | 11915 | 2100 | 05 | 1936 | 16057 [ S [TAH T T iee Tieeer TR
1990 17642 19271 20078 19.35% 1E.614 16926 12,7389 12.404 14113 17.245 17.649 16,622
(191 TS [ 1542 | 15766 | 20036 | 17118 | 16202 | 146e | TZA04 | 14367 | 154 |53 1A
1992 15.495 18.970 17286 18.881 18.143 14.892 11.047 11.961 14.110 16460 16,603 H.'Bi'.i'
1993 | T749% | 19723 | 18986 | 19670 | 18764 | 16347 | 1151 | i3 | 14732 | 1E006 |9 asE |15
1994 17642 17.162 19610 17.34] 18454 16.491 12.351 12:102 13.030 16,180 1B.665 17328
1995 19502 2107 | 19610 | 19825 | 19661 | 15912 | 14829 | 13461 | 14886 | 16941 | 18530 | 17467
1996 15.781 19.271 18222 18.571 18.591 15.037 15.132 13.776 13.336 16 308 18T 14.647
1997 16497 | 18367 | 17582 | 19670 | 18764 | 14319 | 14975 | 13612 | 14732 | 17702 | 18375 | 16363 |
1998 16.926 19422 18 B30 19981 19212 16.202 13517 | 12.857 14113 16180 18.084 16.341
1999 17928 | 18.970 | 20390 | 19981 | i7.866 | 17.071 | 13809 | 13481 | 13454 | 15723 | 18375 | 17.185 |
2000 16640 | 20478 18847 | 20433 19189 15.616 14 694 13927 13,00 16916 18,634 16,195
2001 18214 [ 19873 | 20234 | 20446 | 19212 | 16202 | 14975 | 12706 | 14113 | 18158 | 18520 | 16904
202 16.211 20024 | 20234 19981 19.661 .07 14 538 13763 14,86 18.757 18.665 17467
Average | 17.045 | 18945 | 19250 | 19.608 IE.EW g.ug 14473 | 16939 | 17763 | 16.102
(c) Rn—Net Radiation (MJ m™ day™)
Date Jan Feb Mar Apr May Aug Sep Ot Nov Der
191 10232 | 11595 [ 12204 | 12678 | 12165 | 10.69¢ (86 | 8723 | 9773 | 11358 | 11239 | 10439
1962 10810 | 12.084 | 12620 | 12678 | 12087 | 9623 | 10.107 | 5083 | o7y 10685 | 10.654 | 10.867
1963 9691 [ 12076 _;_:3...?11_. 13.001 Tz‘mamgi_k}'ﬁﬁ%”m 10888 | 11154 | 11522 | 10068
1964 10365 | 11.828 | 13178 15035 12,364 10,381 D.6E3 EET3 9997 10,028 0608 | 9304
1965 10352 | TL8s | 127 [ 1225 ,,.Q_W 104235 m '!:!if_',_#ju;’!_ﬁ 11264 | 11252 | 10.165
1966 10079 | 1L.7I0 | 1279 13.404 12,993 10,581 072 9015 98T 10,867 11304 10,178
1967 10350 | TL.503 | 11.935 | 12716 iﬁimm 5 {9@»%1& 8855 | 10389 | 11.067 | 9489
1964 10,314 | 12.035 | 12032 12.518 12264 10328 | 9789 9.400 10629 11.743 10.747 | 9482
1969 10282 | TII8% [ 12616 | 072 [ 12512 1&@@ 35 | 9290 | 10379 | 10.958 | 9825
1970 9759 11.134 | 1L.873 12.101 11.68% 11135 | 9.174 8309 9324 11155 11104 | 9736
1971 10,667 | 11675 | 12515 |13 3 12931 | 11005 | 9881 9262 7 @, 11376 [ 10983 | 10071 |
1972 10605 | 11.786 | 122002 122245 11.811 10.4 B.507 8553 9.984 10,856 10805 | 9748
1973 10248 | 11844 | 11015 u.siﬁ‘;@-- 10076 Jcﬂ%" 1;91' 9848 | 11276 | 11709 | 10444
1974 B.891 10,165 | 12.784 13.141 12.228 105906 | 9616 10055 9912 10922 | 11406 | 9.733
1975 10370 | 12,161 | 12655 | 12883 | 11.975 | 11302 | 9995 | 8698 | 9677 | 11376 | 11209 | 10.184
1976 10,584 | 11.706 | 12.853 12426 12017 10.111 8962 aole 0.607 9333 10.576 | 3873
1977 9070 | 11018 | 10602 | 11575 | 12380 | 10237 | 9122 [ 8295 [ 9736 | 1103 | (1353 | 9877 |
lﬂ 10254 | 11316 | 12.343 11.262 12058 | 9727 9.123 8707 T4 10.366 10706 | 9556
1979 9648 | 11,851 | 12330 | 12,311 | 12010 | 9.544 | 8964 | 9019 | 10543 | 10894 | 10.853 | 9.538
1950 1{;.013 10.512 | 12.143 12.660 11.34% 10253 | B.79%6 2413 Q673 10.755 10.750 | 9628
1981 10006 | 10304 | 11722 | 12.603 [ 11.821 | 10836 [ 7938 | 8406 | 0558 11534 | 10405 | G045
1982 10402 | 11008 | 12.120 J_],_lu--ﬂfzﬂ' 0842 8452 7906 B.7TEE 10621 10,545 | 9.113
1983 TE40 | 11268 | 10989 | 13061 | 11853 | 9348 | 9.097 | 8267 | 8793 | 10545 [ 10.307 [ 9106
1984 2626 10479 | 11.692 11.398 11479 | 9975 11.6%3 9621 9517 10.552 10.244 | B345
95— 5396 |03 | 10892 | 12046 | 11362 | 10580 | 9432 | 0363 | 9A7E | 11058 | 10638 | B40I
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Date Jan Feb Mar Apr May Jun Jul Aug Sep Ot Nov Dec

1986 9015 | 12.035 | 11.070 | 12850 | 12661 | 11132 | 8410 | 8780 | 0541 ] 10016 | 10526 | 0219
988 8569 | 11.112 | 11.803 | 12545 | 12509 | 10554 | 9600 | 8523 | 9520 | 11320 | 10.875 | 10081
1990 10.573 | 11412 | 12589 | 12485 | 11987 | 11042 | 8545 | 8427 | 9450 | 11071 | 11128 | 10213
1992 8744 | 11466 | 11058 | 12235 | 11711 | 9863 | 7582 | 8150 | 9407 | 10.566 | 10266 | 9324
1994 10324 | 10.501 | 12340 | 11341 | 11872 | 10727 | 8305 | 8233 | 8861 | 10562 | 11.416 | 999
1996 9.959 | 12.055 | 11.805 | 12095 | 11988 | 9,869 250 | 8987 | 10538 | 11.36 | 9326
1998 9836 | 11941 | 11923 | 12960 | 12462 | 106085 | 859 | 8691 | 9467 | 10.524 | 11214 | 10.13]
2000 10240 | 11.641 | 11.889 | 13.093 | 12270 | 10218 9282 | 9271 | 10907 | 11.543 | 9825

12798 | 13,154 | j
2002 0666 | 12042 | 12900 | 12882 | 12551 | 11027 | 9. G168 | 9836 | 11920 | 11554 | 10509
= ,__’,..——'-'_—'_‘_
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Appendix 14. Air Temperature and Relative Humidity
(a) Ta — Air Temperature (°C) (Source: GMA, Kumasi)

Date Jam Feb Mar Apr May Jun Jul Ang Sep Ot Mov Dec
s ! _::.. -I_%‘ It .:: —jm !I : r_F Em_- l;-: ¥ 1 2 =| ‘:H-# 5 I ! i-"' § : 5.
1962 2605 | 2705 | 2670 | 2735 ¥ 430 | 2470 | SR % =
il B L : .26.41! 2430 | 2470 | 2365 | 2455 | 2550 | 2590 | 2545
s [26m | 269 | 3640 | 3530 | 2500 | 2500 | 2570 | 3565 :fzs:anmm
1964 2530 | 27.05 | 2730 | 2695 2620 | 2510 | 2380 | 2355 | 2415 24 830 25.35
.-II "|'|. 51 . eﬁrﬁ' _ — = - = =

1966 2585 | 2675 | 7.0

1970 26.65 1.0 1735 27.40 26,10 IE.IEI 14-10
[ 1m [ 250 | 2705 | 2738 | 26% | 2660 | 2550 | 2440
1972 2625 41.20 16,75 26.50 26055 530 0| 2460
3 [ 2610 | 2815 | 2800 | 2745 | 27|
1974 | 2545 | 2790 | 2725 | 2675 | 2605 | 2565 | 2450
1975 | 2525 | 2705 | 2745 | 2685 | 2620 | 2575 | 2450 | 2375 | 2475 | 2540 | 2640 | 2585
1976 25 A0 700 1720 26,65 26,65 15 10 24.10 2385 24 55 2495 2545 25&}
'H'ﬂf | 2628 2800 | 2835 | 2805 | 2725 2390 | 2520 | 2590 .,m_ 2535
1978 21.50 2805 1705 26 85 26,85 | 2535 2400 24 45 24 65 25,60 2620 2650
19 | 2708 | 2838 | 2m0s [ 2785 | 269 05 | 2560 | 26.55 | 2660 | 2560
1980 21.00 760 27 40 28,15 2690 | 2605 24.B0 24.70 15.55 25 K5 26.40 2510

19m | 2565 | 2805 |27 2780 : 5 05 42420 | 2510 | 2620 | 2625 | 2640
192 | 2630 | 2025 [ 27 | 2745 | 3630 | 2555 | 2450 | 2060 | 2480 | 2595 | 2645 | 2625
2580 | 87 | 9ea | 284 - 1 20401 25145 | 2640 | 2665 | 2630

1984 | 2740 | 3040 | 2810 | 2848 | 2675 | 2565 | 2510 | 2545 | 2540 | 2645 | 2645 | 2545
2810 | 2755 | 2708, s i - 2530 | 2600 | 2650 | 2510
2830 | 2700 | 2770 | 2685 | 2550 | 24.50 | 2440 | 2530 | 2550 | 2665 | 2565
2790 | 2815 : : 590 | 2645 | 2805 | 2640
2935 | 2810 | 2770 | 2760 | 2580 | 2485 | 2445 | 2540 | 2650 | 27.00 | 2540

B

g
LB
£

E
8

2760 | 29604 2TR5 | 2735|2655 | -2480 | 2485 | 2580|2635 | 2710 Jﬁ.bﬁ

1991 | 2685 | 2840 | 28 58 |~a1.20 2560 | 2 595 | 2560 | 2690 | 2695
1955 | MBS H‘B! 1730 24 151 M A0-1 2500 | 2645 | 26185 | 2655
895 | 2715 | 1720 | 3a : 2545 | 26355 | 2690 | 2620
1870 | 2870 | 2T M | 2675 2500 | 1500 | 2545 | 2600 | 2695 | 26.50

R T - — -
2790 | 2780 | 2780 | 27.50
2880 | 3020 | 2915 | 27.80
2780 | 2810 | 2735 | 2720
2810 | 2920 | 2795 | 2718

g
B
8

o

H

i
B

i
:
3
§
:

£ 2505 | 2515 | 2585 | 2175 | 2670
2460 | 2580 | 2655 | 2790 | 2735
510 | 2560 | 2695 | 2130
465 | 2505 | 2580 | 2690 | 2630
2540 | 2445 | 2480 | 2660 | 2760 | 2810
2425 2550 26.50 27.10 2790

.3.'

i
g 8

Bl

:

:
HEHE

=

6.

$
3 i
E b

A
A
5
|

§
H

5
&
3
s
2
%

29,55
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(b) RH — Relative Humidity (%) (Source: GMA, Kumasi)

Year Jan Feh March | April | May June July Aug Sept Oet Nov Dec
_ | | Je& [™ 1% (s [ = [® [® (@ |7
69 61 74 ™ 20 26 84 82 82 82 82 75
[ 7 1% [m (& (& |8 (& (& (6 |7 %
7 67 75 77 81 83 84 84 22 82 8l 81
1B | 1 1% Jw [z [ |8 & |8 |7 %
89 Tes |75 |7 [w e a5 187 & Ja 17 1%
i@ 18 W % [w [& [®B |5 & % |5 [5
65 7 W [T R e o i e S
s [ L 8 |5 [ 18 E 7 8
76 71 77 78 82 80 82 83 85 80 77 74
LN TS S M O I M 0 ) I 3
1972 73 7 75 78 80 |82 84 83 82 81 78 75
1973 | 65 0 |66 7 75 (7R ) %] [7] W |13 |72
1974 54 |63 75 78 ] 82 | 83 5 84 (81 |76 |7
1975 |52 | 68 73 78 m T:sl 81 8 |77 76
1976 64 70 74 78 9 |82 82 82 37 83 % | 74
1977 167 |66 70 76 N 83 82 8. |3 az
1978 70 7 75 78 79 83 R2 52 22 82 76 79
1979 76 67 70 76 B0 |83 83 82 80 7% 75
1980 76 70 73 7 80 83 83 83 82 81 77 67
TS A ) 7 Sl I N I T T R b L
1982 54 66 2 75 Bl 82 84 86 83 78 % |66
1983 %' el [ v i Sl B S K
1984 63 53 70 80 80 76 66
(198 |65 |60 |13 79 | |60
1986 ) 67 75 79 74 60
1987 66 70 72 82 75 9
1988 55 62 75 81 77 74
Lo EEE 8|78 |
1990 70 63 6 81 80 78
I O O R O
1992 49 63 70 83 78 75 76
1993 | 53 % |12 o . ) , AT DL =
1994 64 63 70 78 81 82 34 81 83 84 75 63
1995 (4 |60 |73 79 |80 % 7 W O b e
1996 79 75 78 79 80 84 |83 86 84 B2 7 80
1997 76 |5 |6 R O R T S R i
1998 59 |68 67 76 81 83 84 85 24 Bl 74 76
199 [70 [64 |75 " |7 |8  |s8 & |85 8 [7% |
2000 72 55 69 77 79 85 85 85 85 83 78 73
a1 |66 |59 |74 | |79 |83 |85 |% |85 |s |77 |76
2002 63 64 |74 78 79 22 24 25 82 20 77 69
B
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Appendix 15, Simplified Penman (mm/day)

Date Jan | Feb | Mar | Apr [ May [ Jun | Jul Amg | Sep | Oct | Nov | Dee

1961|558 [657 | 6407 | 5365 | 5617 | 4700 | 37996 | 3098 | 4395 | 5395 | 5552 [ 506K
1962 | 5731 | 6.764 | 6.107 | 5.951 [ 5.521 | 4.203 | 4.472 | 4.098 | 4.198 | 4474 | 4.902 | 5379
(1963 | 4.582 [ S762 | 6205 | 6117 | 5452 | 4851 | 4.462 4441 | 4.788 | 5.010 | 5.540 | 5.009
1964 | 5374 | 6293 | 6.298 | 6.097 | 5.608 | 4.646 | 4.280 | 3.015 | 4492 | 4.579 | 4918 | 4388
(1068 | 5.225 | 5.718 | 6.166 5.983 | 5.806 | 4.704 | 3.980 | 4021 | 4653 | 5.170 | 5418 | 4.998
1966 | 5.391 | 6.366 | 6.170 | 6.243 | 5.025 | 4.637 | 4.070 | 3.878 | 4423 | 4.952 | 5360 | 4954
1967 5893 | 6.070 | 5834 | 6.069 | 5.681 | 4.768 | 4.073 | 3.603 | 3.957 | 4.803 | 5.463 | 4819
1968 | 5699 | 5939 [ 5.715 | 5.740 | 5.632 | 4,601 | 4.362 | 4088 | 4.651 | 5.356 | 4995 | 4579
1969 | 3276 | 5.824 | 6.186 | 6.131 | 5.749 | 4.850 | 3786 | 3.646 | 4.146 | 4.664 | 5.326 | 4837
1970 | 4920 | 5.770 | 5.662 | 5.695 | 5.255 | 5.139 | 4.230 | 3.755 | 4.120 | 5.183 | 5.342 | 5010
1971 | 5799 | 5.996 | 6.096 | 6.061 | 6.072 | 5.052 | 4.497 | 4.183 | 4,057 | 5.208 | 5.458 | 5.138
1972 | 5431 | 6.012 | 5.840 | 5,710 | 5.437 | 4.723 | 3.905 | 3.845 | 4.528 | 5.012 | 5.181 | 4927
1973 | 5749 | 6.151 | 6.005 | 5.948 | 6.148 | 4526 | 4.572 | 4314 | 4.395 | 5.204 | 5.878 | 5420
1974 | 5699 | 5.867 | 6.175 | 6.092 | 5.516 | 4921 | 4.338 | 4.545 | 4379 | 5.026 | 5.580 | 5163
(1975 | 63538 | 6344 | 6248 | 6.003 | 53495 |[5.109 | 4.518 4462 | 5.220 [ 5.425 | 5.045
1976 | 5891 | 6.034 | 6230 | 5812 | 5.606 | 4.502 | 4.094 | 4.082 | 4351 | 4.228 | 4988 | 5.017
1977 | 5071 | 6.026 | 5.831 | 6.017 | 5.957 | 4.7100[4.181 | 3.736 | 4436 | 5.101 | 5,720 | 5.012 |
1978 | 5.525 | 5.890 | 5987 | 5.333 | 5.631 | 4.433 | 4.148 | 4.005 | 4.518 | 4.749 | 5.247 | 4671
1979 | 4.891 | 6356 | 6.347 | 5.995 | 5.556 | 4345 | 4085 4779 | 5111 [ 5178 | 4.853
1980 | 5.042 | 5592 | 5.925 | 6,254 | 5.272 | 4.657 | 4.005 | 4.259 | 4.426 | 4.970 | 5.214 | 5.306
1981 | 6250 | 5412 | 5977 - 50 | 4.358 | 5.460 | 5.243 | 4430
1982 | 6.524 | 6.094 | 6.112 | 5.745 | 5.172 | 4.501 | 3.830 | 3.426 | 3.979 | 5.056 | 5.021 | 5.172
1983 6253 6480|6329 | 634 [ £715 [ 4355 | 4335 | 3508 | 4043 | 5102 [ 5102 | 4588
1984 | 5640 | 6.828 | 6.048 | 5709 | 5.483 | 4.612 | 5260 | 4.403 | 4.459 | 4.941 | 5.008 | 4799
1985 | 5363 | 6.206 | 5.510 | 5803 | 5.312 | 4.882 | 4207 4358 | 5205 | 5.056 | 5.104
1986 | 5.993 | 6.425 | 5.467 | 6216 | 5.950 | 5.104 | 3.830 | 4.055 | 4.434 | 4.764 | 5.310 | 5.561
| 1987 | 5.468 | 6.082 | 6.122 4851 4.143 | 4546 | 5.086 | 5.539 | 5.200
1988 | 5.549 | 6.448 | 5818 | 5913 | 5.781 | 4.733 | 4.254 | 3.764 | 4.283 | 5.224 | 5.328 | 5.106
1989 | 6141 | 6587 | 6603 | 6O8T | 60 | 4673 (4574 | 4341 | 4.004 | 4770 | $458 | 5280
1990 | 5.624 | 6.395 | 6,610 | 5.89 | 5.569 | 4.995 | 3.822 | 3.812 | 4.263 | 5.119 | 5.219 | 4.967
(1991 | 5601 | 6056 | 6.077.| 5953 | 5.097 | 4.825 | 4. ) 4574 [ 4861 | 4984
1992 | 6.050 | 6.536 | 5.848 | 5.768 | 5.460 | 4.441 | 3.323 | 3.662 | 4.219 | 5.058 | 5.123 | 4.718
1993 | 6241 | 6483 | 5.967 | 5.945 | 5677 | #840.| 3.662 | 3.467 | 4.375 | 5.322 | 5.204 | 4936
1994 5.846 | 6.046 | 6.347 | 5.407 | 5.440 | 4.880 | 3.775 | 3.853 | 3.041 | 4.711 | 5.650 | 5.782
1995 [ 6850 | 7.168 | 6.171 | 5935 [ 5.780 | 4773 | 4379 | 3.921 | 4443 | 5.031 | 5.581 | 5.295
1996 | 4.808 | 5.031 | 5.626 | 5.651 | 5.576 | 4.450 | 4.473 | 4.040 | 4.053 | 4.829 | 5.919 | 4.501
1997 | 5134 | 6474 [ 5918 | 5.773 | 5,549 | 4.234 | 4372 | 3.992 | 4.467 | 5.270 | 5.522 | 5.346
1998 | 5.964 | 6,337 | 6.454 | 6.225 | 5.677 | 4.790 | 4,096 | 3.840 | 4.277 | 4.880 | 5.640 | 5,108
1999 | 5.748 | 6.309 | 6.240 | 5.921 | 5.412 | 5.019 [ 4121 | 4,133 | 4.025 | 4.621 | 5.443 | 5.515
2000 | 5.348 | 7.051 | 6.293 | 6.163 | 5.696 | 4.532 | 4.252 | 4.107 | 4.091 | 4.917 | 5.489 | 5.112
000 | 6286 | 59745730 | 4.807 | 4.376 | 3.155 | 4.145 | 5.339 | 5.596 | 5.270
002 | 5600 | 6,746 | 6310 | 6.058 | 5.839 | 4.977 | 4.316 | 4.042 | 4514 | 5481 | 5.559 | 5.673
Average | 5,652 | 6240 [ 6.084 [ 5544 5616 | 4.722 | 4.180 | 3.966 | 4.328 | 5,010 | 5.341 | 5.049
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Appendix 16. Precipitation (mm)

(Source: GMA, Kumasi and Glowa Volta Project, Germany)

Month- | Kumasi | Bekwai | Rainfall Month- | Kumasl | Bekwai | Rainfall
Year Rainfall | Rainfall | (mm) Year Rainfall | gainfall | (mm)
anas| 417 Fik; Novas | 1831 7831
Feb-45 51.8 51.8 Dec-48 30.2 30.2
[ maras | 518 ~ 518 Jan4g [ 0
Apras | 169.7 169.7 Feb-49 20.2 29.2
 May-45 | 189 | 189 Mar48 | 1066 | 1966
Jun45 | 190.5 190.5 Apr-49 138.9 138.9
Julgs | 602 60.2 May48 | 2258 | 2258
Aug-45 20.8 20.8 Jun-49 | 2032 203.2
Sep45 | 2123 212.3 Jul49 | 2129 2128
Oct-45 194.8 194.8 Aug-49 196.6 186.6
Novas | 917 81.7 Sep49 | 1364 136.4
Dec-45 | a ; 2 | Oct49 221 221
Jan-46 - 44.2 || EEE i 713.9 738
Feb-a6 399 39.9 Dec-49 2386 23.6
Mar46 | 1107 110.7 1. Jan-50 55.1 86.1
Apr-46 858 95.8 Feb-50 16 16
May-a6 | 1427 142.7 | _Marsg | 1024 102.4
Jun46 | 276.1 276.1 r50 | 1913 191.3
Jul-46 50 50 . 141 141
Aug-46 33.8 33.8 Jun-50 | 164.8 164.8
sepas | 1028 | 1029 s a7 747 |
Oct-46 318.8 318.8 Aug-50 118.9 118.9
Nov46 | 36.8 368 [ SepS0| 858 859
Dec-46 1.5 1.5 Oct-50 | 189.5 189.5
lan-a7 6.6 6.8 “NoyS0 | 765 76.5
Feb-47 | 115.8 115.6 Dec-50 22.4 22.4
Mar47 | 170.2 170.2 | _dansi| 315 315
Apr-47 | 1255 125.5 Feb-51 | 106.9 106.9
May-a7 | 206.2 L | 2082 Wﬂ!ﬂ.q;‘ —7 ] 139.4
Jun-47 177 177 Apr-51 120.1 120.1
Jula7 | 208 NG Mays1 | 2685 288.5
Aug-47 199.6 189.6 Jun-51 153.4 153.4
Sep47 | 315 315 [ Juksy | 239 239
Oct-47 144.5 144 5 Aug-51 52.8 52.8
Nov-47 125 125 Sep-51 | 1648 164.8
Dec-47 23.1 23.1 Oct51 | 1242 124.2
Jan-48 0 0 Now-51 | 1041 104.1
Feb-38 89.7 89.7 Dec-51 0 0
Apr-48 | 207.5 2075 Feb-52 80.3 80.3
_May48 | 1311 1311 Mar-52 | 1483 1483
Jun-48 350.8 1 350.8 Apr-52 158.8 155..!_!'._
Aug-48 236 236 Jun52 | 2334 233.4
 Sep48 | 737 737 lui-52 | 2489 248.8
Oct48-— 94 94 Aug-52 57.9 57.9

1 —
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Month- | Kumasi | Bekwai | Rainfall
Year Rainfall | Rainfall | (mm)
(mm) {mm)
R—— - .
“Seps2 | 177 77
Oct-52 | 376.9 376.9
 NowS2 | 681 8.1
Dec-52 62.7 627
Feb-53 76.2 76.2
Mar53 | 1267 126.7
Apr-53 80.8 80.8
May-t 57 o
Jun-53 305.8 305.8
Jul-53 181.6 181.6
Aug-53 29 20
Sep-53 | 135.1 135.1
Oct-53 212.1 212.1
Now-53 | 160.8 160.8
Dec-53 55.9 559
Jan-54 38 36
Feb-54 32.3 32.3
Mar54 | 1433 143.3
Apr-54 158 158
‘May-54 1438 143.8
Jun-54 351 351
Jul-54 495 49.5
Aug-54 28.2 292
Sep-54 | 1389 e 1389
Oct-54 3828 32 8
Nov-54 90.9 . 809
Dec-54 58.7 58.7
Jan-55 8.1 6.1
Feb-55 85 85
Mar55 | 1156 1168
Apr-55 157.5 157.5
May-55 | 2148 112148
Jun-55 2271 2271
Julss | 1138 W 1138,
Aug-55 | 1417 1417
Sep-55 98.3 99.3 |
Oct-55 248.7 248.7
_Nov-55 B84.8 B4.6
Dec-55 26.2 26.2
Jan-56 | 191 19.1
Feb-56 86.3 96.3
~Mar56 | 24489 244.9
Apr-56 108.7 108.7
May-56 | 186.3 196.3
Jun56 | 1427 |- 142.7
Juk-56 437 | - 43
Aug56 | 358 35.8
Sep-56 | 134.1 134.1
Oct-56-+— 159.4 195.4
Nov-56 41.7 41.7

Mark Amo-Boateng

Month- | Kumasi | Bekwal | Rainfall
Year Rainfall | Rainfall | (mm)
(mm) {mm)
Dec-56 16.5 16.5
Jan-57 107 10.7
Feb-57 42 4 49 4
Mar-57 | 1684 168.4
Apr-57 | 2652 265.2
May-57 | 1422 142.2 |
Jun-57 216.2 216.2
Jul-57 1115 1115
Aug-57 105.2 105.2
Oct-57 287.2 2672
Now57 | 1313 131.3
Dec-57 35.3 353
Jan-58 102.6 102.6
Feb-58 13.5 132.5
ar i 115.1
Apr-58 128 128
y- 4125 4125
Jun-58 1498 1496
' 0.5
14
947
153.4
184.7
20.1
Tet” g 11.2
144.5
 Mar-59 | ?'}12@?{ 112.8
TT'_1 53.2 153.2
May-59 | 1227 122.7
, 1D4.1 104.1
_Juls 9 2309
Aug59 | 363 36.3
_ SepS9 | 2013 7 291.3
O¢t-59 130.3 130.3
Novss | 107.2 107.2
Dec-59 35.1 35.1
| Jan-BD 706 70.6
Feb60 | 14.2 14.2
Mar60 | 1245 1245
Apr-60 213.8 213.9
May-60 102.9 102.9
Jun-60 328.2 32g.2
k60 | 234 234
Aug-60 113 113
Sep60 | 180.8 180.8
Oct-60 191.3 191.3
Nov-60 48.8 488
Dec-60 104 1 104.1
Jan-61 107 10.7
Feb-61 13.7 13.7
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Month- | Kumasi | Bekwai | Rainfall Month- | K Delcas
Year Rainfall | Rainfall | (mm) Year R:m: Rai “hlll r,:::‘ "
[ mare1| 1252 1252 Junes | 204.5| 2837| 2045
B 138.7 Jukes | 1273 ] 1831 1273
May-61 | 187.5 187.5 Aug65 | 157.0 | 2745 157
Jun-61 13&.1? 188 Sep65 | 1821 | 1445| 1821
Jul6l| 1508 150.6 Oct65| 2812| 171.7| 2812
Aug-61 6.6 6.6 ; , 7
_Sep-61 | 1234 123.4 239
Oct-61 126.7 126.7 456
‘Nov-61 747 747 | 937
Dec-61 41.9 41.9 521
Jan-62 48 4.8 250.1
Feb-62 52.3 52.3 102
Mar62 | 1717 171.7 339.9
Apr-62 2508 259.8 4483
May62 | 2328 2329 123.4
Jun62 | 365.0 365 85.3
Juke2 | 1344 134.4 177.8
Aug-62 62.2 62.2 140.5
Sep62 | 633 63.3 26.9
Oct62 | 1313 131.3 ]
 Nov62 | 168.8 168.9 103.6
Dec-62 52 6 52.6 108
Jan63 | 528 528 127.3
Feb-63 | 112.5 112.5 156.5
Mar63 | 1680 | | 168 259.1
126.2 126.2 40.6
164.6 | 1846 18.1
312.2 312.2 111.5
Jul-63 | 2659 265.9 | 127.5
Aug-63 97.3 97.3 53.1
Sep63 | 2306 23%3*__ Bﬁ.ﬁ
Oct-63 |  335.8 335.8 488
Nov63 | 1062 | 4651|1062 128.3
Dec-63 183 | 258 18.3 105.4
Jan64 | 704 | 721|704 | s 9| 1732
Feb-64 208 322 20.8 2957 | 20982 | 2957
Mar64 | 2789 | 150.1| 278.9 June8 | 2817| 2563 | 2817
Apr-64 83.8 B82.8 Bag ~ jut-68 3152 | 2422 315.2
May-64 | 188.0 | 304.4 186 Aug68 | 4003 | 267.3| 400.3
Jun-64 307.9 | 2587 307.9 Sep68 | 3564 | 2969 | 3564
Jul-ea | 1141 692 1141 Ooct68 | 1252 | 2379| 1252
Aug-64 80.7 69.9 80.7 Mov68 | 1125| 1238| 1125
“sepba | B43| 478| 643 Dec-68 10| 51 1
Oct64 | 1562 | 1265 1552 Jan-69 25| 183] 325
Nov64 | 1468 | 0| 1488 Feb-69 150 | 68.9 15
Dec-64 422 | 398 422 Mar-69 106.4 0 106.4
Jan-65 38| 274| 3BL— Apr69 | 172.0 0 172
Feb65 | 1024 884 | 1024 May-69 | 2662 0| 2662
Mar65| 116.6| 1689 116.6 Jun-69 119.6 0 119.6
Apr65+ 1082 | 2206 | 1082 Jul-69 602 | 697 60.2
May65 | 2108 | 1203| 2108 Aug-69 592 | 542 59.2
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Month- | Kumasi | Bekwal | Rainfall
Year Rainfall | Rainfall | (mm) ::z:ﬂ" 2m :r::; ::::'“
- {mm? (mm} (mm) (mm)

[ Sep69 | 1016 218] 1018 Dec73| 118| 74| 119
S e 72 1838 Jan-74 00| 249 0
Nov69 | 731 046 73.1 Feb-74 262 2 26.2

Dec-69 170] 82 17 Mar74 | 1809 | 2822 1809
Jan-70 ST] -FZel #1 Apr-74 | 1527 | 1758 | 1527
_Feb-70 | 475 1207 47.5 May-74 | 2167 | 1463 2167
Mar70 | 1966 0] 1966 Jun-74 | 1572 | 1766 | 157.2
_Apr-70 | 88.3 0 98.3 | wh7a | 2111 1424 2114
May-70 | 3058 0| 3058 Aug-74 | 1735] 1105| 1735
Jun-70 83.3 95 63.3 Sep-74 | 1382 | 2439 | 1382
k70| 1212| 615] 1212 Oct-74 | 109.7 | 146.1 109.7
Aug-70 47.2 67.3 47.2 Now-74 549 16.5 54.9
Sep-70 | 177.0| 1788 177 Dec-74 35.1 27 35.1
Oct-70 | 1521 | 2284 | 1521 lan-75 0.0 0 0
MNow70| 1125| 79.2| 1125 Feb-75 | 1208| 738 1200
Dec-70 0.0 0 0 ar B3| 127.8| 164.3
Jan-71 18 32 1.8 Apr75 | 2482 | 1985| 2482
Feb-71 485 | 100.8 48.5 751 1382 1489 1382
Mar71| 1034| 792 1034 Jun-75 | 1359 | 1581 | 1359
Apr-71 97.0 | 131.8 a7 | Juk7s | 1858 255| 1858
May71 | 111.8| 247.7| 1118 ~75 17.0| 458 17
Jun-71 | 1166 149 | 1166 ~Sep75| 1541 | 729 1541
71| 955 180.1 95.5 Oct75 | 2316| 210.3| 2318
Aug-71 80.5 60.5 80.5 =~ 60.5 40.4 60.5
Sep71| 2195| 1384 | 21685 Dec-75 6.1 8.1 6.1
Oct-71 | 1456 | 546 | 1456 ~ Jan76 | 2291 B 229
Now71| 277 | 558|_ 277 F;Ejﬁ 653| 769| 653
Dec-71 383 153 38.3 ] 76 |~ 139.01 170.7 139
Jan-72 60.7 15.2 60.7 2436 111.8
Feb-72 838| 655 83.8 2625| 2734
Mar-72 117.3 211 ] ML 127.7 222
Apr-72 | 1323 | 3806 | 132 :iJ 25.1 38.2
May-72 | 2758 | 1473 | 2758 -76 : 26.9 39.5
Jun72 | 2017 | 1562 | 2017 “!:&15 1237 |~ A03| 1237
k72| 1508 823 1598 Oct76 | 951 | 332 85.1
Aug-72 274 | 185 274 | 2134 134] 2134
Sep72 | 1747 | 787 1747 Dec-76 3.1 28.8 31
oct-72 | 2102 1213| 2192  Jan 212 Gy
Now-72| 1306 43| 1306 | _reb77| 137 ] @27 13.7
Dec-72 457 | 307 45.7 Mar-77 854 | 61.1 854
Jan-73 0.0 0 0 Apr-77 872 73.4 87.2
Feb-73 98.0 59 98 May-77 986| 13| 885
Mar-73| 1758 1502 | 1758 Jun-77 | 2282 | 1383 | 2292
Apr-73 | 109.0 | 1397 109 Juk-77 77| 272 37.7
May-73 | 1148 | 1023 | 1148 Aug-77 30.2 84.5 30.2
Jun-73 122.9 | - 248 122.9 Sep77 | 1731 | 1619 1731
Ju-7a| 1547 1513 | 15471 Oct-77 | 1823 | 2144 | 1823
Au;-ra 1382 | 2357 | 1382 Nov-77 183 | 216 18.3
2042 | 1385| 2042 Dec-77 152 | 752 15.2
r__gp_n_., 167.9| 1857 167.9 Jan-78 1.5 0 1.5
Nov-73 55.9 9.5 55.9 Feb-78 | 159.8| 357 159.8

T ———
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—— Appendices
Month- | Kumasi

Bekwai | Rainfall Month- | Ku Bekwal | R
Year Rainfall | Rainfall | (mm) Year mm Rainfall :::,I.::;' ?
S s S (mm) | (mm)
[ Mar78 | 773|151 77.3 jun82 | 1382 | 198.2| 1382
_Apr-78 | 104.0| 1675 104 Jul-82 489 | 1444 400
May-78 | 261.9| 1954 2619 Aug82 | 763 | 1414 | 763
_Jun-78| 2123| 3041 | 2123  Sep82| 148| 158 1486
_wi78|  S572] B4[  s72 Oct82 | 1822 | 2156 182.2
Aug-78 17.8 18.5 17.8 Nov-82 140| 729 14
_Sep78| 217.2| 2886 | 2172 Dec-82 8.4 1 8.4
Oct-78 210.3 184 210.3 Jan-83 0.0 0 0
Nov-78 | 40.7 | 48.1 40.7 Feb-83 53.1 | 389 53.1
Dec-78 15.5 19.3 165.5 Mar-83 672 69 672
Jan-79 14.5 7.3 145 Apr83 | 1108 1018 110.8
Feb-79 386 | 391 38.6 May83 | 1182 | 1381 116.2
Mar79 | 1008 | 776 1008 wn83| 2309 2147| 2309
Apr-79 99.9 74.4 89.9 Jul-83 339 | 205 330
May-78 | 1185| 1894 1195 Aug-83 475 21 47.5
Jun-79 | 1425 2723 1425 - 8| 842] 948
Jul-79 | 3004 153 | 3004 Oct-83 433 | 611 433
Aug:79 | 1862 | 1236 1962 ov-83 B7.3| 116.6 67.3
Sep-79 | 3313| 3405 3313 Dec-83 863 | 41.1 86.3
Oct-79 | 1037 | 2124 | 103.7 | Jan-84 0.0 0 0
_Now-79 B24 | 103.6 82.4 Feb-84 8.9 14 8.9
Dec-79 B.4 0 8.4 K | 1343 1484 1343
Jan-80 51 B.1 5.1 Apr-84 80.5| 1223 80.5
Feb80 | 1009 | 243| 1009 ~ y, 1325| 1201 1325
Mar80 | 48.0 | 1859 49 Jun8a| 1799 | 1965 1799
Apr-80 538 | 200 53.8 T wukea| 2765 | J914| 2765
May80| 1200 205 120 A 1712 1203] 1712
un80 | 2865| 1921 | 286.5 -\ﬂ;ﬂ 28| 122 2148
WHB0| 1299 821 1299 Oct84| 1388 [ 199.5| 1388
Aug-80 384 75 38.4 . 657 444
Sep80| 1708 2139 170.8| : ; 0 1.3
Oct-80 | 1174 | 1256 117.4 [ Jan3s} 985 269 185
Nov80 | 67.7| 765 | 677 | Feb-85 455 9.4 455
Dec-80 218| 109 216 Mar85 | 24741 857| 2474
Jan-81 0.0 05N 5 0. Apr85 | 1669 | 106.1 166.9
Feb-81 231 =229 231 May85 [ 80.7| 1052
Mar81 | 1720 2472 172 Jjun8s | 1502 | 41818 1592
Apr-81 450| 387 45 Juk85 [ 4171 190 ] 4171
May-81 | 2546 | 1803 | 2546 Aug-85 965| 1017 86.5
Jun81| 1619 1264 1619 Sep8S | 2028 | 167.3| 2028
81| 2077 1888 207.7 Oct-85 99.7 | 542 09.7
Aug-81 424 | B89.1 42.4 Nov85 | 1104 | 437 1104
—Sep81| 1495 1888 149.5 Dec-85 0.0 0 0
Oct-81 962 | 177.7 96.2 Jan-86 0.0 0 0
Nov-81 78| 643 7.8 Feb-86 | 1321 | 117.1] 1321
Dec-81 310 - 206 3 Mar-86 64.4 103 64.4
Jan-g2 __n_ﬁ; e ol — Apr-86 707 | 546 70.7
Feb82 | 1352 | 568 1352 May86 | 1548 0| 1548
Mar-82 54.7 | 1331 54.7 Jun-86 | 268.0 0 268
Apr82-- 773| 687 77.3 mees | 1763| 802 176.3
Mays2 | 1407 | 1884 | 1407 Aug-86 294 | 479 29.4
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Month- | Kumasi | Bekwai | Rainfall Month- | Kumasi | Bekwai | Rainfall
Year Rainfall | Rainfall | (mm) Year Rainfall | Rainfail | (mm)
e .h_{mﬁ.}__ {mm} (mm) | (mm)
: m‘“f -' };ﬁ : ;:: Dec50 | 834 | 897 834
45, : Jan91| 548| 74| 548
.-'-Jﬂﬁ 1%“2 '1:3- Feb-91 %9 123.9| 839
_Dec: : Mar-91 78| 1149 778
_Jan-87 59 5.9 Apr-91 | 1333 | 2302| 1333
kb ay | 048 64.8 May-91 | 3060 | 368.0| 306.0
| Mar-87 | 1100 110 ung1| 1718| 160.7| 171.8
Apr-87 171.0 171 Jul91 881 64 8.1
May-87 48.3 48.3 Aug-91 69.7 55 69.7
Jun-87 | 2459 245.9 Sep91 | 1432 927| 1432
Jul-87 | 1568 156.8 Oct-91 | 1225| 1668 | 1225
Aug-87 192.1 192.1 Nov-91 237 | 672 23.7
Sep87 | 1887 188.7 Dec-91 0.1 0 0.1
Oct-87 744 74.4 0 36
 Nov-87 3.0 3 12.6 5.5
Dec-87 135 13.5 76.4 743
Jan-88 0.0 0 266. 1 152.8
Feb-88 10.0 10 2709 150.3
Mar-88 | 308.5 309.5 1223 | 1327
Apr-88 135.7 135.7 35 792
May88 | 1107 110.7 12.4 30.4
Jun88 | 3417 341.7 2198 3128
Julsg | 1388 138.8 492
Aug-88 15.0 15 656
SepBB| 1855| _ | 1855 71
Oct-88 136.4 136.4 ; 7
_Nov-88 386 - 53.1
Dec-88 78.9 7.2 78.9 117.5
Jan-89 537| 218 53.7 | 152.7
Feb-89 23 8.9 23 140
Mar89 | 1126 120 1128 338.9
Apr-89 772 1321 772 3
May89 | 1262 | 485| 1262 102.8
Jun89 | 3104 | 2608] 3104 Sep-9 168
Jui-89 893 | 1779} 883 Oct-93 | 257.1 257.1
Aug-89 | 177.0 [ 1506 177 Nov-g3 | 524
Sep-89 | 2812 | 1426 | 2812 Dec-93 26.7 26.7
Oct-89 186.3 | 106.5 188.3 | jan-94 0.0 0
Nov-89 395 60.8 38.5 Feb-94 7.3 7.3
Dec-89 8.2 96 8.2 Mar-94 521 52.1
Jan-90 358 26.9 358 Apr-94 1949 194.9
Feb-90 69.1 54.3 69.1 May-94 208.9 208.9
~Mar80 | 1102 | 462| 1102 Jun-94 | 1161 116.1
Apr90 | 1991 | 1414 1991 Jul-94 965 96.5
May20 | 1153 144| 1153 Aug94 | 631 63.1
Jun-90 1264 | - 914 126.4 Sep-94 | 156.1 156.1
90| 226 232| 2264 oct-94 | 179.0 179
Aug-90 208| 504| 296 Nov94 | 352 352
Sep-90 159.0 | 1858 159 Dec-94 0.0 0
o090+ 137.5| 143.3| 1375 Jan-95 0.0 0
‘Nov-90 | 1047 80| 104.7 Feb-95 0.7 0.7
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Bekwai | Rainfall Month- | Kumasi | Bekewal Rainfall
Year ?:':;‘lll Rainfall | (mm) Year Rainfall | Rainfall  (mm)
I_r_r-n : (mm) | (men)
= = Jun-99 | 2178 217.9
188.8 198.8 = . — -
= LI
S ;¢ 114.1
Jun95 | 1551 | 155 1 _ KL 5] D _H““~
R i 6 Oct-99 | 2043 204.3
148.5 148.5 . % R = =
1388 | 138 Dec-99 0.0 0
Oct-95 957 957 ; i PR
SR ] ] Feb-00 7.2 7.2
Dec5 | 1156 115.6 B ] ~ | 1108
i i B A Apr-00 | 2082 206.2
Feb-96 80.2 802 w00 | 1688 1 1688
daxl | I Jun00 | 3732 373.2
111.8 111.8 " Juk00 | 1532 | IS |
| = } 145.7 Aug-00 65.3 65.3
Jun-96 106.0 106 ' 1 | 1441
— 202.7 202.7 OctD0 | . 118.9 119.8
1006 109.6 - 8 |
725 725 Dec-00 0.0 0
Oct-96 81.8 818 0.0 | s 3
i 28 Feb-01 215 215
Dec-96 51.9 51.9 2201 2201
537 163.0 163
Feb-97 106.7 100.7
uno1| 1497 149 7
25— 7| a8
488 48.6
z21 16.8
Oct01| 1129 112.9
- ] 168
Feb-02 76 76
Apr02 | 2388 238.9
Jun-02 ___255.5 265.5
02| 2814 2814 |
i o BE
Oct02 | 3191 316.1
i 74 Dec-02 %ﬂ_ 54
s 235 _ Feb-03 g.j. 74.5
) B e = Apro3 | 129.5 126.5
Teb99 | 259 265.9 ‘May03 | 18838 |
far99 | 1089 100.9 _Jun-03 *}g. s B
 Apr9a | 217.0 217 w03 | 953 96.3
“May99 | 1017 017 Aug-03 26.8 26.8

—_—- -
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