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Abstract

In the present study, the spatial and temporal patterns of the rain event properties are
analysed. The event properties are rain event depth, event duration, mean event in-
tensity, peak intensity and the time span between two consecutive rain events which
is referred to as inter-event time (IET). Dimensionless event hyetographs are estab-
lished by relating fractions of event intensities to the corresponding fractions of event
durations. The spatial variation of the characteristics of the hyetographs is also evalu-
ated. A model in the form of the beta distribution function is applied to reproduce the
dimensionless hyetographs. Rainfall data is obtained from a field campaign in two wet
seasons of June—August (JJA) of 2007 and 2008 in the Gilgel Abbay watershed that is
situated at the source basin of the upper Blue Nile River in Ethiopia. The rainfall data
was recorded at eight stations. The results reveal that rain event depth is more related
to peak intensity than to event duration. At the start and towards the end of the wet
season, the rain events have larger depth with longer duration and longer IET than the
rain events in the mid-season. Mean event intensity and IET are strongly related to
terrain elevation. Sekela which is on a mountain area has the shortest IET while Bahir
Dar which is at the south shore of the lake has the longest IET.

1 Introduction

An understanding of rain event properties at specific spatio-temporal scales is of great
importance for both hydrology as well as for climate studies. According to Brown et
al. (1985), rain events are a convenient way of summarizing a time series of rainfall
amounts into entities that are defined so that they are meaningful in terms of a particu-
lar application. Such applications include studies of runoff generation (e.g. Kusumastuti
et al., 2007; Milly and Eagelson, 1987), soil erosion (e.g. Angel et al., 2005), intercep-
tion losses (e.g. Zeng et al., 2000) and rainfall modeling (e.g. Wooliser and Osborn,
1985).
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Properties of single rain events often vary at scales much smaller than a watershed
scale and event properties consequently affect runoff generation. For a synthetic wa-
tershed, Kusumastuti et al. (2007) showed that variability within a rain event which is
referred to as intra-event variability can largely affect quick runoff generation mech-
anisms and consequently affects flood generation. Robinson and Sivapalan (1997);
Menabde and Sivapalan (2001) showed that the runoff discharge is proportional to the
watershed area for relatively small watersheds with a response time less than the mean
duration of rain events.

Rain event properties also serve as main inputs to soil erosion studies, e.g. Diodato
and Bellocchi (2007). However, lack of long-term rainfall records at the required spatial
and temporal resolution often restricts the applicability of erosion models in many re-
gions. van Dijk et al. (2005) state that this problem has been overcome in two ways: (i)
by using synthetic time series of rain events, or (ii) by using empirical relations between
hydrological model variables and more readily available rainfall characteristics, see Re-
nard and Freimund (1994); Diodato and Bellocchi (2007). The use of synthesized or
empirical relations to derive rain event properties can benefit from an understanding
of these properties through measurement of rainfall at least on a short term base.
The calibration of disaggregation models requires availability of short-term sub-daily
records at one or more rain gauge stations, e.g. Arnaud et al. (2007); Koutsoyiannis
and Onof (2001).

Huff (1967) established a relation between the fraction of rain event depth and
the corresponding fraction of rain event duration through dimensionless hyetographs.
These hyetographs are also called “Huff curves”, see Tsubo et al. (2005). Huff (1967)
showed that the dimensionless hyetograph for an area in lllinois was only affected little
by event depth and event duration. Woolhiser and Osborn (1985) observed that the di-
mensionless hyetograph of an experimental watershed in South-Eastern Arizona was
affected by event duration. Garcia-Guzman and Aranda-Oliver (1993) advocated eval-
uating the assumption that the hyetographs are invariant with respect to event depth,
duration and area averaging. However, such requires large data sets covering several
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years to obtain sufficient data for statistical analysis.

Rainfall models that are based on dimensionless hyetographs are presented in Wool-
hiser and Osborn (1985); Garcia-Guzman and Aranda-Oliver (1993). Other examples
are Bras (1979) who applied the dimensionless hyetograph concept to study the sam-
pling of the rainfall-runoff process and Tsubo et al. (2005) who developed dimension-
less hyetographs for the Highveld of South Africa. Similar studies, however, are notice-
ably absent for the Upper Blue Nile Basin in Ethiopia.

The use of only one or two rain gauge stations may not be adequate to evaluate the
spatial pattern of rain event properties (see Brown et al., 1985; Tsubo et al., 2005).
To analyze the effect of terrain attributes such as elevation on rain event properties,
(see Loukas and Quick, 1996; Palecki et al., 2005), records from spatially distributed
rain gauge stations are required. These type of data are not commonly available and
studies that report on the spatial and temporal patterns of rain event properties are
absent for many geographic locations which also applies for the Upper Blue Nile basin.

As part of the present study, a network of 10 recording rain gauges was setup in May
2007 at the source basin of the Upper Blue Nile River. From the network, eight stations
recorded the rainfall data of the full wet season of the year 2007, i.e. June—August (JJA)
while only 2 rain gauges recorded the full wet season rainfall of 2008. The remaining
gauges did not record the full season rainfall probably due to human interference.

In Haile et al. (2009), the orientation of the rain gauges is presented and the spatial
pattern of the diurnal cycle of the basin rainfall is analyzed which showed that both
orography and the presence of Lake Tana affect the spatial pattern of the diurnal cycle.
Using the same rain gauge network as in the present study, Haile et al. (2010) showed
that runoff simulations in the basin are largely sensitive to rainfall representation and
reported runoff volume errors as large as 15—-40% when the model input is only from
3-5 rain gauges instead of 8 rain gauges. Although these studies indicated the impor-
tance of understanding rain event properties in the watershed, they did not explicitly
explore these properties.
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We analyzed the temporal patterns of rain event properties using rainfall records of
Jema station which recorded the rainfall data for the wet season of the years 2007 and
2008. This station is situated at an intermediate location between the mountains of
the Gilgel Abbay watershed and Lake Tana. Haile et al. (2010) suggested that Jema
station should be part of any rain gauge network that is applied to estimate rainfall input
to a runoff model.

In this study the spatial patterns of rain event properties are evaluated using data
from eight stations that recorded the JJA 2007 raifall. Rain event properties that are of
general interest to the study of hydrological processes are rain event depth, intensity,
duration and inter-event time (IET). We developed dimensionless event hyetographs for
selected stations while the spatial variation of the characteristics of the hyetographs is
evaluated. Finally, a beta distribution type model is fitted to the observed dimensionless
hyetographs.

2 Study area

The Upper Gilgel Abbay watershed is located between 10°56' to 11°22" N latitude and
36°44' to 37°03' E longitudes. The main wet season of the area is June to September
while the main dry season is October to May. The characteristics of the catchment
are presented in Fig. 1. The figure shows the Digital Elevation Model (DEM) of the
watershed and the locations of the rain gauges that provided the rainfall records for
this study. The topographic characteristics of these stations is presented in Haile et
al. (2009) and therefore are not discussed here but will be addressed when interpreting
the results.
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3 Methods
3.1 Properties of rain events

Criteria to identify rain events often rely on threshold values for selected properties of
rain events. For instance, the duration and intensity of rain events may serve to identify
events (see Dunkerley, 2008b). Commonly, thresholds for the minimum inter-event
time (MIT) and/or the minimum event depth serve to identify rain events or to classify
a series of rain observations as a single event. Dunkerley (2008a, b) reviewed a large
number of criteria and reported that the applied MIT varies from 3min to 24 h while
the minimum event depth varies from the measurable amount that is the detection
threshold of the rain gauge to 13.0mm. A consequence of a change in criterion for
instance could be that the mean event intensity may decrease as the MIT increases
since the events may include several rainless periods.

By absence of a commonly applied criterion in literature, a set of criteria has been
chosen to identify rain events, i.e. to mark the start and end time of the events. The
applied criteria are a minimum event depth of 1.0 mm and a minimum inter-event time
(MIT) of 30 min. According to Brown et al. (1985), rain events identified by such crite-
ria can be termed “primitive” events and are based on the simplest and most logical
approach without the use of additional information regarding the synoptic weather con-
dition such as cloudiness.

The rain event properties that are analyzed in the present study include event depth,
event duration, mean event intensity, peak intensity of an event and inter-event time
(IET) which is defined as the length of the dry period between two consecutive events.
These event properties are selected since they are considered to be relevant to hydro-
logic studies. The reader is referred to Dunkerley (2008a,b) for further discussion on
the importance of these event properties in hydrologic studies.
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The event depth (d,) is defined as:

Ed
de=2/,' (1)
i=1

where Ey is the event duration while /; is the one-minute rainfall depth at the minute
since the start time of the rain event.
The mean event intensity (R,) is:
de
= E,
where d, and E are the depth and the duration of the rain event, respectively.
The peak intensity (/) iS:

lnax = Max (60/;) 3)

1<i<Ey

Re

where max indicates the maximum while the constant 60 is applied to convert the one-
minute rainfall depth to hourly rainfall intensity. The remaining terms are as defined
previously.

Relations between the various event properties are evaluated through the Pearson’s
product-moment correlation. The effect of terrain elevation on the event properties is
also evaluated.

3.2 Dimensionless event hyetographs

A dimensionless hyetograph relates the fractions of rain event depth to the respective

fractions of rain event duration. Following Garcia-Guzman and Aranda-Oliver (1993);

Tsubo et al. (2005), the 10%, 50% and 90% fractions of event depth are selected to

develop dimensionless hyetographs since these correspond to small, normal and large

event depths. The spatial variability of the properties of the hyetographs is evaluated

using rainfall records at three stations. These stations are Bahir Dar which is at the
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south shore of Lake Tana, Sekela which is on the mountain area and Jema which is at
an intermediate location between Bahir Dar and Sekela. Haile et al. (2009) showed that
the diurnal cycle of the rainfall at Bahir Dar is largely different from the other stations
in the basin while in Haile et al. (2010) it is shown that the rainfall of Jema and Sekela
stations largely affect the accuracy of runoff simulations in the Gilgel Abbay watershed
of Lake Tana basin.

The dimensionless hyetographs at the selected stations are evaluated graphically
and statistically. Following Tsubo et al. (2005), the Kolmogorov-Smirnov goodness of fit
test is applied to evaluate whether differences between the hyetographs are statistically
significant. The absolute value of the difference (D) in the fractional event depths of
two dimensionless hyetographs at the increment j of the fraction of the event duration
reads:

Dj=|H;1-Hpz] (4)

where: H; is the fraction of the accumulated rain event depth over the time interval (0,?)

where t is time instant which is expressed as the fraction of the total event duration, for

instance t =j/10 for a process with 10 increments where j = 1,2, 3, ..., 9, 10. The

subscripts 1 and 2 indicate the two dimensionless hyetographs that are compared.
The test statistic (D) for the Kolmogorov-Smirnov test is defined as:

D =max(D;) (5)

where: max indicates that the maximum D; in Eqg. (4) is used as the test statistic. The
critical values D,, , for a selected significance level a and number of increments n are
presented in text books on statistics such as Zar (1996) that is used in this study. The
null hypothesis is that the two hyetographs are from the same statistical distribution
and therefore will be rejected if D in Eq. (5) exceeds Dy, ,.

A model in the form of a beta distribution function is applied to reproduce the ob-
served dimensionless hyetographs by assuming that the increment process of the rain
events can be represented by a beta distribution function. The increment process Z;
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for0 < Z;<1ata fixed time is, see Woolhiser and Osborn (1985); Garcia-Guzman and
Aranda-Oliver (1993):

Z, = H, (6)
H -H,_,

7.=_4 17 7

A (7)

where H; is as defined previously and j = 2,3,...,9.

Following Garcia-Guzman and Aranda-Oliver (1993); Tsubo et al. (2005), a model
in the form of the beta distribution function is fitted to the distribution of the increment
process. The beta distribution function for the increment process Z is:

f(2)= M.ZOH“ _Z)ﬂ—1 (8)

M)l (B)

where [ is the gamma function, a>0. Both are shape parameters which are fitted
using thechniques of optimization. In this study, the maximum likelihood method is
applied. Garcia-Guzman and Aranda-Oliver (1993) described that when a<g, it is
more probable to have all observed H; close to zero than close to one while for a = 8>1,
the beta density is symmetrical and has a maximum at t=0. For a = <1, the beta
density has a minimum at {=0. The data base in the present study is considered too
limited to evaluate the sensitivity of the model parameters to factors such as rain event
duration.

3.3 Conditional probability of rainfall occurrences

The estimation of the conditional probability of rainfall occurrence at any two stations

is important to understand the spatial structure of rainfall intermittence in particular

the size of rain events in terms of geographic location. Examples of such studies are

found in Gebremichael et al. (2007) who studied the spatial behavior of hourly rainfall

intermittence for an area in Sonora, Mexico and in Robinson (1994) who evaluated
5813
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the intermittence of daily rainfall for Colorado and North Carolina. Haile et al. (2009)
evaluated the temporal structure of the hourly rainfall intermittence in the Gilgel Abbay
watershed but ignored the spatial structure of the rainfall intermittence that is evaluated
in the present study.

The probability (F;;) that it is raining at station j while it is raining at station / as well
can be estimated through the conditional probability that is defined as:

b
s ®)
b i J

where r,, is the number of time steps when there was rain at both stations; r; is the
number of rainfall occurrences at station / while it is not raining at station j;r; is the
number of rainfall occurrences at station j while it is not raining at station /. P;;= 0
shows that it does not rain at all at station j when it is raining at station / while F;
shows that it always rains at station j when it is raining at station /. Note that /; is not
necessarily equal to P;. The conditional probability of rainfall occurrences has been
estimated for an arbitrary chosen time interval of 1h, 6h and 1 day to evaluate the
change in probability with changing time scales. The use of 6h and 1 day intervals
allows considering effects of event durations longer than 1h. An arbitrarily chosen
rainfall depth of 1 mm is defined to differentiate rainy from non-rainy time periods.

4 Results
4.1 Rain event properties

In this section, the rain event properties at Jema station are analysed. Jema station is
selected since this rain gauge recorded rainfall data for two consecutive wet seasons
that are in JJA of 2007 and 2008. Also, the station is located at distance in between
the mountain areas of Gilgel Abbay watershed and Lake Tana and therefore, following
the work in Haile et al. (2009) the rain event properties are, presumably, affected by
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orography and the presence of the lake. A total of 236 rain events have been observed
at Jema with 122 events in JJA 2007 and 114 events in JJA 2008.

Table 1 shows the statistics of the rain events at Jema station. A maximum event
depth of 67.6 mm has been recorded in the two seasons. This event depth is 12 times
higher than the median of the observed event depths which is only 5.6 mm indicating
that the event can be considered an extreme event. In terms of event duration, a single
event has lasted up to 344 min, i.e. about 5.7 h However, the median of the duration of
the rain events is only about 1 h which is 6 times shorter than the maximum duration.

The maximum peak intensity at Jema is 180 mm h~! which is equivalent to 12 bucket
tips per minute. In terms of median, the peak intensity is 36 mm h~' which is equivalent
to 3 bucket tips per minute. The median of the peak intensity is 6 times the median
of the mean event intensity indicating large differences which is partly explained by
the presence of several rainless periods in a single rain event that results in low mean
event intensity.

Mean event intensities range between 0.93 mm h™' and 54.67 mmh~" with a median
of 6.18mmh~". The median of the IET is 27 times the specified MIT which is 30 min.
Such shows that changing the MIT value, for instance, to 1h will not largely change
the statistics of the estimated event properties. In terms of median, the IET at Jema
is about 13.42 h that is about 13 times the median of the rain event duration indicating
longer dry periods than event duration. The median value of the IET also shows that
the daily rainfall depths at Jema are mostly caused by one or two rain events. It is
noted that the presence of multiple events in a day restricts the applicability of daily
rainfall records for event based analysis. As such, the rainfall needs to be recorded at
sub-daily time scales for such analysis.

4.2 Relation between rain event properties

The relation between the rain event properties has been evaluated for the rainfall
records of Jema station during the two consecutive wet seasons. The lower triangle of
the correlation matrix for the rain event properties is presented in Table 2. The depth of
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the rain events is positively correlated to all of the remaining event properties. Overall,
event depth increases with an increase in event duration or mean event intensity. Event
depth has the strongest relation with peak intensity which reveals that event depth at
Jema is more related to peak intensity than event duration.

Although the relation is not strong, rain event duration is negatively correlated to
mean event intensity and therefore events with short duration have relatively high mean
event intensity. Such can be partly caused by high rainfall intermittency that is due
to the presence of several rainless periods in a single event as the event duration
increases which consequently results in relatively low mean event intensities. The
correlation value also shows that events with high peak intensity also have high mean
event intensity. Overall, high event intensity at Jema is more related to peak intensity
than to event duration. The IET at Jema has shown a weak relation with all of the other
rain event properties.

4.3 Temporal variation of rain event properties

To evaluate the intra-season variability of rain event properties, the rain event properties
at Jema have been analysed for each of the three months of the wet seasons of 2007
and 2008. Table 3 shows the median of the rain event properties for each of the three
months during the wet season. It is noted that June is at the beginning of the wet
season while August is towards the end of the wet season. In terms of the median of
the rain event depth, there are some differences between the events in June, July and
August. June has the highest rain event depth while July has the lowest event depth
with a 2 mm difference between the median of the event depth of the two months.

In terms of the median value, the rain events in July have the shortest duration while
the events in June have the longest duration with a 10.5min difference between the
median of the event durations in the two months. In terms of peak intensity, the events
in July have the lowest intensity. In terms of mean event intensity, the rain events
in August have the lowest intensity while the events in June have the highest intensity.
Also, the July events have the shortest IET which shows that the rain events are likely to
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be clustered while the June rain events have the longest IET. There is a 6.3 h difference
between the median values of the IETs of the events of June and July.

Overall, the event properties at the start and towards the end of the wet season
have somewhat similar characteristics while the events in the mid-season differ in this
respect. At the start and towards the end of the wet season, the rain event depth is
large with long event duration and long IET as compared to events in the mid-season.

The coefficient of variation (CV) in Table 3 indicate that the rain event depth in July is
more variable as compared to that of the other months. Also, there is some difference
in terms of the variability of the rain event duration in each of the months. The event
duration in June is less variable than for the other months of the wet season.

Table 3 also shows that the peak intensity of the events in August has the smallest
variability while the difference in CV of mean event intensity in the three months is less
than 10%. In terms of IET, the largest variability has been observed in August. Overall,
the mid-season events have depth, duration and peak intensity that are more variable
than for events at the start and end of the wet season.

4.4 Spatial variation of rain event properties

In this section, the spatial variation of rain event properties is analysed based on rainfall
records from 8 stations. The number of rain events is 122, 100, 140, 112, 177, 122,
105, and 153 for Addis Kidam, Bahir Dar, Dangila, Durbet, Injibara, Jema, Koga and
Sekela, respectively. The largest number of events is observed at Sekela station that
is located on a mountain area while the smallest number of events is observed at
Bahir Dar which is at the south shore of Lake Tana. Haile et al. (2010) showed that
considering the rainfall of the Sekela station is largely important for runoff modelling of
the Gilgel Abbay watershed. The result in the present study suggests that one of the
reasons for the importance of the station could be due to the relatively large number of
rain events that are observed as compared to the other stations.

5817

HESSD
7, 5805-5849, 2010

Rain event properties
and dimensionless
rain event
hyetographs

A. T. Haile et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/5805/2010/hessd-7-5805-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/5805/2010/hessd-7-5805-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

4.41 Rain event depth

Statistical properties of the rain event depths of the eight stations are presented in
Fig. 2. The top and the bottom horizontal bars represent the 25% quartile minus 1.51QR
and the 75% quartile plus 1.5IQR, respectively. IQR is defined as the interquartile
range which is the 75% quartile minus the 25% quartile and is as such defined by the
size of the box. The 25% and the 75% quartiles are shown by the bottom edge and the
top edge of the box, respectively while the median is shown by the line inside the box.

By the box plot in Fig. 2 some suggestions can be made with respect to the rain event
depth in the basin. Overall, the rain event depths have skewed distribution where event
depths higher than the median are distributed over a larger range than the event depths
that are lower than the median. In terms of median, Addis Kidam, Dangila, Injibara and
Sekela stations which are on the mountain areas have events with lowest rainfall depths
as compared to the stations on the lowland areas. In terms of median, the lowest event
depth is 3.6 mm at Injibara which is located on a mountain area while the highest depth
is 6.0 mm at Jema which is situated at an intermediate location between the mountain
areas and the lowland areas near Lake Tana. On average, Jema receives an event
depth of 1.67 times that of Injibara indicating significant spatial variation of event depth
in the study area. Bahir Dar which is on the south shore of the lake has a median value
of 4.8 mm event depth.

The stations that are relatively close to the lake which are Bahir Dar, Koga and Jema
station have lowest terrain elevation and have a larger IQR that shows these stations
have event depths which have larger variability than for the stations near the mountain
areas. Such implies that the variability of event depth decreases by the combined effect
of an increase in distance from the lake and an increase in terrain elevation.

The box plot also shows that the 75% quartiles of the event depths of the stations
near the lake are larger than the event depths in the mountain areas. Injibara station
which is situated on a mountain area has the smallest 25% quartile of event depth.
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4.4.2 Rain event duration

Figure 3 shows a box plot of the rain event duration at the eight stations. Similar to
the rain event depth, some suggestions can be made regarding the spatial variation
of rain event duration. Overall, the distribution of the event duration is skewed since
events that have longer durations than the median are distributed over a larger range
than event durations that are shorter than the median. However, this skewness is less
pronounced compared to the skewed distribution of the rain event depth. As such, the
mean event duration is less affected by extreme values as compared to the event depth
in the study area.

In terms of median, Addis Kidam, Dangila, Injibara and Sekela stations which are
higher in the mountain areas have events with longest duration as compared to events
of the remaining stations that are in the lowland. An exception is Jema which has
relatively low elevation but on average has event duration which is comparable to that
of the events on the mountain areas. Koga and Bahir Dar stations which are relatively
close to the lake have events with shortest duration on average.

Durbet, Jema and Sekela have a larger IQR of event duration than the remaining
stations and thus event duration of these stations is relatively more variable. Although
the median of the event duration at Sekela and Injibara are comparable, the IQR does
not show that the event duration is equally variable at these stations. The rain event
duration at Sekela is more variable as compared to the event duration at Injibara.

4.4.3 Mean event intensity

A box plot of the mean event intensities at the eight stations is presented in Fig. 4.
Similar to the rain event depth, the distribution of the mean event intensity is skewed.
In terms of median, Addis Kidam, Dangila, Injibara and Sekela station which are all
located on mountain areas have events with lower intensity than the stations that are
relatively close to the lake. The lowest median value of event intensity is 3.5mm h™!
at Injibara while the highest median value of event intensity is 6 mm h~' at Jema and
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Koga that are relatively close to Bahir Dar which has a median value of 5.5 mm h™'. As
such, on average the maximum intensity in the study area (i.e. at Jema) is 1.7 times
that of the minimum intensity. Bahir Dar, Koga and Jema which are relatively close to
the lake and at low elevation in the basin have a larger IQR than the stations near the
mountain areas indicating that the event intensity at the lowland areas is more variable.

The 75% quartiles of the rain event intensities at the stations which are near the
lake are higher than that of the intensities on the mountain areas. Injibara station
which is located on the mountain area has lowest 25% quartile of event intensities
from the network. Over all, the event intensities in the study area have similar spatial
pattern to that of the rain event depths suggesting some relation between the two event
properties.

4.4.4 Inter-event time

Figure 5 shows the cumulative distribution of the inter-event time at three stations. The
cumulative distribution shows the 10% quantile inter-event time is 1.4h, 1.5hand 1.0h
at Sekela, Jema and Bahir Dar, respectively. The median inter-event time is 9.0h,
13.5h and 16.5 h at Sekela, Jema and Bahir Dar, respectively. The 90% quantile inter-
event time is 29.5h, 31 h and 42.5 h at Sekela, Jema and Bahir Dar, respectively.

At a selected cumulative probability, Sekela has the shortest IET while Bahir Dar
has the longest IET. The cumulative distribution reveals that, on average, the lowland
areas have a dry period length of 1.8 times that of the mountain areas. Jema which is
situated at an intermediate distance between the mountain areas and the lake has an
IET which is shorter than at Bahir Dar but longer than at Sekela.

4.4.5 Relation between elevation and event properties

In the previous sub-sections, it is shown that event properties of the study area have
some relation with terrain elevation. Therefore, a regression analysis is performed to
evaluate such relation. Dairaku et al. (2004) performed a linear regression to relate
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event properties and terrain elevation. In the present study, a non-linear regression is
found to be suitable since it showed a small improvement in the coefficient of determi-
nation (RZ) value as compared to a linear regression.

The regression equations that relate event properties to terrain elevation are pre-
sented Table 4. The 10%, 50% and 90% quantiles are selected to consider low, nor-
mal and high event properties, respectively. The R? value in Table 4 shows that terrain
elevation weakly explains the variation in the 10% quantile event depth. However, the
50% and the 90% quantiles of event depth are strongly related to terrain elevation.
The results suggest that normal and large event depths in the study area are largely
affected by orography. In terms of event duration, the 10% quantile is weakly related to
terrain elevation while the 90% quantile is more strongly related to terrain elevation as
compared to the relation between other quantiles and terrain elevation. The spatial dis-
tribution of long event duration is affected by orography but that of short event duration
is not affected by orography.

The R? value indicates that the variations in the three quantiles of mean event in-
tensity are largely related to the variation in terrain elevation. The lowland areas in
the study area receive rainfall with high intensity as compared to the mountain areas.
However, in terms of peak event intensity, a relation could not be established between
the 10% and the 50% quantiles with terrain elevation since quantiles of peak intensity
are found to be equal at all stations. However, the 90% peak intensity is related to
terrain elevation and the slope of the regression equation shows that the events in the
lowland areas have high peak intensities. Although the 10% quantile of IET is weakly
related to terrain elevation, the 50% and the 90% quantiles of IET have strong relation
to terrain elevation. Overall, the high quantiles of event properties are largely affected
by orography while low quantiles of event properties except that of event intensity are
weakly affected by orography.

Figure 6 shows the relation between event properties and terrain elevation. The me-
dian of the event properties is selected to evaluate the relation while the regression
equations are presented in Table 4. The plot shows that rain event depth, mean event
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intensity and IET decrease with an increase in terrain elevation while event duration
increases with an increase in terrain elevation. As such, the mountain areas receive
rainfall of relatively small depth, low intensity, long duration and short IET. Haile et
al. (2009, 2010) showed that the mountain areas of the Lake Tana basin receive rel-
atively large seasonal rainfall depth. The result of the present study showed that the
large seasonal rainfall of the mountain areas is mainly due to frequent and long dura-
tion events. However, the seasonal rainfall of the lowland areas is largely affected by
events with high intensity but short duration.

4.5 Dimensionless event hyetographs

The observed dimensionless hyetographs of Bahir Dar at the south shore of Lake Tana
and that of Sekela on a mountain area; see Fig. 7. Some differences are observed
between the hyetographs of the two stations. In terms of the 10%, 50% and 90% quan-
tiles, Bahir Dar has higher fractions of event depths than Sekela for all ranges of frac-
tions of event duration. This shows that Bahir Dar receives larger rainfall depth for sin-
gle events than Sekela. The largest difference between the dimensionless hyetographs
of the two stations is observed for the 10% quantile.

The difference in the dimensionless hyetographs of Bahir Dar, Jema and Sekela is
also statistically evaluated using the Kolmogorov-Smirnov test, see Egs. (4-5). Table 5
shows the observed test statistic (D) which is here defined as the maximum difference
in the fractions of event depths of two stations, see Eqgs. (4-5). The critical value of the
test statistic for the Kolmogorov-Smirnov goodness of fit test for an arbitrary selected
significance level of 0.05% and number of increments n=10, (i.e. Dy ¢s5.1¢) is 0.4092.
The observed D as shown in Table 5 is less than the critical value in all cases indicating
there is no statistically significant difference between the dimensionless hyetographs
of any of the two selected stations. However, the outcome of the test depends on
the n value that is the number of increments. The Kolmogorov-Smirnov test shows
that the dimensionless hyetographs do not have statistical difference for n <160. The
median of the rain event durations at Bahir Dar, Jema and Sekela is 54, 65 and 62 min,
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respectively and therefore applying n=160 is equivalent to using an increment that is
much smaller than 0.5 min.

Figures 8-10 show the observed and simulated dimensionless hyetographs of the
rain events at Bahir Dar, Jema and Sekela stations, respectively. The hyetographs are
simulated based on the beta probability distribution model in Eq. (8). Overall the beta
model satisfactorily reproduced the shape of the dimensionless hyetographs; Fig. 8.
For the 10% quantile, the model overestimated the fraction of event depth at the middle
fractions of event duration but satisfactorily reproduced the depth towards the end of
the fractions of event duration. This suggests that the model developed in this study
has difficulties to reproduce low rainfall intensities of Bahir Dar.

The model satisfactory reproduced the 50% quantile hyetograph over all fractions of
event duration showing that normal rainfall intensities could be reproduced using the
model. However, the model underestimated the fractions of event depth at all fractions
of event duration for the 90% quantile but the difference is too small as compared to
that of the 10% quantile.

Figure 9 shows that the beta model largely overestimates the fractions of the 10%
quantile event depth at Jema but relatively small difference are observed for the 50%
and the 90% quantiles. The model reproduced the 10% quantile hyetograph of Sekela
better than that of Jema; see Fig. 10. At the start and middle fractions of event depth,
the modelled hyetograph of Sekela deviates from the observed hyetograph but the
modelled and simulated hyetographs show very good agreement at large fractions of
event duration. For low intensities, the dimensionless hyetograph of Sekela follows the
beta cumulative distribution more than that of Jema. The simulated and the observed
10% quantile hyetographs show a better agreement at Sekela than that at Jema station.
The beta model shows some bias in simulating small and large dimensionless event
depths. Small event depths are consistently overestimated while large event depths
are underestimated at the selected stations.

The difference between the simulated and the observed dimensionless hyetographs
is also statistically evaluated using the Kolmogorov-Smirnov test. The test statistic
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D which indicates the maximum difference between the simulated and the observed
hyetographs is shown in Table 6 and is less than the critical value in all cases. The
result shows that there is no statistically significant difference between the modeled
and the observed hyetographs of the three stations. The largest deviation between
the simulated and the observed hyetographs is observed for the 10% quantile at Jema
station.

The parameter values for the beta model are shown in Table 7. Both parameter
values increase with an increase in terrain elevation.

4.6 Conditional probability of rainfall occurrences

Figure 11 shows the plot of the conditional probability (7;) of rainfall occurrences
(Eq. 9) against inter-station distance. The conditional probability at a selected inter-
station distance increased when the rainfall aggregation time changed from 1 h to 6 h.
Maximum F;; values of 0.35 and 0.55 occurred at the smallest inter-station distance
are estimated for the 1 h and the 6 h rainfall, respectively.

It is shown that the conditional probability decreases exponentially with an increase
in inter-station distance for both aggregation times. As such an exponential model of
the following form is fitted to the data points using least square fitting:

P;j = a-exp(-b-d) (10)

where F; is the conditional probability of rainfall occurrences which indicates that it
rains at station j when it also rains at station /, a and b are empirical fitting constants
and d is the inter-station (separation) distance between two selected stations. The
exponential model is fitted with an R? value of 0.86 and 0.63 for the 1h and the 6h
rainfall, respectively. The values of the constants for the 1h rainfall are a=0.4057
and b=0.0231 while the values of the constants for the 6 h rainfall are a=0.5927 and
b=0.0103. Although it is not shown in Fig. 11, the conditional probability of daily rainfall
occurrences ranges between 0.61-0.82 with R? value of 0.0005 for the fitted exponen-
tial model showing a poor model performance. This is caused by weak relation between
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inter-station distance and daily rainfall occurrence.

5 Discussion and conclusion

Studies show that changes in event properties affect the response of hydrologic models
(e.g. Kusumastuti et al., 2007) while a lack of information on event properties restricts
the applicability of hydrologic models (e.g. Renard and Freimun, 1994; Diodato and
Bellocchi, 2007). For locations without sub-daily rainfall records, generation of syn-
thetic rainfall data is required to allow application of hydrologic models at high temporal
resolutions. Generation of synthetic rainfall time series requires knowledge on the spa-
tial and temporal patterns of rain event properties at least on a short-term base. Few
studies address the spatial pattern of rain event properties (e.g. Bidin and Chappel,
2006; Dairaku et al., 2004). The objective in the present study is to understand the rain
event properties in the source basin of the Upper Blue Nile River and to evaluate the
relation between rain event properties and orography of the basin.

The temporal characteristics of rain event properties have been analyzed to evaluate
whether event properties change with time. Also, relations between the various rain
event properties are evaluated to enhance our understanding of rainfall and provide
information that may be useful for generation of synthetic rainfall data. The considered
event properties are rain event depth, duration, mean intensity, peak intensity and inter-
event time (IET).

The relation between rain event properties is evaluated through correlation analysis
which showed that some relation exists between the rain event properties. Overall,
rain event depth increases with an increase in event duration, mean event intensity,
and peak intensity. In terms of correlation, the rain event depth in the study area is
more related to peak intensity than to event duration. As such, large event depth in
the study area is caused not only by events of relatively long duration but also by high
intensity. Analyses in this study show that the IET has a weak relation with the other
rain event properties.
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The results also show that at the start and towards the end of the wet season, the
rain event depth is relatively large with long event duration and long IET. Such indicates
that two consecutive events as observed in the early and the late season are separated
by longer dry periods than the events in the mid-season. In terms of median, the June
events have event depth that is 2 mm higher and event duration that is 10.5min longer
than the July events. The IET in June is 6.3 h longer than that in July. Also, mid-season
events have depth, duration and peak intensity that are more variable as compared to
the events at the start and at the end of the wet season. Such differences may affect
hydrologic processes. Long IET may result in large evapotranspiration between two
consecutive rain events and therefore decreases the effective rainfall which is available
for runoff.

Haile et al. (2009) showed that there is a weak relation between seasonal rainfall
and terrain elevation or distance to the lake but the diurnal cycle of rainfall in the study
area is strongly affected by orography. The results of the present study revealed that
terrain elevation of the Lake Tana basin affects rain event properties in particular for
higher quantiles. The interquartile range shows that the variability of event depth and
mean event intensity decreases with an increase in distance from the lake and with an
increase in terrain elevation. As such, the low land areas event depths and intensities
with larger variability as compared to events in the mountain areas of the basin.

The coefficient of determination (/-?2) value indicates that terrain elevation weakly
relates to the 10% quantile event depth, event duration, peak intensity, and IET. This
suggests that events with small values of properties such as small rainfall depth are
not affected by terrain elevation. In terms of the median values, the maximum spatial
difference in the watershed is 2.4 mm, 2.5mm h'1, 15.5min and 7.85 hour for event
depth, mean event intensity, event duration, IET, respectively. Also, the median of the
event durations in the watershed is in the range of 1 h+10 min. Such differences reveal
that the rain events in the study area are characterized by a short duration which is the
case for convective events that are commonly observed in the study area.
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Rainfall amount is expected to increase with an increase in terrain elevation due
to orographic effects. Although some studies evaluated the effect of orography on
annual, seasonal or daily rainfall, there are few studies in literature that evaluate the
relation between orography and rainfall at the scale of rain events. In the present
study such relation is evaluated for the rain events of the Lake Tana basin. The results
revealed that (i) the low land areas have events with relatively larger variable of depth
and intensity as compared to events in the mountain areas, (ii) on average, the low land
areas receive rain events of larger depth, higher intensity, shorter duration and longer
IET than the mountain areas; (iii) relatively high quantiles of event properties, such as
large event depth, are affected by terrain elevation; (iv) relatively low quantiles of event
properties, such as small event depth, except mean event intensity are weakly related
to terrain elevation; (v) both low and high event intensity are strongly related to terrain
elevation with low lands.

The results are similar to that by Barros et al. (2000) who, using 4 month data in
Nepal, showed that the lower-elevation stations received higher intensity rainfall over
short durations. However, the results are somewhat in contrast to that of Dairaku et
al. (2004) who showed that relatively low intensity events in the mountains of North-
western Thailand are weakly affected by terrain elevation. Such difference can be
caused not only by climatic factors but also due to the presence of Lake Tana in the
present study area that affect rain event properties.

A dimensionless rain event hyetograph serves to generate rainfall intensity for data
scarce areas. A dimensionless rain event hyetograph is developed for the Gilgel Abbay
watershed which is situated in the study area. The 10%, 50% and 90% quantiles of
fractions of rain event depth at the corresponding fractions of event duration are used to
develop the dimensionless event hyetographs. For the same event duration, the areas
near Lake Tana that are at lower elevation receive larger rainfall depth than the moun-
tain areas for all ranges of rain events, i.e. light, moderate and heavy. Although such
suggests that temporal patterns of rainfall intensity within rain events of the study area
show some spatial difference, the difference is found to be statistically insignificant.
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The beta probability distribution model is fitted to the observed dimensionless
hyetographs. The model consistently underestimated large dimensionless depths
while it overestimated small dimensionless depths of selected stations. However, the
Kolmogorov-Smirnov test showed that the deviation between the modelled and the
observed hyetograph is not significant. This shows that the model satisfactorily re-
produced the shape of the observed dimensionless hyetographs in particular normal
dimensionless depths of the selected stations. As pointed out by Garcia-Guzman and
Aranda-Oliver (1993), the beta model is simple to implement since it requires estima-
tion of only two parameters. The model can be used to generate synthetic rainfall data,
for instance, for runoff and soil erosion studies in the absence of rainfall observations
at the required resolution.

Haile et al. (2009) evaluated the temporal intermittence of the hourly rainfall of the
Lake Tana basin using fractal analysis and found that rainfall occurs at least once in 2.7
days and that rainfall of the mountain stations is closely clustered. In the present study,
the spatial intermittence of the hourly rainfall is evaluated. The conditional probability
of rainfall occurrences at any two stations is evaluated and an exponential model is
fitted to relate such probability to inter-station distance. The conditional probability of
1 h and 6 h rainfall occurrences is approximately 0.35 and 0.55, respectively for inter-
station distances of 10km. Such small probability of occurrences at scales smaller
than 10 km shows the high variability of the rainfall in the basin. The increase in the
conditional probability with an increase in the aggregation time of the rainfall data can
be caused by: (i) the presence of rain events with a duration that is longer than 1 h; (ii)
the movement of rain producing clouds at a speed that is lower than the inter-station
distance per hour, or (iii) the occurrence of multiple rain events in the 6 h or 1 day time
period.

The fitted exponential model between the conditional probability of rainfall occur-
rence and inter-station distance performed satisfactorily with an R? value of 0.86 and
0.63 for the 1 h and the 6 h rainfall, respectively. However, the model performed poor
when it is fitted to the conditional probability of daily rainfall occurrences since the prob-
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abilities only vary over a very small range that does not show relation with inter-station
distance and as such a trend could not be established.

Haile et al. (2010) have shown that the accuracy of the simulated stream flows of the
Gilgel Abbay watershed in Lake Tana basin depends on whether a low land or a moun-
tain rain gauge is considered. In the same work, a relative error between observed and
simulated stream flow of up to 100% is reported when rainfall data from a single station
served as model input. Such indicates large variability in the rainfall over the study
area that largely affects the accuracy of runoff simulations. In particular the rainfall of
Sekela and Jema is very important and should be considered for runoff modelling. The
present study showed that Jema has high intensity events while Sekela has the largest
number of events with relatively short IET. Also, the two stations have longest event
duration as compared to the stations in the low land areas.

Based on these results we speculate that the rain events of mountain areas have
less soil erosive power than the rain events in the low lands. We recommend that
future studies should evaluate the effect of soil erosion in the watershed since severe
erosion has been observed in the watershed during the field visit of this study.
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Table 1. The Lake Tana basin area and the location of the rain gauge stations.

Statistics Depth Duration Peak intensity Event intensity Inter-event

(mm) (min) (mmh™) (mmh™" time (h)
Minimum 1.20 3.00 12.00 0.93 0.52
Maximum 67.6 344.00 180.00 54.67 94.62
Mean 9.1 76.55 42.56 10.01 17.12
Median 5.60 60.00 36.00 6.18 13.42
Std. Dev. 9.84 66.97 35.45 10.45 16.67
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Table 2. Box plot of the rain event depths in JUA of 2007 as observed at eight rain gauge
stations. The lower and the upper bars indicate the 25% quartile minus 1.5 IQR and the 75%
quartile plus 1.5 IQR, respectively. IQR refers to the interquartile range which is defined by the
height of the box. The bar inside the boxes shows the median while the upper and lower edges
of the boxes show the 75% and the 25% quartiles.

Depth  Duration Mean Peak /; Inter-

intensity event
time
Depth 1.000
Duration 0.446% 1.000
Mean intensity ~ 0.481* -0.313* 1.000
Peak /, 0.739% 0.028 0.800% 1.000

Inter-event time  0.059  0.046 0.087 0.067 1.000

& Correlation is significant at the 0.01 level (2-tailed)
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Table 3. Box plot of the rain event durations in JJA of 2007 as observed at eight rain gauge

stations.

Statistics Depth Duration Peak Event Inter-
(mm)  (min.) intensity, /; intensity event
(mm h‘1) (mm h‘1) time (h)
Median
June 6.6 64.0 36 6.52 17.6
July 4.7 55.5 24 6.11 11.33
August 5.4 61.0 36 6 13.56
Ccv
June 0.998 0.773 0.824 1.002 0.882
July 1.161 0.905 0.860 1.030 0.928
August 1.020 0.931 0.797 1.093 1.024
5834

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

HESSD
7, 5805-5849, 2010

Rain event properties
and dimensionless
rain event
hyetographs

A. T. Haile et al.

(8
S

2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/5805/2010/hessd-7-5805-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/5805/2010/hessd-7-5805-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 4. Box plot of average rain event intensity in JJA of 2007 as observed at eight rain gauge

stations.

Equation R?
Event depth
10% Quantile  1.8730-0.0002Elev. 0.1527
Median 2007. 1Elev.®"%*  0.4915
90% Quantile 14311 Elev. %879 0.5161
Event duration
10% Quantile  11.629 Elev.%%%46 0.0042
Median 3.4611 Elev.%-%6% 0.3312
90% Quantile  4986.8 Elev. %% 0.5248
Mean event intensity
10% Quantile 648.84Elev.*"%®  0.5628
Median 34407 Elev.” " 1%%° 0.6819
90% Quantile  459710Elev.”"%*"  0.6755
Peak event intensity
10% Quantile - -
Median - -
90% Quantile  154.41-0.0327 Elev. 0.4884
Inter-event time
10% Quantile  0.0169 Elev.>%%% 0.0732
Median 3611447Elev.”"®*  0.9100
90% Quantile 259888 Elev.”"'%*°  0.5666
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Table 5. Cumulative probability of inter-event time in JJA of 2007 as observed at three rain

gauge stations.

Stations Quantiles Bahir Dar Jema

Jema 10% 0.0601 -
50% 0.0864 -
90% 0.1007 -

Sekela 10% 0.1313 0.0716
50% 0.0868 0.0267
90% 0.1040 0.0340
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Table 6. Relation between event properties and terrain elevation. The event properties are (a)
Event depth, (b) Event duration, (c) Event intensity and (d) Inter-event time (IET). The median
of each of the event properties is selected for the regression and the regression equations are
shown in Table 4.

Station 10% 50% 90%
quantile quantile quantile

Bahir Dar 0.0744 0.0412 0.1136
Jema 0.1307 0.0591  0.0647
Sekela 0.0712 0.0538 0.0737
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Table 7. The observed dimensionless hyetograph of the rain events at two stations for three

quantiles.

Parameter 10% quantile 50% quantile 90% quantile
Bahir Dar
a 2.146 5.956 25.005
B 9.385 16.221 44.087
Jema
a 1.705 3.680 21.333
B 6.884 9.778 37.237
Sekela
a 1.510 5.077 22.088
Jé; 7.344 15.363 43.573
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Fig. 1. The Lake Tana basin area and the location of the rain gauge stations.
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Fig. 2. Box plot of the rain event depths in JJA of 2007 as observed at eight rain gauge stations.
The lower and the upper bars indicate the 25% quartile minus 1.5 IQR and the 75% quartile
plus 1.5 IQR, respectively. IQR refers to the interquartile range which is defined by the height
of the box. The bar inside the boxes shows the median while the upper and lower edges of the
boxes show the 75% and the 25% quatrtiles.
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Fig. 3. Box plot of the rain event durations in JJA of 2007 as observed at eight rain gauge

stations.
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Fig. 4. Box plot of average rain event intensity in JJA of 2007 as observed at eight rain gauge

stations.
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Fig. 5. Cumulative probability of inter-event time in JJUA of 2007 as observed at three rain gauge

stations.
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Fig. 6. Relation between event properties and terrain elevation. The event properties are (a)
Event depth, (b) Event duration, (c) Event intensity and (d) Inter-event time (IET). The median
of each of the event properties is selected for the regression and the regression equations are
shown in Table 4.
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Fig. 7. The observed dimensionless hyetograph of the rain events at two stations for three

quantiles.
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Fig. 8. The observed and the modelled dimensionless hyetograph of the rain events at Bahir
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Conditional probability Pij (-)

Fig. 11. Conditional probability of rainfall occurrences against inter-station distance. The ex-
ponential model is fitted with an R? value of 0.86 and 0.63 for the 1h and the 6h rainfall,

respectively.
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